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Preface to ”Creatine Supplementation for Health and

Clinical Diseases”

Creatine supplementation is one of the most studied and effective ergogenic aids for athletes.

Creatine monohydrate supplementation increases high-intensity exercise capacity, leading to increases

in performance and muscle mass during training. Creatine may also serve as an adjunctive nutritional

strategy in the treatment and/or management of health-related conditions such as diabetes, sarcopenia,

osteoporosis, cancer, rehabilitation, cognition, and cardiovascular health. There has been increased

interest in creatine use as a nutritional strategy to help maintain functional and mental capacity, reduce

risk to chronic disease as we age, and/or serve as an adjunctive intervention to help manage disease

and/or promote recovery. This book organizes invited papers from leading creatine scholars who

contributed to the Nutrients Special Issue on Creatine for Health and Clinical Diseases. It includes a

general overview of the state of the science on the role of creatine on health and disease. This overview

is followed by more detailed chapters on the metabolic basis of creatine in health and disease, as well

as the potential role of creatine in reproductive health, pregnancy, and newborn health; children and

adolescents; exercise and performance; medical rehabilitation; women’s health; aging, sarcopenia, and

osteoporosis; brain health and neuroprotection; glucose management and diabetes; immunity, cancer

protection and therapy; cardiovascular health; inflammatory bowel disease; chronic dialysis patients;

and chronic and post-viral fatigue. We hope that this book will help readers and medical practitioners

to better understand the safety and efficacy of creatine supplementation in a variety of populations

and provide recommendations about future research needs.
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Abstract: Although creatine has been mostly studied as an ergogenic aid for exercise, training,
and sport, several health and potential therapeutic benefits have been reported. This is because
creatine plays a critical role in cellular metabolism, particularly during metabolically stressed states,
and limitations in the ability to transport and/or store creatine can impair metabolism. Moreover,
increasing availability of creatine in tissue may enhance cellular metabolism and thereby lessen the
severity of injury and/or disease conditions, particularly when oxygen availability is compromised.
This systematic review assesses the peer-reviewed scientific and medical evidence related to creatine’s
role in promoting general health as we age and how creatine supplementation has been used
as a nutritional strategy to help individuals recover from injury and/or manage chronic disease.
Additionally, it provides reasonable conclusions about the role of creatine on health and disease
based on current scientific evidence. Based on this analysis, it can be concluded that creatine
supplementation has several health and therapeutic benefits throughout the lifespan.

Keywords: ergogenic aids; cellular metabolism; phosphagens; sarcopenia; cognition; diabetes;
creatine synthesis deficiencies; concussion; traumatic brain injury; spinal cord injury; muscle atrophy;
rehabilitation; pregnancy; immunity; anti-inflammatory; antioxidant; anticancer

1. Introduction

Creatine supplementation is one of the most studied and effective ergogenic aids for
athletes [1]. The multifaceted mechanisms by which creatine exerts its beneficial effect
include increasing anaerobic energy capacity, decreasing protein breakdown, leading to
increased muscle mass and physical performance [1]. While these well-recognized creatine
effects benefit the athlete, creatine may also serve as a potential clinical and therapeutic
supplementary treatment to conventional medical interventions [2–10]. In this regard, over
recent years, researchers have been investigating the potential therapeutic role of creatine
supplementation on health-related conditions such as diabetes [11], sarcopenia [4,6,12,13],
osteoporosis [2,14], cancer [10,15–18], rehabilitation [4,19–26], cognition [3,27–29], and
cardiovascular health [5,6,8,30–32], among others. This work has increased interest in
creatine use as a nutritional strategy to help maintain functional and mental capacity
and, as we age, reduce risk to chronic disease, and/or serve as an adjunctive intervention
to help manage disease and/or promote recovery. This special issue aims to provide
comprehensive reviews of the role of creatine in health and clinical disease. To do so,
we have invited a number of top creatine scholars to contribute comprehensive reviews
as well as encouraged colleagues to submit meta-analyses and original research to this
special issue.

As an introduction about creatine’s potential role in health and disease, the following
provides a general overview of creatine’s metabolic role, purported benefits throughout
the lifespan, and potential therapeutic applications. Additionally, we provide reasonable
conclusions about the state of the science on creatine supplementation. This overview will

Nutrients 2021, 13, 447. https://doi.org/10.3390/nu13020447 https://www.mdpi.com/journal/nutrients
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be accompanied by separate, more comprehensive, literature reviews on the metabolic
basis of creatine in health and disease as well as the potential role of creatine in pregnancy;
children and adolescents; exercise and performance; physical therapy and rehabilitation;
women’s health; aging, sarcopenia, and osteoporosis; brain neuroprotection and function;
immunity, cancer protection and management; heart and muscle health; and, chronic and
post-viral fatigue. We hope that this review and special issue will help readers and medical
practitioners better understand the safety and efficacy of creatine supplementation in a
variety of populations and provide recommendations about future research needs.

2. Methods

A systematic review of the scientific and medical literature was conducted to assess
the state of the science related to creatine supplementation on metabolism, performance,
health, and disease management. This was accomplished by doing keyword searches
related to creatine supplementation on each topic summarized using the National Institutes
for Health National Library of Medicine PubMed.gov search engine. A total of 1322 articles
were reviewed with relevant research highlighted in this systematic review.

3. Metabolic Role

Creatine (N-aminoiminomethyl-N-methyl glycine) is a naturally occurring and nitrogen-
containing compound comprised from amino acids that is classified within the family
of guanidine phosphagens [1,33]. Creatine is synthesized endogenously from arginine
and glycine by arginine glycine amidinotransferase (AGAT) to guanidinoacetate (GAA).
The GAA is then methylated by the enzyme guanidinoacetate N-methyltransferase (GAMT)
with S-adenosyl methionine (SAMe) to form creatine [34]. The kidney, pancreas, liver, and
some regions in the brain contain AGAT with most GAA formed in the kidney and con-
verted by GMAT to creatine in the liver [35–37]. Endogenous creatine synthesis provides
about half of the daily need for creatine [35]. The remaining amount of creatine needed
to maintain normal tissue levels of creatine is obtained in the diet primarily from red
meat and fish [38–41] or dietary supplements [1,42,43]. About 95% of creatine is stored
in muscle with the remaining amount found in other tissues, like the heart, brain, and
testes [44,45]. Of this, about 2/3 of creatine is bound with inorganic phosphate (Pi) and
stored as phosphocreatine (PCr) with the remainder stored as free creatine (Cr). The total
creatine pool (Cr + PCr) is about 120 mmol/kg of dry muscle mass for a 70 kg individual
who maintains a diet that includes red meat and fish. Vegetarians have been reported to
have muscle creatine and PCr stores about 20–30% lower than non-vegetarians [46,47].
The body breaks down about 1–2% of creatine in the muscle per day into creatinine which
is excreted in the urine [46,48,49]. Degradation of creatine to creatinine is greater in in-
dividuals with larger muscle mass and individuals with higher physical activity levels.
Therefore, a normal-sized individual may need to consume 2–3 g/day of creatine to main-
tain normal creatine stores depending on diet, muscle mass, and physical activity levels. In
fact, Wallimann and colleagues [50] noted that since creatine stores are not fully saturated
on vegan or normal omnivore diets that generally provide 0 or 0.75–1.5 g/day of creatine,
daily dietary creatine needs may be in the order of 2–4 g/person/day to promote general
health [1,50]. The most effective and rapid way to increase muscle creatine stores is to
ingest 5 g of creatine monohydrate four times daily for 5–7 days (i.e., 0.3 g/kg/day) [46,49].
However, some studies have shown that consuming 2–3 g/day of creatine for 30 days
can also effectively increase muscle creatine stores [46,49]. Dietary supplementation of
20–30 g/day of creatine monohydrate for up to 5 years has also been studied in some
clinical populations who need higher levels to increase brain concentrations of creatine,
offset creatine synthesis deficiencies, or influence disease states [51–53].

Creatine and phosphagens play a critical role in providing energy through the creatine
kinase (CK) and PCr system [50,54,55]. In this regard, the free energy yielded from the
enzymatic degradation of adenosine triphosphate (ATP) into adenosine diphosphate (ADP)
and Pi by CK serves as a primary fuel to replenish ATP for cellular metabolism. Breaking
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down PCr into Pi and Cr with the enzyme CK yields about 10.3 kcals of free energy
that can be used to resynthesize ADP -+ Pi into ATP [38,39,56,57]. The ability to replenish
depleted ATP levels during high-energy demand states like intense exercise or in conditions
where energy production is either impaired (e.g., ischemia, hypoxia) or insufficient due to
increased demand (e.g., mental fatigue, some disease states) is important in maintaining
ATP availability.

Creatine enters the cytosol through creatine transporters (CRTR) [58–61]. In the cytosol,
creatine and associated cytosolic and glycolytic CK isoforms help maintain glycolytic ATP
levels, the cytosolic ATP/ADP ratio, and cytosolic ATP-consumption [50]. Additionally,
creatine diffuses into the mitochondria and couples with ATP produced from oxidative
phosphorylation and the adenine nucleotide translocator (ANT) via mitochondrial CK.
PCr then diffuse back into the cytosol and help meet energy needs. This coupling reduces
the formation of reactive oxygen species (ROS) and therefore creatine acts as a direct
and/or indirect antioxidant [18,21,62,63]. The creatine phosphate shuttle is important in
translocating ATP produced from oxidative phosphorylation in the mitochondrial to the
cytosol and areas within the cell needing ATP for energy metabolism [50,56,57]. The creatine
phosphate shuttle thereby serves as an important regulator of cellular metabolism. The
role of creatine in energy metabolism and impact that creatine has on maintaining energy
availability in diseases that depend on the CK/PCr system provides the metabolic basis on
how creatine can affect health, disease, and provide therapeutic benefit [6,9,21,41,50,64–71].
The role of creatine in energy metabolism will be discussed in greater detail in another
paper in this special issue.

4. General Health Benefits

Most creatine research initially focused on creatine’s role in exercise performance, train-
ing adaptations, and safety in untrained and trained healthy individuals [1]. Creatine sup-
plementation has been reported to increase muscle creatine and PCr levels, enhance acute
exercise capacity, and improve training adaptations [44,66,69,72–96]. The improvement in
performance has generally been 10–20% on various high-intensity exercise tasks [97] that
include lifetime fitness activities like fitness/weight training [77,84,91,98–108], golf [109],
volleyball [110], soccer [82,111,112], softball [113], ice hockey [114], running [115–119], and
swimming [73,74,120–123], among others. Ergogenic benefits have been reported in men
and women from children to elderly populations, although the majority of studies have
been conducted on men [74,111,113,124–128]. After comprehensively reviewing the litera-
ture, the International Society of Sports Nutrition (ISSN) concluded that creatine is “the
most effective ergogenic nutritional supplement currently available to athletes in terms of
increasing high-intensity exercise capacity and lean body mass during training” [1,42,44,89].
The American Dietetic Association, Dietitians of Canada, and the American College of
Sports Medicine have come to similar conclusions in their position stands [129,130]. Thus,
there is a strong scientific consensus that creatine supplementation is an effective ergogenic
nutrient for athletes as well as individuals starting a health and fitness program.

As performance-related studies assessed health and safety markers, evidence be-
gan to accumulate that creatine supplementation may also offer some health and/or
therapeutic benefits as we age [4,12,14,67,69–71,131]. In this regard, creatine supplemen-
tation has been reported to help lower cholesterol, triglycerides and/or manage blood
lipid levels [77,132,133]; reduce the accumulation of fat on the liver [133,134]; decrease homo-
cysteine thereby reducing risk of heart disease [30,135]; serve as an antioxidant [30,136–139];
enhance glycemic control [1,11,140–143]; reduce the progress of some forms of cancer [8,
17,18,135,144–147]; increase strength and muscle mass [2,9,13,67,70,71,93,99,101,148–154];
minimize bone loss in some studies [2,4,14,16,99,150,155–160]; improve functional capacity
in osteoarthritic and fibromyalgia patients [22,161,162]; enhance cognitive function par-
ticularly in older populations [3,27,28,69,94,127,131,159,163–168]; and, in some instances,
improve the efficacy of some anti-depressant medications [5,29,169–172]. These findings
support contentions that it is prudent for individuals to consume at least 3 g/day of creatine
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to support general health as one ages [1,50]. Therefore, although more research is needed,
it can be reasonably concluded based on current evidence that creatine supplementation
can increase cellular energy availability and support general health, fitness, and well-being
throughout the lifespan.

5. Role of Creatine in Aging Populations

Several studies have evaluated the effects of creatine supplementation in older popu-
lations in an attempt to prevent sarcopenia, maintain strength, and/or reduce the risk of
chronic disease. The following discusses some of these potential applications.

5.1. Muscle Mass, Strength, Bone and Body Composition

Sarcopenia is an age-related muscle condition characterized by a reduction in muscle
quantity, muscle strength, and functional capacity. Although multifactorial, sarcopenia may
be caused by changes in muscle protein kinetics (synthesis and breakdown), neuromuscu-
lar function, inflammation, physical activity, and nutrition [12,14]. We also generally lose
strength, muscle mass, bone mass, balance while increasing body fat as we age, whether
clinically diagnosed with sarcopenia or not [3,69,131]. A number of nutritional and ex-
ercise interventions have been suggested to counteract sarcopenia in older individuals,
including creatine supplementation during resistance training [12,14]. For example, Brose
and colleagues [173] were among the first to report that creatine supplementation (5 g/day
for 14 weeks) during heavy resistance training promoted greater gains in muscle mass
and isometric muscle strength in older adults (>65 years). Chrusch and coworkers [106]
reported that older participants (60–84 years) who supplemented their diet with creatine
(0.3 g/kg/day for 5 days and 0.07 g/kg/day for 79 days) during supervised resistance
training (3 days/week for 12 weeks) experienced greater gains in lean tissue mass, lower-
body maximal strength, and endurance, and isokinetic knee flexion/extension power
compared to controls. Candow and colleagues [99] reported that creatine (0.1 g/kg/day)
and protein (0.3 g/kg/day) supplementation increased muscle mass and strength while
decreasing protein degradation and bone resorption markers in older men. Chilibeck and
associates [150] found that creatine supplementation (0.1 g/kg/day) during 12 months
of resistance training increased strength and bone density in postmenopausal women.
Gualano and coworkers [98] reported that creatine supplementation (20 g/day for 5 days;
5 g/day for 161 days) during resistance training improved appendicular lean mass and
muscle function in older vulnerable women and that creatine supplementation alone re-
sulted in similar gains in muscle mass compared to those engaged in resistance training
alone. Aguiar and coworkers [96] also found that creatine supplementation (5 g/day
for 12 weeks) combined with resistance training improved muscle endurance, ability to
perform functional tasks, maximal strength, and muscle mass in older women.

Additionally, McMorris et al. [174] reported that creatine supplementation (20 g/day
for 7 days) after sleep deprivation improved balance measures. Bernat and colleagues [175]
reported that creatine supplementation (0.1 g/kg/day) during 8 weeks of high-velocity
resistance training in untrained healthy aging men promoted significantly greater gains
in leg press and total lower-body strength, muscle thickness, and some measures of peak
torque and physical performance. Moreover, a meta-analysis revealed that older individu-
als participating in resistance training experienced greater gains in muscle mass, strength,
and functional capacity when supplementing their diet with creatine [91]. A similar meta-
analysis conducted by Candow and colleagues [9] found that older individuals who took
creatine during resistance training experienced significantly greater gains in muscle mass
and upper body. While not all studies report statistically significant effects, the prepon-
derance of available research supports contentions that creatine supplementation, when
combined with resistance exercise, can help maintain or increase muscle mass, strength,
and balance in older individuals and therefore serve as an effective countermeasure to
attenuate sarcopenia. The role of creatine supplementation during resistance training
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in sarcopenic populations will be discussed in more detail in this paper series on aging,
sarcopenia, and bone health.

In addition, people often experience adult-onset obesity as they age, prompting them
to diet to promote weight loss. Unfortunately, this often leads to loss of muscle mass and
strength, which would be counterproductive in older individuals. Creatine supplemen-
tation while following an energy-restricted diet may be an effective strategy to maintain
muscle mass, promote fat loss, and help manage adult-onset obesity. In support of this
contention, Forbes and colleagues [176] recently conducted a meta-analysis on the effects
of creatine on body composition and found that creatine supplementation may not only
help maintain muscle mass but also promote fat mass loss. This strategy could be helpful
in preventing or managing adult-onset obesity. Thus, although more research is needed,
it can be reasonably concluded based on available literature that creatine supplementation,
particularly when combined with resistance training, can promote gains in strength and
help maintain or increase muscle mass and bone density in older individuals. Further,
creatine supplementation during energy-restriction-induced weight loss interventions may
be an effective way to preserve muscle mass, promote fat loss, and thereby help manage
adult-onset obesity.

5.2. Cognitive Function

Creatine supplementation has been reported to increase brain PCr content by 5–15% and
thereby enhance brain bioenergetics [21,53,69,131,171]. Consequently, research has examined
whether creatine supplementation affects cognition, memory, and/or executive function in
older individuals as well as patients with mild cognitive impairment [94,168,174,177,178]. Sev-
eral studies have found that creatine supplementation attenuates mental fatigue [27,28,127]
and/or can improve cognition, executive function, and/or memory [28,94,127,168,177,179].
For example, Watanabe and associates [180] found that creatine supplementation (8 g/day for
5 days) increased oxygen utilization in the brain and reduced mental fatigue in participants
performing repetitive mathematical calculations. Rae et al. [177] found that working memory
and processing speed increased with creatine supplementation (5 g/day for 6 weeks). McMor-
ris and colleagues [174] reported that sleep-deprived participants better maintained random
movement generation, time to react to choices, mood state, and balance when supplemented
with creatine (20 g/day for 7 days). These researchers also reported that random number
generation, forward spatial recall, and long-term memory tasks were significantly improved
in elderly participants when supplemented with creatine. Ling et al. [178] also reported that
cognition on some tasks was improved with creatine ethyl ester supplementation (5 g/day for
15 days). More recently, VAN Cutsem and coworkers [27] reported that creatine supplementa-
tion (20 g/day for 7 days) prior to performing a simulated soccer match improved muscular
endurance and prolonged cognitive performance. While more research is needed and not
all studies show benefit [127,167], it can be reasonably concluded based on current scientific
evidence that creatine supplementation may increase brain creatine content and/or support
cognitive function, particularly as one ages.

5.3. Glucose Management and Diabetes

Creatine uptake into tissue is influenced by glucose and insulin [142,181,182]. Crea-
tine supplementation has also been reported to prevent declines in the GLUT-4 transporter
during immobilization while increasing GLUT-4 by 40% during rehabilitation after at-
rophy [140]. Moreover, co-ingestion of creatine with carbohydrate [47,183] or creatine
with carbohydrate and protein [184] has been reported to increase creatine uptake and/or
muscle glycogen levels [47,184,185]. Consequently, research has evaluated whether cre-
atine supplementation may influence glucose management [10,11,140–143]. For exam-
ple, Gualano et al. [141] evaluated the effects of creatine supplementation (5 g/day for
12 weeks) during training in participants with type 2 diabetes. The researchers found
that creatine supplementation improved glucose tolerance to ingesting a standard meal,
increased GLUT-4 translocation, and promoted a significant reduction in HbA1c levels.
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Moreover, the AMPK-alpha protein content tended to be higher after Cr supplementation
and was significantly related to the changes in GLUT-4 translocation and Hb1Ac levels,
suggesting that AMPK signaling may be implicated in the effects of supplementation on
glucose uptake in type 2 diabetes [143]. Thus, there is evidence to suggest that creatine
supplementation enhances glucose uptake and insulin sensitivity and, therefore, can help
individuals manage glucose and HbA1c levels, particularly when initiating an exercise
program [10,11,186]. Based on this literature, it can be reasonably concluded that creatine
supplementation may support healthy glucose management.

5.4. Heart Disease

Coronary artery disease limits blood supply to the heart, thereby increasing sus-
ceptibility to ischemic events, arrhythmias, and/or heart failure. Creatine and PCr play
an important role in maintaining myocardial bioenergetics during ischemic events [21].
For this reason, there has been interest in assessing the role of creatine or PCr administration
in reducing arrhythmias, ischemia-related damage, and/or heart function in individuals
with chronic heart failure [187–197]. For example, Anyukhovsky et al. [195] reported that
intravenous administration of PCr and phosphocreatinine (300 mg/kg) in canines pre-
vented the accumulation of lysophosphoglycerides in the ischemic zone of the heart, which
is associated with an increased prevalence of arrhythmias. The researchers concluded that
this might explain the antiarrhythmic action of PCr and phosphocreatinine in acute myocar-
dial ischemia. Sharov and coworkers [194] reported that exogenous PCr administration
protected against ischemia in the heart. Likewise, Balestrino and coworkers [21] evaluated
the effects of adding PCr to cardioplegic solutions on energy availability during myocardial
ischemia. The researchers found that PCr administration improved energy availability to
the heart, reduced the incidence of arrhythmias, and improved myocardial function. As
noted below, there is also evidence that creatine supplementation may maintain energy
availability during brain ischemia and reduce stroke-related damage. Moreover, several
studies have reported some benefit of oral creatine supplementation in heart failure patients
participating in rehabilitation programs [198–201]. While not all studies report benefit from
oral creatine supplementation [23,202] and more research is needed, current evidence sug-
gests that phosphocreatine administration and possibly creatine supplementation support
heart metabolism and health, particularly during ischemic challenges.

6. Potential Therapeutic Role of Creatine Supplementation

Given the metabolic role of creatine and the PCR/CK system, particularly during
ischemia and in some disease states, there has been interest in examining the potential
therapeutic role of creatine in a number of clinical populations. The following provides a
brief overview of some of this work as an introduction to topics that will be reviewed in
greater detail in other papers in this special issue.

6.1. Creatine Synthesis Deficiencies

Some individuals are born with rare deficiencies in creatine-related enzymes or trans-
porters (e.g., AGAT, GAMT, and CRTR) that reduce the ability to transport creatine into
the cell or synthesize creatine endogenously [203]. There is also recent evidence that
the human genome encodes 19 genes of the solute carrier 6 (SLC6) family and that non-
synonymous changes in the coding sequence give rise to mutated or misfolded transporters
that cause diseases in affected individuals [204]. This includes the creatine transporter (CT1,
SLC6A8) in which deficiencies have been reported to account for about 2% of intellectual
disabilities in boys [205]. Individuals with creatine synthesis deficiencies and creatine trans-
porter mutations typically present with low brain Cr and PCr levels [53,61,204,206–210].
Low brain creatine content has been associated with muscle myopathies (e.g., weakness),
voluntary or involuntary movement disorders that can affect muscle function and coordi-
nation, speech development, epilepsy, cognitive and motor development delays, and/or
autism [53,61,203,204,206–210]. Individuals with these conditions have a greater depen-

6



Nutrients 2021, 13, 447

dence on dietary creatine. For this reason, high-dose, long-term creatine supplementation
(e.g., 0.3–0.8 g/kg/day) throughout the lifespan is a nutritional strategy of increasing brain
creatine content in these populations [53,61,203,204,206–214]. This research has generally
found that long-term creatine supplementation can improve clinical outcomes, particularly
in patients with AGAT and GAMT deficiencies [207].

For example, Bianchi et al. [215] found that creatine supplementation (200–800 mg/kg/day
divided into 5 servings per day) significantly increased brain creatine and PCr levels in patients
with GAMT-d and AGAT-d creatine synthesis deficiencies. Battini et al. [216] reported that a pa-
tient diagnosed at birth with AGAT deficiency who was treated with creatine supplementation
beginning at four months of age experienced normal psychomotor development at eighteen
months compared to siblings who did not have the deficiency. Stockler-Ipsiroglu and cowork-
ers [217] evaluated the effects of creatine monohydrate supplementation (0.3–0.8 g/kg/day) in
48 children with GMAT deficiency with clinical manifestations of global developmental de-
lay/intellectual disability (DD/ID) with speech/language delay and behavioral problems
(n = 44), epilepsy (n = 35), or movement disorder (n = 13). The median age at treatment
was 25.5 months, 39 months, and 11 years in patients with mild, moderate, and severe
DD/ID, respectively. The researchers found that creatine supplementation increased brain
creatine levels and improved or stabilized clinical symptoms. Moreover, four patients
treated younger than nine months had normal or almost normal developmental outcomes.
Long-term creatine supplementation has also been used to treat patients with ornithine
aminotransferase (OAT) deficiency that causes gyrate atrophy of the choroid and retina due
to secondary creatine depletion that is characterized by progressive vision loss [218–222].
These findings and others provide promise that high-dose creatine monohydrate supple-
mentation is well tolerated and may be an effective adjunctive therapy for infants, children,
and adults, particularly with AGAT deficiency [207,223–226]. Thus, it can be reasonably
concluded that long-term, high-dose creatine supplementation in individuals with creatine
synthesis can increase brain creatine and PCr levels and reduce the severity of deficits
associated with these disorders.

6.2. Neurodegenerative Diseases and Muscular Dystrophy

Several studies have investigated the short- and long-term therapeutic benefit of creatine
supplementation in animals, children, and adults with various neuromuscular diseases like
Huntington’s disease (HD) [51,227–232]; Parkinson’s disease (PD) [51,66,100,227,233–235];
mitochondria-related diseases [58,235–239]; amyotrophic lateral sclerosis (ALS) [227,240–246];
spinal and bulbar muscular atrophy [247]; and, muscular dystrophies (MD) [248–253]. Sev-
eral of these investigations, particularly in animal models, reported improved exercise toler-
ance and/or clinical outcomes. However, a large multi-site clinical trial conducted by Bender
and coworkers [51] on PD, HD, and ALS patients did not find promising results. In this regard,
they monitored 1687 participants who supplemented their diet with creatine (9.5 g/day for
up to 5 years). The researchers did not observe statistically significant improvement in PD or
ALS patient outcomes. However, in patients with HD, there was some evidence that creatine
supplementation attenuated brain atrophy, suggesting some potential clinical benefit in this
population. The reason animal studies may have yielded more promising results may be
due to the fact that people typically do not present with symptoms of neurodegenerative
disorders (e.g., ALS, HD, PD, etc.) until they have lost 70% or more of their alpha neurons.
On the other hand, results in muscular dystrophy populations have been more promising
because the muscle is the primary target. To support this contention, Kley and coworkers [254]
conducted a Cochrane systemic review of the literature and found that high-quality evidence
from randomized clinical trials (RCTs) demonstrated that short- and medium-term crea-
tine supplementation increases muscle strength in muscular dystrophies and functional
performance in muscular dystrophy and idiopathic inflammatory myopathy. However,
assessment of high quality RCTs found no significant improvement in muscle strength
in metabolic myopathies [254]. Thus, while creatine supplementation has been shown to
have neuroprotective properties and improve muscle strength and endurance in patient
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populations, the efficacy of long-term, high-dose creatine supplementation in individuals
with neurodegenerative diseases is currently equivocal, while promising, in patients with
muscular dystrophy.

6.3. Brain and Spinal Cord Neuroprotection

It is well known that creatine supplementation increases brain bioenergetics [21,166,
215,235,255,256] and has neuroprotective benefits, particularly in response to injury and/or
ischemic conditions [58,64,66,257]. Consequently, there has been interest in determin-
ing the effects of creatine supplementation on cerebral ischemia, stroke, traumatic brain
injury (TBI), and spinal cord injury (SCI). For example, Adcock and associates [258] pro-
phylactically administered neonatal rats creatine (3 g/kg for 3 days) and assessed brain
bioenergetics in response to a cerebral ischemic event. The researchers found that creatine
feeding significantly increased the ratio of brain PCr to Pi and promoted a 25% reduction
in the volume of brain damage. Prass and coworkers [259] found that creatine administra-
tion decreased ischemia-induced brain infarction size by 40%. Zhu and colleagues [260]
reported that oral creatine feeding in mice decreased the size of ischemia-induced brain
damage and attenuated neuronal cell death, thereby providing neuroprotection. Allah
and colleagues [261] found that neonatal mice fed creatine monohydrate for 10 weeks
experience less ischemia-induced brain damage, as well as had better learning/memory
during recovery. Finally, Turner and coworkers [166] reported that 7 days of creatine sup-
plementation increased brain creatine content by 9.2%, increased corticomotor excitability,
and prevented the decline in attention during hypoxia in healthy adults. Collectively, these
findings suggest that prophylactic creatine supplementation may reduce the severity of
brain ischemia and therefore may have some therapeutic benefits in individuals at risk to
stroke [8,21,197].

Several studies have also evaluated the impact of creatine supplementation on mild
traumatic brain injury (TBI) and spinal cord injury (SCI) outcomes in animals [3,6,171,262–266].
For example, Sullivan and coworkers [264] found that provision of creatine in the diet for
5 days prior to TBI decreased the amount of cortical brain damage by 36% in rats and 50%
in mice. The researchers attributed the reduction in cortical damage to an improved energy
availability. Hausmann and associates [265] reported that rats fed creatine (5 g/100 g dry food)
prior to and following moderate SCI experienced less scar tissue and improved locomotor
function test performance compared to controls. Moreover, Rabchevsky et al. [267] reported
that rats fed a diet with 2% creatine for 4–5 weeks prior to and following SCI experienced
less loss of gray matter. While these types of studies could not be performed in humans,
they support contentions that creatine supplementation may reduce the severity of TBI
and/or SCI. In humans, creatine supplementation has also been reported to enhance
training adaptations in patients recovering from SCI. For example, Jacobs et al. [268]
reported that creatine supplementation (20 g/day for 7 days) enhanced aerobic exercise
capacity and ventilatory anaerobic threshold in patients with cervical SCI. Moreover,
Amorim et al. [266] reported that individuals with SCI who consumed creatine (3 g/day
for 8 weeks) with vitamin D (25,000 IU/day) while participating in a resistance-training
program experienced significantly greater improvements in arm muscle area, strength, and
functional capacity. While some studies report no benefit of creatine supplementation in
patients with SCI [269,270], there is compelling evidence that creatine supplementation may
reduce the severity of mild concussions, TBI, and/or SCI in animal models [21,263]. In fact,
this evidence was so strong that the International Society of Sports Nutrition recommended
that all athletes who are involved in sports with risk to TBI and/or SCI should take
creatine to reduce the severity of these types of injury [1]. Based on this literature, it can
be reasonably concluded that creatine supplementation can enhance energy availability
during ischemic events and provide neuroprotection from TBI and/or SCI.
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6.4. Enhanced Rehabilitation Outcomes

Since creatine supplementation has been reported to increase resistance-training
adaptations, a number of studies have examined whether creatine supplementation may
enhance physical therapy outcomes from musculoskeletal injury [25,159,171,247]. For ex-
ample, Hespel and associates [26] reported that creatine supplementation (20 g/day and
reduced to 5 g/day during immobilization, 15 g/day during the first 3 weeks of rehabilita-
tion, and 5 g/day for the remaining 7 weeks) promoted increases in myogenic regulating
factor 4 (MRF4) and myogenic protein expression, which was associated with greater
muscle fiber area (+10%) and peak strength (+25%) during rehabilitation. Jacobs et al. [268]
reported that creatine supplementation (20 g/d for 7 days) increased peak oxygen uptake
and ventilatory anaerobic threshold in patients with cervical-level spinal cord injury (SCI).
Moreover, several studies reported that creatine supplementation in chronic heart failure
and chronic obstructive pulmonary disease (COPD) patients enhanced rehabilitative out-
comes [23,198–200,202,271–273]. For example, Andrews and colleagues [199] found that
creatine supplementation (20 g/day for 5 days) in chronic heart failure patients augmented
skeletal muscle endurance and attenuated the abnormal skeletal muscle metabolic response
to exercise. Fuld et al. [271] reported that creatine supplementation (17.1 g/day for 2 weeks
prior to rehabilitation and 5.7 g/day for 16 weeks during rehabilitation) increased fat-
free mass, peripheral muscle strength, and endurance, and health status in patients with
COPD. Hass and colleagues [100] reported that creatine supplementation (20 g/day for
5 days and 5 g/day for 12 weeks) during resistance training in PD patients promoted
greater muscle strength and ability to perform the functional chair sit-to-rise test. Cooke
and assistants [274] reported that creatine supplementation prior to (0.3 g/kg/day for
5 days) and following (0.1 g/kg/day for 14 days) performing an eccentric-resistance-only
exercise bout designed to promote muscle injury significantly reduced markers of muscle
damage and hastened recovery of muscle function. Finally, Neves et al. [22] reported
that creatine supplementation (20 g/day for 5 days and 5 g/day for 79 days) improved
physical function, lower-limb lean mass, and quality of life in postmenopausal women
with knee osteoarthritis undergoing strengthening exercises. Conversely, some studies
have found no statistically significant effects of creatine supplementation during recovery
from orthopedic injury. For example, Roy et al. [275] reported that creatine supplementa-
tion (10 g/day for 10 days before surgery and 5 g/day for 30 days after surgery) did not
improve body composition, muscle strength, or enhance recovery in osteoarthritic patients
who underwent total knee arthroplasty. Likewise, Tyler et al. [276] reported that creatine
supplementation (20 g/day for 1 week and 5 g/day for 11 weeks) after anterior cruciate
ligament (ACL) reconstruction had no significant effects on isokinetic strength measures
during or following rehabilitation. Although more research is needed, there is evidence that
creatine supplementation prior to and following injury may reduce immobilization-related
atrophy and/or enhance rehabilitative outcomes in a number of populations.

6.5. Pregnancy

Since creatine supplementation has been shown to improve cellular bioenergetics
during ischemic conditions and possess neuroprotective properties, there has been interest
in creatine use during pregnancy to promote neural development and reduce complications
resulting from birth asphyxia [7,277–285]. The rationale for creatine supplementation
during pregnancy is that the fetus relies upon placental transfer of maternal creatine
until late in pregnancy, and significant changes in creatine synthesis and excretion occur
as pregnancy progresses [7,280]. Consequently, there is an increased demand for and
utilization of creatine during pregnancy. Maternal creatine supplementation has been
reported to improve neonatal survival and organ function following birth asphyxia in
animals [277–279,281–283,285]. In humans, there is evidence that the creatine needs of
the mother increase during pregnancy [7,280]. Consequently, there has been interest in
determining the role of creatine during pregnancy on fetal growth, development, and
health of the mother and child [7,280,286–288]. Available literature suggests that creatine
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metabolism may play an essential role in the bioenergetics of successful reproduction and
that creatine supplementation may improve reproductive and/or perinatal outcomes [7,277–
280,283,284,286,288]. However, it should be noted that research on the role of creatine
supplementation in pregnant women is limited. While creatine supplementation has been
reported to be safe in a number of populations [10,42,171,289,290] and there is no evidence
that creatine supplementation poses a risk for women of reproductive age or preterm
infants [287,288,291], additional safety and tolerability studies in pregnant women and
those trying to conceive are needed. Consequently, although there is emerging evidence
that creatine supplementation may help support the mother and child’s nutritional needs
and health, due to the limited studies in pregnant humans, caution should be exercised
when recommending use during human pregnancy.

6.6. Immune Support

One of the more novel potential uses of creatine is its influence on the immune system.
A number of in vitro and animal studies indicate that creatine has immunomodulatory
effects [6]. In this regard, several studies have reported that creatine supplementation may
alter production and/or the expression of molecules involved in recognizing infections like
toll-like receptors (TLR) [6]. For example, Leland and colleagues [292] reported that creatine
down-regulated expression of TLR-2, TLR-3, TLR-4, and TLR-7 in a mouse macrophage
cell line (RAW 254.7). While this could reduce the ability to sense some infections in im-
munocompromised individuals, TLR-4 downregulation may also alter Parkinson’s disease
pathology and inhibit neuronal death as the disease progresses [293,294]. There is also evi-
dence that creatine influences cytokines possibly via the NF-κB signaling pathway, thereby
affecting cytokines, receptors, and/or growth factors that can positively or negatively
influence immune response [6,292]. A creatine-induced reduction of pro-inflammatory
cytokines (e.g., IL-6) and other markers of inflammation (e.g., TNFα, PGE2) may help
explain some of the neuroprotective benefits observed in patients with central nervous
system-related diseases [6]. It may also explain reports that creatine supplementation atten-
uates inflammatory and/or muscle damage in response to intense exercise [274,295–297].
On the other hand, there have been several studies in mice suggesting that creatine sup-
plementation may impair airway inflammation, thereby exacerbating exercise-induced
asthma [298,299]. However, other studies suggest that creatine attenuates the pulmonary
and systemic effects of lung ischemia in reperfusion injury in rats [300]; improves re-
habilitative outcomes in patients with cystic fibrosis [301] and COPD [271]; or, has no
statistically significant effects on pulmonary rehabilitation outcomes [24,273] and youth
soccer players with allergies [302]. Additional research is needed to understand crea-
tine’s anti-inflammatory and immunomodulating effects, but it is clear that creatine can
affect these pathways. Thus, there is evidence to suggest that supplementation may have
anti-inflammatory and immunomodulating effects.

6.7. Anticancer Properties

Another emerging area is related to the potential anticarcinogenic effects of creatine
supplementation. As noted above, creatine and phosphagens play an important role in
maintaining energy availability [38,39,56,57], particularly related to the role of the CK/PRr
system and shuttling of ATP, ADP, and Pi in and out of the mitochondria for cellular
metabolism [50,54,55]. Prior studies have shown that creatine content and energy avail-
ability are low in several types of malignant cells and T cells that mediate the immune
responses against cancer [17,18,144,145,147]. Additionally, the creatine transport SLC6A8
gene expression encodes a surface transporter controlling the uptake of creatine into a cell,
markedly increases in tumor-infiltrating immune cells [17]. It has been well established that
creatine and its related compound cyclocreatine have anticancer properties [144,303,304].
For example, Patra et al. [144] also noted that the efficacy of the anticancer medication
methylglyoxal (MG) is significantly augmented in the presence of creatine and that ad-
ministration of creatine, methylglyoxal, and ascorbic acid provided greater efficacy and
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eliminated visible signs of tumor growth. Moreover, creatine and CK, which were very
low in sarcoma tissue, were significantly elevated with the concomitant regression of
tumor cells. Similarly, Pal and colleagues [147] reported that MG efficacy was improved
with co-administration of creatine and ascorbic acid in muscle cells in vitro and in sar-
coma animal model in vivo, suggesting that creatine supplementation may serve as an
adjunctive anticancer therapeutic intervention with MG. Di Biase and coworkers [17] also
reported that creatine uptake deficiency severely impaired CD8 T cell responses to tumor
challenge in vivo and to antigen stimulation in vitro, while supplementation of creatine
through either direct administration or dietary supplementation significantly suppressed
tumor growth in multiple mouse tumor models. Moreover, the energy-shuttling func-
tion of creatine goes beyond regulating CD8 T cells, in that reduced energy capacity has
also been reported in multiple immune cells in various mouse tumor models in creatine
transporter knockout mice [17]. The researchers concluded that creatine is an important
metabolic regulator controlling antitumor T cell immunity and that creatine supplementa-
tion may improve T cell–based cancer immunotherapies [17]. Collectively, these findings
indicate that creatine supplementation may have anticancer properties. Thus, it can be
reasonably concluded based on available evidence that creatine is an important energy
source for immune cells, can help support a healthy immune system, and may have some
anticancer properties.

6.8. Improve Functional Capacity in Patients with Chronic Fatigue?

Chronic fatigue syndrome (CFS), also known as post-viral fatigue syndrome (PFS)
or myalgic encephalomyelitis (ME), is characterized by fatigue and associated symptoms
(e.g., muscle and joint pains, anxiety, cognitive and sleep disorders, intolerance to physical
exertion) persisting more than six months in duration [305]. Although the etiology of these
conditions are unknown, there has been some recent interest in whether creatine may help
improve functional capacity and thereby help people with CFS conditions better manage
this condition. Although controversial, there is some evidence that a lack of creatine
availability and/or impaired creatine metabolism may play a role in CFS-related diseases.
For example, Malatji et al. [306] reported a significant relationship between urinary creatine
levels and symptoms of pain, fatigue, and energy levels in patients with CFS-related chronic
pain syndrome, fibromyalgia. Mueller and associates [307] reported that creatine levels in
the left parietal cortex was significantly lower in patients with ME/CFS, while higher in the
left putamen and not affected in 45 other areas examined. Moreover, when using creatine
as the denominator to normalize values, significant differences were observed in the ratio
of N-acetylasparte/creatine, choline/creatine, lactate/creatine, and myo-inositol/creatine
ratios between CFS and controls. In a similar study, van der Schaaf et al. [308] reported
that greater pain levels inversely related to the N-acetylaspartylglutamate/creatine ratio in
the dorsolateral prefrontal cortex of a group of 89 women with CF compared to controls.
While it is unclear how changes in brain metabolites, including creatine, are involved in
the pathology or symptomology of CFS, creatine and GAA supplementation have been
reported to increase brain creatine content and might thereby help normalize some of these
ratios. Although this is highly speculative and needs additional research, it is interesting
to note that alterations in the ratio of brain metabolites to creatine have been implicated
in CFS.

With that said, several studies have investigated the role of creatine or creatine-related
compounds on patient outcomes in CFS patients. For example, Amital and coworkers [309]
reported that creatine supplementation (3 g/day for 7 days and 5 g/day for 21 days) in
a patient presenting with post-traumatic stress disorder, depression, and fibromyalgia
showed improvement in symptoms of depression, pain measures, and quality of life.
The patient continued supplementation for another 4 weeks and retained these benefits.
Leader et al. [310] conducted an open-label study to assess the effects of creatine supple-
mentation (3 g/day for 3 weeks and 5 g/day for 5 weeks) as an adjunctive nutritional
therapy in 16 patients with Fibromyalgia Syndrome. The researchers found that creatine
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supplementation significantly improves markers related to the severity of fibromyalgia,
disability, pain, sleep quality, and quality of life. The improvements observed returned
toward baseline after 4 weeks after stopping creatine therapy. Alves and colleagues [162]
reported that creatine supplementation (20 g/day for 5 days; 5 g/day for 107 days) in-
creased intramuscular phosphorylcreatine content and improved lower- and upper-body
muscle function, with minor changes in other fibromyalgia features. The authors con-
cluded that creatine supplementation may serve as a useful dietary intervention to improve
fibromyalgia patients’ muscle function. Finally, Ostojic and colleagues [311] reported that
GAA supplementation (2.4 g/day for 3 months) positively affected creatine metabolism
and work capacity in women with CFS but did not affect general fatigue symptoms muscu-
loskeletal soreness. While all studies do not report benefits, these findings provide some
support that creatine and/or GAA may have some therapeutic benefit for patients with
CFS, PFS, ME, and/or fibromyalgia. However, it should be noted that the improvements
in functional capacity observed in these studies are similar to those observed in healthy
individuals who take creatine and that pain indices were not significantly affected in all
of these studies. Nevertheless, although more research is needed, it can be reasonably
concluded that creatine and/or GAA may improve functional capacity in patients with
chronic fatigue-related syndromes such as post-viral fatigue syndrome (PFS) and myalgic
encephalomyelitis (ME).

6.9. Antidepressive Effects

Reports since the early 1980s have suggested that creatine metabolism and/or avail-
ability may have antidepressive effects [312–318]. These studies and others have provided
the basis for assessing the effects of creatine and/or creatine precursors like S-adenosyl-
L-methionine (SAMe) and GAA affect brain phosphagen levels, markers of depression,
and/or the therapeutic efficacy of antidepressant medications [8,169,170]. For example,
the creatine precursor SAMe has been reported to be an effective treatment for clinical
depression. Silveri et al. [316] reported that SAMe supplementation (1600 mg/day) in-
creased brain creatine and PCr levels and lowered transverse relaxation time (T2RT) using
magnetic resonance spectroscopy (31P MRS) in nondepressed subjects; this effect was larger
in women compared to men. Allen and colleagues [319] reported that rats fed creatine
diets (4%) for 5 weeks altered depression-like behavior in response to forced swim training
in a sex-dependent manner, with female rats displaying an antidepressant-like response.
Ahn and coworkers [320] reported that a single treatment of creatine or exercise has partial
effects as an antidepressant in mice with chronic mild stress-induced depression and that
combining creatine and exercise promoted greater benefits. Pazini et al. [321] reported
that creatine administration (21 days, 10 mg/kg, p.o.) abolished corticosterone-induced
depressive-like behaviors in mice. Similarly, Leem and colleagues [322] reported that mice
exposed to mild chronic stress for 4 weeks had a greater effect on hippocampal neurogene-
sis via the Wnt/GSK3beta/beta-catenin pathway activation when creatine and exercise
were combined compared with each treatment in chronic mild stress-induced behavioral
depression. There is some support in human trials that creatine supplementation may affect
depression [171,323]. For example, Bakian et al. [324] recently assessed the dietary patterns
from the National Health and Nutrition Examination Survey (NHANES) database and
found a significant negative relationship between dietary creatine intake and depression
among adults in the United States. Roitman et al. [169] reported in an open-label study
that creatine monohydrate supplementation (3–5 g/day for 4 weeks) improved outcomes
in a small sample of patients with unipolar depression. Toniolo et al. [29] evaluated the
effects of creatine supplementation (6 g/day for 6 weeks) in bipolar patients and reported
on Montgomery–Asberg Depression Rating Scale (MADRS) remission rates (i.e., 66.7%
remission in the creatine group vs. 18.2% in the placebo group). In a similar study [29],
this group reported that adjunctive creatine therapy (6 g/day for 6 weeks) in patients
with bipolar depression improved verbal fluency tests. Moreover, in a proof-of-concept
study [172], these researchers reported that creatine supplementation (6 g/day for 6 weeks)
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in patients with bipolar disorder type I or II enhanced remission MADRS scores in par-
ticipants who completed the study. Although more research is needed, there is some
evidence suggesting that creatine may help individuals manage some types of depression
and/or anxiety disorders, particularly when combined with choline [325,326]. Thus, there
is evidence that creatine supplementation may support mental health.

6.10. Fertility

Since sperm motility is dependent on ATP availability and CK activity has been
associated with greater sperm quality and function [50,327–329], there has been some
interest in whether creatine supplementation and/or administration might improve fertility.
For example, creatine has been added to medium during intrauterine insemination to
increase the viability of sperm and the success of fertility treatments [327–332]. Although
more research is needed, these findings suggest that creatine may play an important role in
fertility and support reproductive health.

6.11. Skin Health

Since creatine availability has been reported to affect energy status in the dermis and
is an antioxidant, several studies have evaluated whether creatine’s topical application
influences skin health and/or may serve as an effective anti-wrinkle intervention [333].
For example, Lenz et al. [333] reported that stress decreases CK activity in cutaneous cells
and that topical creatine application improved cellular energy availability and markedly
protected against a variety of cellular stress conditions, like oxidative and UV damage,
which are involved in premature skin aging and skin damage. Peirano and coworkers [334]
found that topically applied creatine rapidly penetrates the dermis, stimulates collagen
synthesis, and influences gene expression and protein. Additionally, the topical application
of a creatine-containing formulation for 6 weeks significantly reduced the sagging cheek
intensity in the jowl area, crow’s feet wrinkles, and wrinkles under the eyes. The researchers
concluded that creatine represents a beneficial active ingredient for topical use in the
prevention and treatment of human skin aging. Thus, there is evidence that creatine
supports skin health.

7. Conclusions

The benefits of creatine monohydrate supplementation go well beyond increasing
muscle Cr and PCr levels and thereby enhancing high-intensity exercise and training
adaptations. Research has clearly shown several health and/or potential therapeutic
benefits as we age and in clinical populations that may benefit by enhancing Cr and PCr
levels. Although additional research is needed to explore further the health and potential
therapeutic benefits of creatine supplementation, many of these topics will be described in
more detail in other papers within this special issue. Based on the available evidence, the
following can be reasonably concluded based.

1. Creatine supplementation can increase cellular energy availability and support gen-
eral health, fitness, and well-being throughout the lifespan.

2. Creatine supplementation, particularly with resistance training, can promote gains in
strength and help maintain or increase muscle mass in older individuals. Additionally,
creatine supplementation during energy-restriction-induced weight loss may be an
effective way to preserve muscle while dieting and thereby help manage adult-onset
obesity.

3. Creatine supplementation may support cognitive function, particularly as one ages.
4. Creatine supplementation may support healthy glucose management.
5. Phosphocreatine administration and possibly creatine supplementation may support

heart metabolism and health, particularly during ischemic challenges.
6. Long-term, high-dose creatine supplementation in individuals with creatine synthesis

deficiencies can increase brain creatine and PCr levels and may reduce the severity of
deficits associated with these disorders.
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7. Although creatine supplementation has been shown to have neuroprotective proper-
ties and improve strength and endurance, the efficacy of long-term, high-dose creatine
supplementation in individuals with neurodegenerative diseases is equivocal, while
promising, in patients with muscular dystrophy.

8. Creatine supplementation may increase brain creatine content, enhance energy avail-
ability during ischemic events, and provide neuroprotection from TBI and/or SCI.

9. Creatine supplementation prior to and following injury may reduce immobilization-
related atrophy and/or enhance rehabilitative outcomes in a number of populations.

10. Creatine supplementation during pregnancy may help support the mother and child’s
nutritional needs and health; however, due to the limited studies in pregnant humans,
caution should be exercised when recommending use during human pregnancy.

11. Creatine supplementation may have anti-inflammatory and immunomodulating
effects.

12. Creatine is an important energy source for immune cells, can help support a healthy
immune system, and may have some anticancer properties.

13. Creatine and/or GAA may improve functional capacity in patients with chronic
fatigue-related syndromes such as post-viral fatigue syndrome (PFS) and myalgic
encephalomyelitis (ME).

14. Creatine may support mental health.
15. Creatine may support reproductive health.
16. Creatine may support skin health.
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Abstract: Creatine (Cr) is a ubiquitous molecule that is synthesized mainly in the liver, kidneys, and
pancreas. Most of the Cr pool is found in tissues with high-energy demands. Cr enters target cells
through a specific symporter called Na+/Cl−-dependent Cr transporter (CRT). Once within cells,
creatine kinase (CK) catalyzes the reversible transphosphorylation reaction between [Mg2+:ATP4−]2−

and Cr to produce phosphocreatine (PCr) and [Mg2+:ADP3−]−. We aimed to perform a comprehen-
sive and bioinformatics-assisted review of the most recent research findings regarding Cr metabolism.
Specifically, several public databases, repositories, and bioinformatics tools were utilized for this
endeavor. Topics of biological complexity ranging from structural biology to cellular dynamics were
addressed herein. In this sense, we sought to address certain pre-specified questions including: (i)
What happens when creatine is transported into cells? (ii) How is the CK/PCr system involved in
cellular bioenergetics? (iii) How is the CK/PCr system compartmentalized throughout the cell? (iv)
What is the role of creatine amongst different tissues? and (v) What is the basis of creatine transport?
Under the cellular allostasis paradigm, the CK/PCr system is physiologically essential for life (cell
survival, growth, proliferation, differentiation, and migration/motility) by providing an evolutionary
advantage for rapid, local, and temporal support of energy- and mechanical-dependent processes.
Thus, we suggest the CK/PCr system acts as a dynamic biosensor based on chemo-mechanical
energy transduction, which might explain why dysregulation in Cr metabolism contributes to a wide
range of diseases besides the mitigating effect that Cr supplementation may have in some of these
disease states.

Keywords: creatine kinase; energy metabolism; cell survival; bioinformatics; systems biology; cellular
allostasis; dynamic biosensor
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1. Introduction

Creatine (Cr) is a ubiquitous non-protein amino acid (PubChem CID: 586) that is
synthesized mainly in the liver, kidneys, and pancreas [1]. However, other tissues (e.g.,
brain and testes) are also able to produce Cr [2–4]. Endogenous Cr synthesis begins with the
transfer of the amidino group of L-arginine to the Nα-amine group of L-glycine following a
ping-pong mechanism that is catalyzed by L-Arginine-Glycine amidinotransferase (AGAT-
EC 2.1.4.1) [5]. This first reaction yields L-ornithine and guanidinoacetate (GAA), which
is then methylated at the original nitrogen of glycine using S-adenosyl-L-methionine as
the donor of the methyl group by means of the Guanidinoacetate N-Methyltransferase
(GAMT-EC 2.1.1.2). This reaction follows the formation of a strong nucleophile on the
deprotonated glycine-derived N of GAA that interacts with the methyl group from the
positively charged sulfonium ion of S-adenosyl-L-methionine [6] to produce Cr and S-
adenosyl-L-cysteine (Figure 1).

Figure 1. Creatine synthesis/excretion and the creatine kinase reaction. Enzymes are represented by ovals. Once synthesized
from L-arginine, glycine, and S-adenosyl-L-methionine, creatine (Cr) is converted to phosphocreatine (PCr) by means of the
creatine kinase (CK), which catalyzes the reversible transference of a phosphoryl group (PO3

2−), not a phosphate (PO4
3−),

from ATP. The kinetic rate of the non-enzymatic conversion of Cr (or PCr) to creatinine (Crn) depends on the H+ concentra-
tion of the media. It is important to note that neither Crn nor PCr are substrates of the sodium- and chloride-dependent
creatine transporter (not shown). Oval size represents the expression level of AGAT (black), GAMT (white), and CK (orange)
in some tissues. For more details related to expression in different tissues or conditions (i.e., pathologies) use the following
BioGPS ID numbers: AGAT–2628; GAMT–2593. AGAT: L-Arginine-Glycine amidinotransferase; GAMT: Guanidinoacetate
N-Methyltransferase; H+: hydrogen ion; Pi: inorganic phosphate. Modified with permission from Bonilla and Moreno [7]
using the Freeware ACD/ChemSketch 2021 (Advanced Chemistry Development, Inc., Toronto, ON, Canada).
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High Cr concentrations are found in skeletal muscle and the brain [8]. High Cr levels
are also found in other cells with high energy demands such as the cardiomyocytes,
hepatocytes, kidney cells, inner ear cells, enterocytes, spermatozoa, and photoreceptor
cells [9,10]. However, approximately 95% of the Cr pool in the body is found in skeletal
muscle [11–13]. After synthesis, Cr reaches target tissues through the bloodstream, and
intracellular transport mediated by a solute carrier protein called sodium- and chloride-
dependent creatine transporter (CRT, also known as SLC6A8) [14]. This symporter belongs
to a family of neurotransmitter transporters known as solute carrier family 6, which
has shown a high affinity to Cr in the plasmalemma (low Km, 15–77 μM) [15–17]. Cr
is one of the main osmolytes of the central nervous system, which may play important
roles in pathophysiological conditions of the brain [18,19]. Currently, some consider
Cr a neurotransmitter that may be released in the synapse, re-uptaken by presynaptic
CRT, and might either depress post-synaptic GABAergic neurotransmission or stimulate
post-synaptic glutamatergic pathways [20]; nevertheless, more studies are needed to
generate consensus, in particular by discovering a so far unknown specific post-synaptic
Cr receptor [21]. Although some of the aforementioned tissues might synthesize Cr, CRT
is necessary to transport endogenous and exogenous Cr to cells with high and fluctuant
energy demands for proper physiological function [22].

Cr exists as a zwitterion, with the positive charge on the resonance structures of the
guanidinium moiety and the negative charge on the carboxylate oxygen atoms. Thus, it
forms a monoclinic crystal system with one water molecule of crystallization [23,24]. These
crystals are well-known as creatine monohydrate (CrM), which dehydrates at 110 ◦C [25]. In
Figure 1, the Cr molecule is shown in the zwitterionic form as found in the crystal structure
of CrM (where both H-atoms of the water act as hydrogen bond donors—not shown) [23].
It is important to note that the solubility of CrM in water increases with temperature (e.g.,
8.5 g·L−1 at 4 ◦C and 14 g·L−1 at 25 ◦C) [26]. It is also notable that CrM has been extensively
studied as a nutritional supplement. In this regard, CrM supplementation has been deemed
as a safe and effective ingredient across various disciplines ranging from sports nutrition
to health and disease [27–43]. Although other forms of Cr have been studied, such as Cr
nitrate [44–46], there is no evidence that these ingredients are more efficacious relative
to CrM [47]. Readers are encouraged to refer to the outstanding invited reviews of this
book/special issue on “Creatine Supplementation for Health and Clinical Diseases” to
learn more about the effects of CrM supplementation [48].

Cr and its phosphorylated form, phosphocreatine (PCr), have a critical and central-
ized role in maintaining adenosine triphosphate (ATP) concentrations in tissues with
high-energy demands, such as skeletal muscle, heart, and brain [28]. Alterations in Cr
concentrations due to CRT, AGAT, or GAMT deficiencies may produce functional changes
in these tissues, leading to a wide range of diseases [14,22,49–51] that are grouped into
the Cr deficiency syndrome [52]. For example, CRT malfunction results in low levels of
intracellular Cr, which, while not lethal, induces an impairment in brain energy metabolism
to the same extent as deficiencies in the Cr biosynthesis enzymes [22,53]. A dysregulation
in Cr metabolism has also been implicated in various pathological conditions including
muscle dysfunction, cardiomyopathy, and cancer, among others [48,54]. Given the afore-
mentioned evidence, a systems biology approach is needed to deepen our comprehension
of the molecular, cellular, tissue and systemic effects of Cr and its applications to health
and disease. Therefore, the aim of this bioinformatics-assisted review was to highlight the
most recent findings and up-to-date literature concerning Cr metabolism.

2. Methods

To summarize the basis and to report the most recent findings of creatine metabolism,
we performed a search of articles indexed in PubMed/MEDLINE, ScienceDirect, Cochrane,
SciELO, and Google Scholar databases using terms related to ‘creatine metabolism’. A
bioinformatics-assisted analysis was performed for functional annotations within the
literature review. To this end, we accessed public databases and repositories such as
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UniProtKB (https://www.uniprot.org/), PDB (https://www.rcsb.org/), Ensembl (https://
www.ensembl.org/index.html), The Gene Ontology Resource (http://geneontology.org/),
and the BioGPS–Gene Portal System (http://biogps.org/). Additionally, we used the freely
available Search Tool for the Retrieval of Interacting Genes (STRING: https://string-db.
org/) to report the experimentally validated interacting proteins. The following options
were activated in the STRING tool to obtain the protein–protein interactions network:
(i) search—by multiple proteins; (ii) network type—full STRING network; (iii) meaning
of network edges—evidence; (iv) minimum required interaction score—high confidence
(0.700); and, (v) max number of interactors to show—1st shell = 30, and 2nd shell = no
more than 20 interactors. To cluster the most similar nodes of the network into an easily
distinguishable function-based classification, we used the Markov Cluster Algorithm for
graphs, which is based on simulation of stochastic flow in the obtained graph. The inflation
factor was set at 1.5 to balance sensitivity and selectivity. Databases/repositories and
bioinformatics tools were accessed from 11 November 2020 to 14 February 2021.

The idea of complexity in biological systems was addressed from a reformulated
insight that followed development (self-organizing) to cellular dynamics (functional and
structural stability through change–allostasis). Therefore, the retrieved references were
summarized and discussed in this review’s narrative to answer certain pre-specified ques-
tions: (i) What happens when creatine is transported into cells? (ii) How is the CK/PCr
system involved in cellular bioenergetics? (iii) How is the CK/PCr system compartmental-
ized throughout the cell? (iv) What is the role of creatine amongst different tissues? and (v)
What is the basis of creatine transport?

3. Findings

3.1. What Happens When Creatine Is Transported into Cells?

Once in the intracellular environment, the creatine kinase (CK, ATP:creatine phos-
photransferase, EC 2.7.3.2) catalyzes the reversible transphosphorylation reaction between
[Mg2+:ATP4−]2− and Cr to produce PCr and [Mg2+:ADP3−]− following a bimolecular
nucleophilic substitution reaction [55]. The average concentration of total Cr (free Cr +
PCr) in skeletal muscle is around 120 mmoL·kg−1 dry mass (≈40 mM) [56] although PCr
is found in higher concentration (80–85 mmoL·kg−1 dry mass or ≈27 mM, ≈67%) than
free Cr (≈40 mmoL·kg−1 dry mass or ≈13 mM, ≈33%) [8]. Besides the difference in the
free energy change (ΔG◦) for the hydrolysis of PCr and ATP at pH 7.0 (−44.58 kJ·moL−1

versus −31.8 kJ·moL−1, respectively) [57], PCr and Cr are smaller in molecular size, less
negatively charged, and more abundant than ATP and adenosine diphosphate (ADP) in
cells expressing CK, which represents a thermodynamic and functional improvement
to energy metabolism due to a higher intracellular flux of high-energy phosphates [8].
Importantly, in tissues that require large and intermittent amounts of energy, several CK
isozymes are ubiquitously expressed in different cellular compartments (e.g., sarcomere,
cytosol, mitochondria) connecting places of ATP synthesis with sites of ATP consumption.
This is known as the CK/PCr system [11].

Cr is spontaneously degraded to creatinine (Crn) in a monomolecular and non-
enzymatic reaction that depends on temperature and pH [58]. Crn might diffuse out
of the cells to be excreted by the kidneys into the urine with a mean excretion rate of
23.6 mg·kg−1·day−1 (about 1.7% of the total Cr pool per day) [8]. As more than 90% of Cr
and PCr molecules are found in skeletal muscle, Crn excretion is ≈20% less in women and
the peak urinary excretion rate is found between 18 to 29 years old [1]. Hence, the daily
requirement of Cr from either diet or endogenous synthesis for a 70-kg male is approxi-
mately 2 g·day−1 [59]. This has raised concerns in vegan and vegetarian population who
have been reported to have lower Cr concentrations in different tissues [60,61] since Cr is
naturally found in animal products [62,63]. Figure 1 represents the basis of Cr, PCr, and
Crn metabolism.

CrM supplementation increases serum and muscular Cr levels [59,64,65], as well
as brain Cr levels [66], although no effect is seen with ATP concentrations [67]. While
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this increase is very significant in serum and skeletal muscle, Cr is not as permeable
through the blood-brain barrier as it is in other tissues, so it typically takes higher doses
of Cr over a longer periods of time (e.g., 15–20 g per day for 2–4 weeks) to significantly
increase Cr content in the brain in healthy individuals [40]. Patients with AGAT and GAMT
deficiencies are more dependent on dietary sources of Cr and may need to consume 20–
30 g·day−1 of CrM habitually to increase and maintain elevations in brain Cr content [68].
For example, in AGAT-deficient patients, it has been shown that after nine months of
CrM supplementation (400 mg·kg−1·day−1), brain Cr levels were increased to 80% of
Cr [69]; whereas, GAMT-deficient patients have a slower rise of brain Cr with a nearly
complete replenishment after more than two years [70]. Conversely, in response to 20 g
CrM in healthy individuals, serum Cr concentration increases by 50-fold (peak value of
serum Cr is approximately 2.17 ± 0.66 mM) 2.5 h following ingestion [71]. However,
in response to lower doses (≈2 g CrM), Cr increase in blood is less significant [72]. In
skeletal muscle, total Cr levels increase by about 25% after CrM supplementation, while
increases up to 37% occur if the ingestion is accompanied with exercise training [1]. It
has been reported that CrM supplementation increases muscle PCr content by ≈20%,
generally from 80 to 95 mmoL·kg−1 dry mass [64,65]. Brault et al. (2007) demonstrated
that CrM does not alter the PCr/total Cr ratio and hence the ΔG◦ for the hydrolysis of
ATP at rest. The authors reported a linear increase of PCr and total Cr concentrations in
the vastus lateralis after five days of CrM supplementation (0.43 g·kg body mass−1·day−1)
using 31P and 1H magnetic resonance spectroscopy [73]. This increase in muscle PCr
concentration and the maintenance of the PCr/total Cr ratio are critical in regulating the
skeletal muscle bioenergetics due to the crucial role of the CK/PCr system [74]. It is well-
established that PCr concentration and oxygen uptake (VO2) vary with similar kinetic
profiles from the start-up of the exercise until a new state of energy production by oxidative
metabolism [74,75], which has been explained as a function of the mitochondrial resistance
and the metabolic capacitance of the CK reaction [76,77]. The regulation of mitochondrial
respiration is intimately linked to the CK/PCr system, where changes in the time constant
(τ) for the decrease in muscle PCr concentration become critical, as it has been shown in
both the “electrical” [78] and “hydraulic” [79] analog models of oxidative metabolism. In
fact, recent findings have reinforced the notion that the decline in mitochondrial function
due to the aging process is closely related to the muscular performance (i.e., post-exercise
PCr recovery rate) [80]. In accordance with these models, an increase in the muscle
metabolic capacitance (determined by the augmentation in total Cr) after five days of CrM
supplementation (20 g per day) has resulted in a longer τ (slower PCr kinetics) [81], and a
slower VO2 response [82]. Thus, the rise in PCr levels following the CrM supplementation
optimizes the cellular thermokinetics of energy transduction by regulating the cellular
ATP/ADP ratio [7].

3.2. How Is the CK/PCr System Involved in Cellular Bioenergetics?

Cell growth and survival depend on constant ATP regeneration in order to sustain
motor proteins (e.g., muscle contraction, vesicle trafficking), ion pumping, protoplasmic
streaming, cytoskeletal rearrangement, among others. ATP is synthesized either through
substrate-level phosphorylation or through oxidative phosphorylation [83]; however, to
guarantee it is mostly used in contraction machinery, ATPase pumps, and other organelles
(i.e., nucleus, endoplasmic reticulum, etc.), the cell relies on a phosphotransfer network
that is based on the CK/PCr system [84]. This system encompasses two cytoplasmic and
two mitochondrial CK (MtCK) isozymes. MtCK is functionally associated with oxidative
phosphorylation by co-localization with the adenine nucleotide translocase (ANT, also
known as SLC25A4), and by the formation of a proteolipid complex (physical interaction)
with the voltage-dependent anion channel (VDAC) and other biological structures in the
mitochondrial inner membrane (e.g., cardiolipin-rich domains and other anionic phospho-
lipids) [85]. This system allows ATP to be generated in mitochondria, and this ATP can
be subsequently utilized by MtCK to synthesize PCr. This newly-synthesized PCr can
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then be transported to the cytosol where isozymes of CK resynthesize ATP from ADP [86].
Bessman and Carpenter (1985) initially called such transfer of high-energy phosphates
the Cr-PCr shuttle [87]. Thus, in cells that require constant energy for metabolic reactions,
PCr acts as an abundant energy buffering molecule that facilitates phosphotransfer re-
actions by CK parallel to ATP diffusion. Because of fluctuating energy requirements in
skeletal muscle and other tissues, the CK/PCr system not only serves as “spatial” but
also “temporal” energy buffer where PCr follows closely the energy-requiring processes
(e.g., force generation throughout the contraction cycle) while ATP remains constant [88].
The CK/PCr system also improves the thermodynamic efficiency of ATP hydrolysis by
maintaining low intracellular ADP concentration and a high ATP/ADP ratio at those
subcellular sites where CK is functionally coupled to ATP-requiring processes [13]. In
this sense, the CK/PCr system’s ATP generation capacity is quite high and exceeds both
ATP utilization and ATP resynthesis by other energy-producing pathways (e.g., oxidative
phosphorylation and glycolysis) [89,90]. For example, the maximal rate of ATP synthesis by
the CK reaction in rat cardiac muscle is 30 μmoL·s−1·g−1, which is much higher than ATP
synthesis by oxidative phosphorylation (2.5 μmoL·s−1·g−1) or by de novo pathways (0.39
μmoL·s−1·g−1) [11]. This small reduction in net energy balance (work done per hydrolyzed
ATP) makes CK system become crucial for survival, from an evolutionary point of view; in
fact, these phosphagen kinase systems date back to several hundred millions years to early
metazoan and bacteria [91,92].

CK Isozymes

As mentioned before, the CK isozymes are the core of the CK/PCr system during the
process of energy transduction in tissues with high and intermittent energy demands (i.e.,
skeletal muscle, brain, heart, etc.). Cytosolic CK may be assembled as a protein hetero- or
homodimer after binding the M-CK and B-CK subunits to form the MM-, MB-, and BB-CK
isozymes, which have an approximate relative mass of 80,000–86,000 [93]. MM- is the major
isoform in muscle and heart, MB- is mainly present in the myocardium, and BB-CK exists
in many tissues, especially the brain. In skeletal muscle, besides being specifically located
at the sarcomeric M-band, a significant proportion of MM-CK is in close proximity to
the sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) and sarcolemma. This guarantees
the thermodynamic efficiency of ATP hydrolysis (ΔG◦ is kept high) [94]. Interestingly,
Ramírez et al. (2014) have reported specific phosphorylation of the B-CK isoform at
Ser6 can be facilitated by different AMP-activated protein kinase (AMPK) isoforms [95].
This does not affect enzymatic activity, but causes its localization to specific subcellular
compartments (e.g., endoplasmic reticulum) as well as its co-localization with the highly
energy-demanding SERCA. Moreover, it has been shown that a decrease in intracellular pH
in muscle activates MM-CK to facilitate ATP regeneration [96], which might be expected
after heightened muscle activity if we consider the optimum pH of this enzyme is between
6.5 and 6.7 [97].

There are two mitochondrial CK isoenzymes: the striated muscle specific, sarcomeric
MtCK or sMtCK and the ubiquitous MtCK or uMtCK [11]. Although there is a high degree
of sequence homology between these two, sMtCK and uMtCK differ in many biochemical
and biophysical parameters. For example, in comparison to M- and B-CK isoenzymes,
which are protein dimers, sMtCK and uMtCK are homooctamers (relative mass of ≈340,000)
composed of four dimers as the stable building blocks [98,99]. The MtCK is localized
between inner and outer mitochondrial membranes in co-localization with ANT, but is
also anchored to the cytoskeleton via VDAC and the mitochondrial interactosome [100].
The different characteristics and expression patterns of the CK isozymes account for the
cell-compartmentalized and tissue-specialized functions as might be expected (Table 1).

34



Nutrients 2021, 13, 1238

T
a

b
le

1
.

C
ha

ra
ct

er
is

ti
cs

of
th

e
cr

ea
ti

ne
ki

na
se

is
oz

ym
es

.

E
n

z
y

m
e

N
a

m
e

a
n

d
C

o
m

m
is

si
o

n
N

u
m

b
e

r

Is
o

z
y

m
e

G
e

n
e

N
a

m
e

E
n

se
m

b
l

ID
†

G
e

n
e

L
o

ca
ti

o
n

U
n

ip
ro

tK
B

S
u

b
u

n
it

S
tr

u
ct

u
re

a
n

d
P

D
B

E
n

tr
y

C
e

ll
u

la
r

L
o

ca
ti

o
n

T
is

su
e

L
o

ca
ti

o
n

*

C
re

at
in

e
ki

na
se

EC
:2

.7
.3

.2
M

-t
yp

e
C

K
M

EN
SG

00
00

01
04

87
9

C
hr

om
os

om
e

19
:4

5,
30

6,
41

4–
45

,3
22

,9
77

R
ev

er
se

st
ra

nd
.

P0
67

32

D
im

er
of

id
en

ti
ca

lo
r

no
n-

id
en

ti
ca

l
ch

ai
ns

(1
I0

E)

C
yt

os
ol

Sk
el

et
al

m
us

cl
e

&
he

ar
t

B-
ty

pe
C

K
B

EN
SG

00
00

01
66

16
5

C
hr

om
os

om
e

14
:1

03
,5

19
,6

59
–

10
3,

52
3,

11
1

R
ev

er
se

st
ra

nd
.

P1
22

77

D
im

er
of

id
en

ti
ca

lo
r

no
n-

id
en

ti
ca

l
ch

ai
ns

(3
B6

R
)

C
yt

os
ol

,
de

nd
ri

te
,

ex
tr

ac
el

lu
la

r
ex

os
om

e,
ex

tr
ac

el
lu

la
r

sp
ac

e,
m

it
oc

ho
nd

ri
on

,
m

ye
lin

sh
ea

th
,

ne
ur

on
al

ce
ll

bo
dy

an
d

nu
cl

eu
s

M
ai

nl
y

br
ai

n,
bu

ta
ls

o
in

te
st

es
,r

et
in

a,
bo

ne
,a

m
on

g
se

ve
ra

lo
th

er
s

U
-T

yp
e

C
K

M
T1

A
EN

SG
00

00
02

23
57

2

C
hr

om
os

om
e

15
:4

3,
69

2,
88

6–
43

,6
99

,2
22

Fo
rw

ar
d

st
ra

nd
.

P1
25

32
O

ct
am

er
of

fo
ur

C
K

M
T

di
m

er
s

(1
Q

K
1)

M
it

oc
ho

nd
ri

al
in

ne
r

m
em

br
an

e
an

d
Ex

tr
ac

el
lu

la
r

ex
os

om
e

Br
ai

n,
he

ar
t,

br
ow

n
ad

ip
os

e
ti

ss
ue

,a
m

on
g

se
ve

ra
lo

th
er

s

S-
ty

pe
C

K
M

T2
EN

SG
00

00
01

31
73

0

C
hr

om
os

om
e

5:
81

,2
33

,2
85

–
81

,2
66

,3
97

Fo
rw

ar
d

st
ra

nd
.

P1
75

40
O

ct
am

er
of

fo
ur

C
K

M
T

di
m

er
s

(4
Z

9M
)

M
it

oc
ho

nd
ri

al
In

ne
r

M
em

br
an

e

M
ai

nl
y

sk
el

et
al

m
us

cl
e

D
at

a
ex

tr
ac

te
d

fr
om

E
ns

em
bl

,U
ni

P
ro

tK
B

,P
D

B
,a

nd
G

en
e

O
nt

ol
og

y.
T

he
he

te
ro

d
im

er
M

B
-C

K
ex

is
ts

m
ai

nl
y

in
he

ar
t.

*
Fo

r
m

or
e

d
et

ai
ls

re
la

te
d

to
ex

p
re

ss
io

n
in

d
if

fe
re

nt
ti

ss
u

es
or

co
nd

it
io

ns
(i

.e
.,

pa
th

ol
og

ie
s)

vi
si

tB
io

G
PS

(h
tt

p:
//

bi
og

ps
.o

rg
/)

,a
d

at
ab

as
e

of
ge

ne
ex

pr
es

si
on

pr
ofi

le
s

fo
r

hu
m

an
ti

ss
ue

s
[1

01
],

us
in

g
th

e
fo

llo
w

in
g

ID
nu

m
be

rs
:C

K
M

-1
15

8;
C

K
B-

11
52

;
C

K
M

T1
A

-5
48

59
6;

an
d

C
K

M
T2

-1
16

0.
†

U
se

th
e

cr
os

s-
re

fe
re

nc
e

fr
om

En
se

m
bl

to
Bi

oG
ri

d,
In

tA
ct

,M
IN

T
or

ST
R

IN
G

da
ta

ba
se

s
in

or
de

r
to

an
al

yz
e

pr
ot

ei
n–

pr
ot

ei
n

in
te

ra
ct

io
ns

.M
an

y
ot

he
r

bi
oi

nf
or

m
at

ic
to

ol
s

ar
e

cu
rr

en
tl

y
av

ai
la

bl
e.

D
at

ab
as

es
/r

ep
os

it
or

ie
s

w
er

e
ac

ce
ss

ed
on

11
N

ov
em

be
r

20
20

.

35



Nutrients 2021, 13, 1238

3.3. How Is the CK/PCr System Compartmentalized throughout the Cell?
3.3.1. Mitochondrial Reticulum

Energy-demanding cells have a high hydrolase activity (e.g., ATPases) throughout the
entire protoplasm and membranes. The purpose of this is to release the chemical energy
stored in the covalent bonds of phosphagen compounds and thereby cover the requirements
for survival and growth. At that point, cellular organelles should not be viewed as isolated
compartments but, instead, should be seen as a super-connected network of subsystems that
maintain cellular allostasis. In this regard, the mitochondrial reticulum has been proposed
to exist as a conductive pathway for energy distribution, based on energy distribution across
the cell via a much more rapid direct electrical conduction of the mitochondrial membrane
potential [102] and constant metabolite diffusion [103]. As a conductive network for skeletal
muscle energy distribution, the mitochondrial reticulum helps to cover more surface area
and minimize distances for metabolites to support the rapid energy transduction over large
cell regions. This connectivity puts the energy distribution system at risk though, because
damaged elements could compromise the entire network. Nevertheless, it has been shown
that several intermitochondrial junctions exist, which limits the cellular impact of localized
dysfunction. However, the dynamic disconnection of damaged mitochondria allows the
remaining mitochondria to resume normal function within seconds [104]. In this context,
wherever the mitochondrial reticulum is extending, MtCK and PCr are likely present to
support energy transduction between metabolic microcompartments [103].

Octameric MtCK has membrane-binding properties, and it acts as a typical periph-
eral membrane protein. More specifically, it is anchored to cristae and the peripheral
intermembrane space of mitochondria, showing a high affinity for acidic phospholipids,
especially cardiolipin (diphosphatidylglycerol) in the inner membrane, and to VDAC in
the outer membrane [11]. Hence, because of its size and its binding properties, MtCK can
bridge the intermembrane space [105]. As previously mentioned, there is also enough
evidence to suggest that MtCK is functionally close to the transmembrane ANT in the inner
mitochondrial membrane [85]. This proteolipid complex comprising ANT, ATP syntha-
some, MtCK, VDAC, membrane phospholipid compounds, and β-tubulin in cytoskeleton
contact sites has been named as mitochondrial interactosome and is an important regulator
of mitochondrial oxidative metabolism [106]. It has been shown that endogenous ADP
is a crucial regulator of oxidative phosphorylation but only in the presence of Cr and
MtCK, which is strongly amplified by the co-localization with ANT due to the continuous
recycling of adenine nucleotides within the mitochondrial interactosome [107]. The MtCK
transfers the phosphoryl group from mitochondrial ATP to Cr producing PCr and recycling
ADP in mitochondria. Recycled ADP is returned to FoF1-ATP synthase complex due to its
functional coupling with MtCK while PCr leaves mitochondria due to the high selective
permeability of VDAC for this compound [100]. The remarkably high affinity of MtCK
for both Cr and PCr, and the metabolic channeling of ATP and ADP via ANT, show that
PCr is the main carrier for energy flux carried out from mitochondria reticulum [108]. To
highlight, Karo et al. [109] developed a coarse-grained model to simulate the molecular
dynamics of the MtCK system, including MtCK, transmembrane ANT, and a membrane
composed of phosphatidylcholine, phosphatidylethanolamine, and cardiolipin (2:1:1). The
model was validated against many structural and dynamical experimental properties,
which makes it useful for future developments. For a recent and comprehensive review of
the molecular characteristics and essentials of the mitochondrial proteolipid complexes of
CK please refer to Schlattner et al. [85].

Recent studies have proposed that Cr metabolism might have a potential role in
thermogenesis. This heat production process occurs in mitochondria through the uncou-
pling proteins (UCPs), which serve as H+ carriers from intermembrane space to matrix
and thereby shunt energy from electron transport chain during ATP synthesis [110]. In
general, this process releases the oxidation energy as heat and decreases ATP synthesis
rates. Initially called thermogenin, UCPs belong to the solute carrier family 25 (SLC25),
with UCP1 (also known as SLC25A7) as the isoform only expressed in the brown adipose
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tissue (BAT) [111]. Notwithstanding, several UCP isoforms have been reported in humans.
UCP2 (SLC25A48) is expressed in various tissues, such as skin, muscle, pancreas, adipose
tissue [112]. UCP3 (SLC25A9) is mainly found in cardiac and skeletal muscle, and UCP4
(SLC25A27) and UCP5 (SLC25A14, also called brain mitochondrial carrier protein-1) are
expressed in the central nervous system [113]. Although these UCP isoforms have high
homology and structural similarities (i.e., C- and N-terminal chains are found towards
the intermembrane space) [114,115], their biological role and the H+ transport mechanism
seem to be different according to the cell/tissue where they are expressed [116]. After
stimulation and in presence of fatty acids, UCPs allow the passive movement of H+ from
intermembrane space to mitochondrial matrix via two putative mechanistic models includ-
ing: (i) the fatty acid cycling model, which is based on a “flip-flop” mechanism, where the
UCPs can also transport anions (e.g., fatty acids derivatives) outside the intermembrane
space in order to allow them to protonate and get back to matrix [117,118]; and, (ii) the
fatty acid buffering model, in which UCPs are proton carriers with fatty acids working as
co-factors that interact with carboxyl groups of negatively charged amino acids to mediate
the H+ transport through a hypothetic channel [119]. An alternative modification of the
latter model is called the fatty acid shuttling model, where the fatty acid anions bind
inside the UCP cavity resulting in a conformational change that shuttles the H+ [120].
Taking into account differences in molecular mechanisms among isoforms, UCPs possess
negative regulation sites for nucleotides (ADP, GDP, etc.) and Pi, which can bind to the
cavity and allosterically displace fatty acids from the peripheral site and consequently
prevent H+ transport [116,121]. Therefore, it is plausible that the metabolism of high-energy
phosphates regulates this mitochondrial energy dissipation.

Interestingly, CK activity and genes related to Cr metabolism are coordinately el-
evated by cold-exposure in beige/brite adipocytes [122]. Additionally, according to
Kazak et al. [123] the genetic-induced depletion of Cr in mice significantly blunts β3-
adrenergic activation and affects whole-body oxygen consumption. These authors also
reported an obese phenotype in mice lacking the capability of the adipose tissue to syn-
thesize Cr, and Cr supplementation rescues aspects of thermogenesis in these animals.
Bertholet et al. [124] implemented patch-clamp and bioenergetics analyses to characterize
wild-type and UCP1-negative beige/brite adipocytes from C57BL/6J mice. These authors
found that UCP1 appeared non-essential for the process of browning (because robust
mitochondrial biogenesis was still observed in cells lacking UCP1 expression), as well as
higher CKMT2 expression in the UCP1-negative model, which supported Cr cycling as a
UCP1-independent thermogenic mechanism. Since UCP1-negative adipocytes are unable
to exhibit a rapid adaptive thermogenic response [123], the ATP-dependent thermogenic
pathways may play a key role in diet-induced thermogenesis [125]. Nowadays, it is hypoth-
esized that Cr metabolism may also provide an alternative mechanism of heat production
following a futile cycle [126] (also called Cr-driven thermogenesis or Cr-dependent sub-
strate cycling [127]) that coexists with the ATP-dependent Ca2+ cycling by SERCA as the
main UCP1-independent thermogenic pathways in BAT and beige adipocytes [128]. While
the existence of a novel mitochondrial phosphocreatine phosphatase has been hypothesized
to explain this highly unusual type of Cr utilization in thermogenic adipocytes [126,128],
Wallimann et al. [129] proposed that Cr may operate as part of the classical CK/PCr system
by providing ATP to other thermogenic pathways, such as the previously mentioned
ATP-dependent Ca2+ cycling by SERCA. In spite of these findings, a recent study by Con-
nell et al. [130] showed that CrM supplementation (20 g·day−1 for nine consecutive days)
did not enhance BAT activation after acute cold exposure in young, healthy, lean, and
vegetarian adults. Thus, future clinical research is needed to determine if Cr metabolism
plays a role in beige/brite adipose tissue thermogenesis.

3.3.2. Cytosol and Cytoskeleton

In the cytosol, CK is functionally coupled to the enzymatic machinery of glycogenol-
ysis and glycolysis to form an efficient subsystem of energy production and transduc-
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tion [131]. Several proteins of the glycolytic machinery are located at the I-band and
associated with the thin filaments in the sarcomere. Similarly, most of the soluble MM-CK
is located at I-band, and, thus, serves to maintain the efficiency of the extramitochondrial
ATP production [11]. During periods of high energy demand, the net result of the CK
reaction includes the breakdown of PCr to Cr and Pi while ATP and ADP concentrations
remain almost constant [132]. This net release of Pi is a seldom-recognized consequence
of the CK reaction and is proportional to the amount of PCr hydrolyzed [13]. In this
sense, besides buffering ATP concentrations, the CK/PCr system also provides a source
of increasing Pi with elevations in work rate [133]. The reaction has a regulatory effect on
glycogenolysis and glycolysis since Pi can stimulate glycogen phosphorylase and phos-
phofructokinase [13]. In fact, anchoring of MM-CK to the I-band via phosphofructokinase
has been shown to be strongly pH-dependent and taking place below pH 7.0 [131]. It
is important to note that several glycolytic enzymes, glycogen phosphorylase, CK, and
adenylate kinase, bound to phosphofructokinase [134], as a key enzymatic complex to
regulate glycolysis [135]. Moreover, M-CK has also been shown to bind β-enolase as an
anchor for glycolytic complexes on the sarcomere [136].

Overall, while mt-CK activity lowers cytosolic Pi levels, cytosolic CK isozymes have
the opposite effect [137]. This not only supports the notion that CK/PCr system acts as
an important regulator of mitochondrial ATP synthesis with Pi as a primary controller of
oxidative phosphorylation [138] but also demonstrates its interconnectivity with glycolysis.
According to the molecular system bioenergetics-part of the systems biology approach [139],
in vivo regulation of cellular respiration and energy fluxes (i.e., system level properties)
depend on intracellular interactions between mitochondrial reticulum, cytoskeleton, intra-
cellular ATPases, and cytoplasmic glycolytic machinery (i.e., system’s components) [140].
For example, hexokinase and β-tubulin (important proteins for glycolysis and cytoskeleton
modulation, respectively) have been shown to regulate the mitochondrial outer mem-
brane permeability via interaction with VDAC within the large intermembrane protein
supercomplex of the mitochondrial interactosome [141].

Hexokinase binds to VDAC to regulate mitochondrial function while stimulating
glycolysis considering that ATP from oxidative phosphorylation will be guided directly
to active sites of the glycolytic machinery (like hexokinase-2) [142]. In cancer cells, this
functional and structural proximity leads to a common metabolic phenotype where there is
a higher glycolysis rate rather than oxidative metabolism for energy production, known as
the “Warburg effect” [143]. Besides the direct antioxidant properties [144], the potential anti-
tumor progression that has been associated to Cr and cyclocreatine administration [126]
might be partially explained by a less glycolytic rate in tumor cells. Based on the Warburg
hypothesis, it has also been discussed that high-intensity exercise may inhibit glycolysis and
have a stronger anti-tumor growth effect in comparison to moderate-intensity exercise [145].
Since immune-based manipulation of glucose metabolism are a subject of high interest
to ameliorate cancer progression [146,147], further research might evaluate the effects
and regulation of high-intensity exercise plus CrM supplementation (and derivatives)
on tumor growth. Several authors have reported lower lactate accumulation after Cr
administration in different conditions both in vivo (human and animal models) and in vitro
studies [148–153]. This reduction in lactate concentration, especially during circumstances
requiring high amounts of ATP, has been attributed to less reliance on glycolytic ATP
production due to higher intracellular PCr levels after Cr administration. Interestingly,
PCr not only inhibits phosphofructokinase [154] and pyruvate kinase [155] activity, but
this molecule also stimulates fructose-1,6-biphosphatase [156]. The enzymatic regulation
and the frequent rest lapses of intermittent exercise (that contribute to the maintenance
of ATP, PCr, and malate levels) may consequently inhibit glycolysis. Although the exact
mechanism is still unknown, PCr has also been proposed to modulate AMPK by regulating
intracellular PCr concentration. Ponticos et al. [157] reported in vitro that an increase in the
intramuscular concentrations of PCr inhibits AMPK activity while free Cr antagonizes this
inhibition. A decrease in the AMP/ATP ratio also inhibits this metabolic regulator [158].
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Because AMPK activation occurs in response to a reduction in energy availability, an
increase in the energy availability by optimization of the phosphagen system after Cr
supplementation would favor a direct inhibition and/or delay of AMPK activation during
periods of high-energy demand. Recently, Zhang et al. [159] showed that dietary addition of
CrM (1200 mg·kg−1) inhibited the AMPKα pathway and reduced muscle glycolysis, which
improved meat quality in transport-stressed broilers. In spite of the above, Taylor et al. [160]
found that PCr neither inhibited phosphorylation of AMPK by LKB1 (AMPKK), nor
inhibited recombinant or highly purified rat liver AMPK. Moreover, Eijnde et al. [161]
reported that CrM supplementation during two weeks of immobilization (15 g·day−1) and
subsequent six-week rehabilitation training (2.5 g·day−1) did not affect the expression of
AMPK α1, α2, or β2 subunits or the phosphorylation status of AMPK α1. Thus, while
certain evidence suggests that changes in PCr concentrations might regulate AMPK activity,
other studies do not support these findings. Therefore, future studies are needed to better
comprehend the mechanisms by which CrM supplementation modulates glycolysis at high
work rates as well as AMPK activity.

Cr metabolism may also regulate cellular processes by being involved with cytoskele-
tal dynamics. Aside from serving as a scaffold to maintain cellular integrity by cross-linking
microtubules (tubulin), microfilaments (actin) and intermediate filaments (lamin), the cy-
toskeleton possesses architectural, mechanical, and signaling functions that connect cellular
subsystems (e.g., sarcomere) to other organelles (e.g., mitochondrial reticulum, membrane
and nucleus) [162]. In this regard, it has been shown that the interaction between cy-
toskeletal proteins and mitochondria (e.g., β-tubulin-VDAC interaction) modulates cellular
energy metabolism by contributing to the switch from oxidative phosphorylation to gly-
colysis [163]. The proteins of the mitochondrial interactosome, including the MtCK, are
responsible for this regulation [164]. Furthermore, in myocytes, the Four-and-a-Half Lim
2 (FHL2) not only binds to titin and serves as an important mechanosensor that triggers
hypertrophy in response to strain (via mitogen-activated protein kinases, MAPKs) but
also docks key metabolic enzymes involved in the energy transduction process like M-CK,
adenylate kinase, and phosphofructokinase [165]. Refer to Henderson et al. [166] for a com-
prehensive review regarding cytoskeleton architecture and proteins functions. Maintaining
a close interaction between mitochondrial reticulum and myofibrils through a highly
structured cytoarchitecture seems critical for optimal energetic regulation, especially by
compartmentalized phosphotransfer enzymes and glycolytic machinery [167]. Hence, en-
ergetic interactions between subcellular organelles in high-energy demanding cells depend
largely on phosphotransfer kinases, the most important being CK, and their connections
to cytoskeleton proteins [168]. It is not surprising that energy disturbances due to the
dysfunction of mitochondria and mitochondria-cytoskeleton connections/interactions can
lead to various congenital and age-associated diseases [169–173].

The extensive cytoskeletal reorganization that occurs before and during cell fusion
(e.g., myoblast fusion during muscle development) is highly dependent on ATP hydrolysis,
and the polymerization and dissociation of actin monomers may require up to 50% of cel-
lular energy expenditure [174]. As an ATP-consuming process, actin cytoskeleton polymer-
ization can be also optimized by higher phosphagen availability. This was demonstrated
by O’Connor et al. (2008) by assessing the in vitro and in vivo effects of Cr administration
on myoblast fusion. The authors concluded that Cr enhanced both myotube growth and
myonuclear addition in a CK- and actin polymerization-dependent manner [175]. Current
available evidence also suggest that ATP produced by cytosolic CK isoforms near the ends
of myotubes plays a key role in myoblast fusion during myogenesis [176,177].

3.3.3. Nucleus

The role of the cytoskeleton is not limited to maintaining the structural integrity of
the cell, but is also closely involved in gene expression. The linker of nucleoskeleton and
cytoskeleton (LINC) complex has been described as an important system of proteins that
provides structural support to maintain the nuclear morphology and genome integrity by
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means of the interaction between the nucleoskeleton with the cytoskeleton [178]. Also, the
LINC complex regulates dynamic events including DNA replication and gene transcrip-
tion [179], and miRNA processing [180]. Briefly, the LINC complex contains three proteins:
(i) lamins, which are the basic subunit of intermediate filaments as previously mentioned;
(ii) SUN domain proteins, which correspond to Sad1 and UNC-84 proteins; and, (iii) nuclear
envelope spectrin repeat proteins (nesprins) [181]. Here, various FHL isoforms (mainly
FHL1) have been reported to interact with different transcription factors in the nucleus
(e.g., NFAT proteins or RBP-J) that are involved in cell proliferation and differentiation, as
well as with the pro-apoptotic protein Siva where it is involved in cell survival [182].

Nuclear migration is seemingly critical for muscle development, fertilization, neu-
ronal development, and cellular polarization, with the ATP-binding protein known as
torsinA as the main candidate that mediates these processes [183]. It has been identi-
fied that the ATPase activation of torsinA involves two stimulatory co-factors, LAP1 and
LULL1 [183]. Accordingly, DNA replication, chromatin remodeling, gene transcription and
active transport of macromolecules across the nuclear envelope are highly dependent upon
constant ATP generation [86]. While principles governing nuclear energetics and energy
support for nucleocytoplasmic communication are still poorly understood, it has been
demonstrated that mitochondrial ATP production is required to support energy-consuming
processes at the nuclear envelope, while glycolysis by itself might be insufficient to perform
such a function [184]. In addition, inhibition of nuclear transport by disruption of the
adenylate kinase might be rescued through upregulation of alternative phosphotransfer
pathways, such as the CK/PCr system, underscoring the plasticity of the cellular energetic
network [185]. For instance, nucleoside-diphosphate kinase (NDPK), which is localized in
mitochondria, cytosol, and nucleus, is in charge of nucleoside triphosphates synthesis other
than ATP [186]. The γ-phosphate of the ATP molecule is transferred to the β-phosphate of
NDP via a ping-pong mechanism, using a phosphorylated active-site intermediate [187]. In
addition, NDPK possesses several enzymatic activities, acting as serine/threonine-specific
protein kinase, geranyl and farnesyl pyrophosphate kinase, histidine protein kinase, and
3′-5′ exonuclease (UniprotKB ID: P15531). Therefore, NDPK facilitates channeling nucle-
oside triphosphates into protein synthesis/DNA replication complexes, and GTP/GDP
exchange on Ran GTPase as an essential factor in nuclear transport through importins and
exportins [188]. Particularly, CK is essential for energy distribution in the nucleus because
of its buffering ATP concentrations. Thus, the interaction between these systems (adenylate
kinase, CK, and NDPK) secure proper nucleotide ratios at and across the nuclear envelope,
sustaining the high energy demand of ATP and GTP hydrolysis [86].

3.3.4. Ion Pumps

MM-CK is functionally coupled to SERCA to favor Ca2+ handling (optimal uptake
rate and sarcoendoplasmic reticulum content) [189]. Despite the presence of high levels
of cytosolic ATP, depletion of PCr impairs Ca2+ uptake [190]. This clearly shows the
importance of MM-CK in rapid rephosphorylation of local ADP produced in the SERCA
reaction, independently from the cytoplasmic environment, demonstrating that bound
MM-CK acts in a non-equilibrium manner [94]. On the other hand, co-localization and/or
functional coupling of CK isoforms with the Na+/K+-ATPase [191,192], the ATP-gated
K+-channel [13], the H+/K+-ATPase [191] and the Na+/Ca2+ exchanger [193] have been
reported in different tissues.

3.3.5. Motor Proteins

Cellular processes involving contractile machinery for cell division and fusion (e.g.,
satellite cell proliferation and myoblast fusion, respectively), cell motility (e.g., sperm
motility), organelle and cytoskeletal rearrangement (e.g., morphology remodeling after
virus infection), membrane transport and clathrin-mediated vesicular trafficking (e.g.,
GLUT4 endo- and exocytosis), and signaling transduction (e.g., the MAPK pathway c-Jun
NH2-terminal kinase [JNK]) rely vastly on motor proteins. These large mechanochemical
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ATPases traverse the cytoskeleton by producing a force that propels them and their cargo
forward by transforming chemical energy into mechanical movement via ATP hydrol-
ysis [194]. There are three classes of motor proteins: (i) myosin isoforms, dyneins, and
kinesins. Approximately 40 isoforms have been reported in humans, and these proteins
traverse on actin filaments to translocate their cargo via anterograde transport (i.e., outward
movement from the cell body toward the axon or the cell membrane). Various myosin
isoforms are involved with muscle movement, cytokinesis, and transporting cargo along
microfilaments [195]. Dyneins traverse cargo on microtubules mostly via retrograde trans-
port (i.e., towards the cell center). Sixteen mammalian classes of these motor proteins
exist, and can be divided into cytoplasmic dyneins (vesicle trafficking) and axonemal
dyneins (movement of cilia or flagella) [196]. Kinesins usually traverse anterogradely on
microtubules, and are in charge of transporting cargos such as vesicles, organelles, mRNA,
proteins, and chromosomes (14 classes have been described) [197].

Motor proteins act by hydrolyzing ATP, which results in conformational changes
that propel them and the cargo towards its destination. Given the high amounts of ATP
involved in these processes, it is logical to link the CK/PCr system to these mechanical
processes. The roles and importance of M- and B-CK in different tissues have been well-
described [11,13,198]. As mentioned previously, MM-CK is bound to M-line and some
relevant proportions of this isozyme are in the I-bands of sarcomeres. This position of the
MM-CK is crucial for maintaining the efficiency of ATP regeneration in actomyosin ATPases
during muscle contraction. Conversely, PCr accelerates the muscle relaxation from rigor
tension by decreasing the necessary ATP concentration possibly due to co-localization of
M-CK and the very rapid ADP rephosphorylation [199]. On the other hand, various myosin-
associated motor mechanisms involved in the formation of the specialized structures at the
phagosome may also be B-CK dependent (i.e., B-CK co-localizes transitorily with F-actin at
the nascent phagosome), given that actin polymerization and particle adhesion are highly
controlled by the ATP/ADP ratio [200]. It is important to note that cytoskeletal regulators
of myofibrillogenesis, rearrangement of mitochondrial reticulum, intracellular signaling,
and gene expression, such as desmin, can interact with actin, tubulin, plectin (cytolinker
protein), and dynein to facilitate these biological processes [169]. In other cells (e.g.,
astrocytes and fibroblasts), B-CK facilitates actin-driven cell spreading and migration by
localizing in peripheral cellular structures [201]. Indeed, animal models deficient in B-CK,
M-CK, or Cr have shown a significant decline in brain, muscle, heart, and sensory organs
function. These models have been critical to study how disturbances in Cr metabolism
affects various tissues and/or involved with certain disease states [2,15,22,198,202].

Hu et al. [203] examined protein–protein interactions using several experimental
databases to describe CK-associated networks in homo sapiens. In short, these authors
reported more than 120 proteins interacted with B-CK, and approximately 90 proteins
interacted with M-CK. The identification of NFKB1, FHL2, MYOC, and ASB9 as hub
proteins associated with CK further suggest an important interaction with cytoskeletal-
and motor-related proteins. NFKB1 is a functionally cytoskeleton-dependent protein while
FHL2 was already described as an important scaffold protein involved in mechanosensing
and glycolysis. MYOC is a motor protein classified as class-I myosin, and ASB9 is a
protein involved in the ubiquitination-mediated proteolysis pathway. To group the most
relevant and recent CK-interacting proteins into an easily distinguishable classification
based on function, we submitted various CK isoforms (CKMT1B, CKM, CKB, CKMT2,
and CKMT1A) to STRING. Subsequently, we performed a clustering analysis using the
Markov Cluster Algorithm for graphs. As shown in Figure 2, two main clusters were
identified through this bioinformatics analysis. One cluster of proteins is enriched with
enzymes involved in extra- and intramitochondrial ATP production. The second cluster
contains proteins that are involved in cellular mechanical allostasis such as cytoskeletal
and contractile machinery.
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Figure 2. Clustering of CK-interacting proteins using the Markov Cluster Algorithm. Network nodes represent proteins
while edges represent protein–protein associations. The red cluster includes a subgroup of enzymes participating in
the tricarboxylic acid cycle that are represented in the graph with blue nodes. To visualize our interactive network
access to this permanent link: https://version-11-0b.string-db.org/cgi/network?networkId=bu20zAE45PpB (accessed on
14 February 2021).

Intriguingly, the results of our clustering analysis of CK-interacting proteins highly
agree with the contention suggesting cellular allostasis is regulated through a complex
balance of subcellular energy production and cellular mechanics. This highlights the criti-
cal role of force-sensitive cytoskeleton [204]. In this sense, the CK/PCr system could be
viewed as a dynamic biosensor of cellular allostasis, and this may explain various positive
benefits of CrM supplementation. On this basis, a biosensor is a system composed by a
receptor (that interacts with the environment) and a transducer (that converts the biological
response into an energy signal) to elicit a physiologically relevant function [205]. The
CK/PCr system encompasses a molecular network made of enzymes and metabolites ca-
pable of sensing multi-input physiological changes to produce a broad spectrum of specific
energy signals (e.g., chemical, electric, mechanical, heat) with biological significance (e.g.,
muscle contraction, cell motility, human vision, thermogenesis). The CK/PCr system is
dynamic in nature but can also operate within adjustable ranges and sensitivities based on
the potential alterations in Cr and PCr concentrations (e.g., via CrM supplementation or
disease). For example, increases in myoblast fusion (shown in vitro [206] and in vivo [207])
and subsequent myotube growth after CrM administration [47] might involve the cellular
mechanical energy properties and the optimization of cytoskeleton dynamics. Cr has
a well-documented energy buffering effect [28]. Moreover, it has been shown that Cr
enhances actin polymerization [175] and regulates scaffolding and motor proteins that
control mechanosensing MAPKs [206,208]. This dynamic biosensor activity of CK/PCr
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system under the cellular allostasis model also provides a possible mechanistic basis as to
why CrM supplementation favorably affects glucose management [126,209]. Specifically,
the possible optimization of motor proteins (i.e., cellular mechanics) participating in the
transport of GLUT4-containing vesicles to the plasma membrane (i.e., kinesins [KIF3 and
KIF] and myosins [MYO5 and MYO1C]) and activation of energy-sensing signaling path-
ways due to the higher energy availability following CrM supplementation could facilitate
improvements in glucose metabolism. This is supported by the fact that even though
glucose tolerance is improved, several studies have failed to show a higher muscle content
of GLUT-4 protein after CrM administration [209]. Additionally, cytolinker and motor
proteins are important components that regulate signaling pathways like MAPKs [208],
which in turn might trigger the IGF-I/Akt1/AS160 and/or the mTORC2/Akt1/AS160
pathways to promote GLUT-4 translocation [210–212]. This dynamic biosensor activity
will be discussed in further detail according to the results of the convergent functional
genomics analysis in an upcoming paper in this special issue.

To summarize, the CK/PCr system can operate in a variety of capacities including: (i)
acting as a spatio-temporal energy buffer (this would avoid the inactivation of ATPases
and a net loss of adenine nucleotides by preventing the rise in intracellular ADP); (ii)
preventing localized acidification through buffering [H+], which seems especially relevant
in the early phase of physical exercise; (iii) becoming a source of increasing Pi at high
work rates, which might reduce glycolytic activity; (iv) operating as a low-threshold ADP
sensor that increases the thermodynamic efficiency of ATP hydrolysis. Finally, based on
the model of predictive regulation [213], Cr metabolism should be seen as a noteworthy
mechanism for cell survival and growth if we consider that the CK/PCr system behaves
as a hub of chemo-mechanical energy transduction (i.e., dynamic biosensor) during a
given allodynamic process. This complex balance of energy and mechanics may provide a
manner to better understand the formation onset and progression of certain diseases and
aging [204]. Figure 3 depicts a general overview of the CK/PCr system with the muscle
cell as a model.

3.4. What Is the Role of Creatine among Tissues?

It has been mentioned that cytosolic and organelle-associated CKs constitute an
intricate cellular energy buffering and transport system that connects PCr with sites of
energy consumption, especially in tissues with high-energy needs. However, the function
of the CK/PCr system as a chemo-mechanical energy transducer are different according to
the biological process in non-muscle tissues. Table 2 summarizes the function of different
CK isozymes according to the expression location. Additionally, Figure 4 summarizes the
importance of CK/PCr system and Cr metabolism in tissues beyond skeletal muscle.
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Figure 3. General overview of the CK/PCr system. The diagram represents the super-connected subcellular energy
production and cellular mechanics of Cr metabolism. This chemo-mechanical energy transduction network involves
structural and functional coupling of the mitochondrial reticulum (mitochondrial interactosome and oxidative metabolism),
phosphagen and glycolytic system (extramitochondrial ATP production), the linker of nucleoskeleton and cytoskeleton
complex (nesprins interaction with microtubules, actin polymerization, β-tubulins), motor proteins (e.g., myofibrillar
ATPase machinery, vesicles transport), and ion pumps (e.g., SERCA, Na+/K+-ATPase). The cardiolipin-rich domain is
represented by parallel black lines. Green sparkled circles represent the subcellular processes where the CK/PCr system
is important for functionality (see the previous sections for rationale and citations). Several proteins of the endoplasmic
reticulum–mitochondria organizing network (ERMIONE), the SERCA complex, the TIM/TOM complex, the MICOS
complex, the linker of nucleoskeleton and cytoskeleton complex, and the architecture of sarcomere and cytoskeleton are
not depicted for readability. ANT: adenine nucleotide translocase; CK: creatine kinase; Cr: creatine; Crn: creatinine; CRT:
Na+/Cl−-dependent creatine transporter; ERMES: endoplasmic reticulum-mitochondria encounter structure; ETC: electron
transport chain; GLUT-4: glucose transporter type 4; HK: hexokinase; mdm10: mitochondrial distribution and morphology
protein 10; MICOS: mitochondrial contact site and cristae organizing system; NDPK: nucleoside-diphosphate kinase;
NPC: nuclear pore complex; PCr: phosphocreatine; SAM: sorting and assembly machinery; SERCA: Sarco/Endoplasmic
Reticulum Ca2+ ATPase; TIM: translocase of the inner membrane complex; TOM: translocase of the outer membrane
complex; UCP: uncoupling protein; VDAC: voltage-dependent anion channel. Source: designed by the authors (D.A.B.)
using figure templates developed by Servier Medical Art (Les Laboratoires Servier, Suresnes, France), licensed under a
Creative Common Attribution 3.0 Generic License. http://smart.servier.com/ (accessed on 14 January 2021).

Given length restrictions, in-depth discussion of Cr metabolism in each tissue is not
provided in-text. However, we aim to give particular attention to Cr metabolism and
gut physiology given that this has been vastly understudied. Over 100 trillion microbes
reside in the human intestine, and most are located in the colon. A high proportion of
gut microbiota are bacteria, but it is notable that protozoans, fungi, archaea, and viruses
might be also present. From an evolutionary point of view, these microbes fulfill relevant
functions in human metabolism (e.g., vitamin production, fiber digestion, immune system
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regulation) [214]. Analyses of the collective genomes of these microbiota have led to intense
interest regarding how the gut microbiome affects human physiology [215]. Relevant to
this review, human Cr and Crn are important markers of microbiota given that they are
also eliminated from the host by the action of intestinal microorganisms [8]. Additionally,
underexpression of GAMT (rate-limiting step of Cr biosynthesis) can be linked to a colitis
phenotype, among other conditions, although CrM administration in homozygous GAMT
mutants may ameliorate the symptoms [216]. This illustrates the relevance of Cr in vivo for
rapid replenishment of cytoplasmic ATP within colonic epithelial cells in the maintenance
of the mucosal barrier after injury. It is also worth noting that Marcobal et al. [217] showed
that fecal levels of Cr and Crn were elevated in germ-free versus wild-type mice, which
is consistent with previous studies showing an increase of these molecules in biofluids
of antibiotic-treated mice. In this way, low Cr concentrations might negatively impact
mucosal barrier integrity, which postulates this metabolite as an early functional biomarker
of inflammatory bowel disease [218]. Furthermore, Cr and Crn degradation has been
shown to be heightened in the gut microbiomes of older mice compared to the middle-
aged and younger mice [219]. Although research on the potential of gut microbiota in
sports nutrition is in its infancy, it seems that Cr concentrations might be regulated by
the microbiome which highlights the potential effects of CrM supplementation in this
regard. This might be relevant if we consider the microbial diversity in elite athletes [220]
and the effect of gut microbiota on GAA (an intermediary compound of the Cr synthesis)
concentrations via guanidinoacetase [221].

 
Figure 4. Importance of Cr metabolism in whole-body physiology. The CK/PCr system is essential for the chemo-mechanical
energy transduction of cells/tissues with high, fluctuant, and constant energy demands. Source: designed by the authors
(D.A.B.) using an anatomy template developed by 3dMediSphere (https://www.turbosquid.com/), licensed 3D standard
Vray 3.60. accessed on 14 February 2020.
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Table 2. Creatine kinases and creatine among tissues.

Tissue CK Isozyme Function

Brain BB-CK
uMtCK

Supports brain cells energy production and buffers ATP and ion pumping during electrical
activity in neurons [50]. Oral Cr supplementation has been shown to improve memory in
healthy adults, and potential benefits for aging and stressed individuals have been
described [222]. Additionally, Cr supplementation seems beneficial in reducing the severity
or enhancing recovery from mild traumatic brain injury, but further studies are needed not
only as a post-injury therapy but also as a neuroprotective agent in populations at high risk of
mild traumatic brain injury [223].

Heart MB-CK
sMtCK

PCr provides about 80% of the energy needed for contraction and ion pumping, and about
20% of energy is transported into the cytoplasm via adenylate kinase and glycolytic
phosphotransfer pathways [133,224]. MB-CK is an acute myocardial infarction marker [225].

Testes BB-CK
uMtCK

Energy production and ATP buffer at axoneme, where microtubules and dynein use direct
energy for sperm motility [13,226]. Cr concentrations and CK activity are potential indicators
of sperm quality [227].

Uterus BB-CK
uMtCK

Special attention should be paid to the increased Cr demand during pregnancy due to the
important role of the PCr/CK system in the uterus and placenta for the maintenance and
termination of gestation [34,228,229].

Sensory
organs

BB-CK
MM-CK
MB-CK
uMtCK
sMtCK

Visual system: important role in phototransduction by providing energy for the visual cycle,
maintaining high local ATP/ADP ratios and consuming H+ produced by ATPases located in
the outer segment and, thereby, preventing acidification [230].

Auditory system: MM-CK is located in the strial marginal cells and dark cells while BB-CK in
the inner hair cells. High levels of CK are also found in the cochlea’s inner and outer
phalangeal cells. This provides a source of energy for ion transport and transduction activities
in the inner ear [231].

Olfactory system: Olfactory sensory neurons express BB-CK in the cilia [232]. In large cells
within the olfactory neuroepithelium and ventral spinal cord, differential compartmentation
of CK isoforms has been evident, with B-CK localized primarily in cell nuclei, whereas
uMtCK is present in the cell body (but not within nuclei). In olfactory bulb neuroepithelium,
both isoforms are expressed in the middle zone of the germinal layer associated with
DNA synthesis [233].

Tactile and skin system: BB-CK co-expresses with low amounts of uMtCK in suprabasal
layers of the epidermis (cell of hair follicles, sebaceous glands, and the subcutaneous
panniculus carnosus muscle). MM-CK and sMtCK were restricted to panniculus
carnosus [234]. Epidermal CK is very important for cellular energy metabolism and might
decline under oxidative stress conditions, including skin-aging processes; interestingly,
application of Cr to skin cells in vitro and in vivo can refuel these cells energetically, and,
thus, protect them against free radical-induced cell damage [235].

Gustatory system: crucial for optimal cell and motor development and function [236]. CK is
also involved in the control of maturation and maintenance of myofibers in the distal
tongue [237,238].

Intestines BB-CK
uMtCK

Distributed in the brush border web region, specifically at the contractile-ring myosin, to
supply energy for contraction [239,240].

Miscellaneous
BB-CK
MB-CK
uMtCK

CK has been associated with the clotting cascade by means of thrombin receptor
signaling [241]. The CK/PCr system has also been implicated in the function of the immune
cells [126]. Finally, Cr metabolism has been implicated in UCP-independent thermogenesis in
the brown and beige adipose tissue [129,242], and B-CK has been shown to be a key effector
of the futile Cr cycle [243].

3.5. What Is the Basis of Creatine Transport?

The CRT (SLC6A8) is the solute carrier responsible for the 2Na+/Cl−-dependent co-
transport of Cr into the cells. However, SLC16A12 has also been identified as a transporter
of guanidino compounds (including Cr, Crn and GAA) that affect plasma, urinary and renal
concentrations although its physiological function is unknown [244–246]. As previously
mentioned, CRT has shown a high affinity to Cr in the plasmalemma but neither Crn nor
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PCr act as substrates. It has been shown that SLC6A8 also mediates the GAA transport,
particularly in brain cells [247]. The main reason for this high substrate specificity is the
separation by no more than 2–3 carbon atoms (4.5–5 Å) between the carboxyl group (to
possibly interact with G73 and the Na+) and the guanidine group (to establish a hydrogen
bond with C144), which suggests the presence of a dipole moment in the binding site that
facilitates orientation and accommodation of the ligand molecules [248]. The most efficient
competitive inhibitor on Cr transport is the β-guanidinopropionic acid [249]. In humans,
the gene encoding CRT is located in chromosome Xq28, and this gene is made up of
3747 base pairs and 13 exons (GenBank Accession Number L31409–official symbol SLC6A8,
also known as CRT1) [17]. Notably, the localization of the SLC6A8 gene is in close proximity
to genes responsible for several neuromuscular disorders [250]. SLC6A10P (also known as
CRT2) is a pseudogene located in the 16p11.2 genomic region [251]. SLC6A10P contains
≈97% nucleotide sequence similarity to SLC6A8, but has been suggested to have an early
stop codon [252]. Although there are reports of mRNA expression for the SLC6A10P in
testes [253] and the brain [254], there is no evidence in publications or databases about its
translation to a protein and additional information is needed about the functional effects
of the respective transcribed RNA. Interestingly, microdeletions in 16p11.2 are one of the
most common recurrent genomic disorders associated with autism [255]. Please refer to the
following BioGPS ID for more details about gene expression patterns in different tissues:
SLC6A8-6535, and SLC6A10P-386757.

Cr is transported into the muscle cells exclusively by CRT1. This protein consists of
635 amino acids (≈70.5 kDa) [256], it has 12 membrane-spanning domains with the N- and
C- termini facing the cytoplasm, and it contains a large extracellular loop between the third
and fourth transmembrane domains with sites for N-linked glycosylation [257]. The current
literature suggests at least four isoforms of the CRT1 are transcribed from the SLC6A8 gene
by alternative splicing, and these include SLC6A8A, SLC6A8B, SLC6A8C and SLC6A8D.
The first splice variant of the full-length SLC6A8A, called SLC6A8B, was identified by
cloning and sequencing two cDNAs from a human hippocampal library with a rat CRT
cDNA-specific probe. Compared to the fully homologous protein, the authors found a novel
protein sequence with four different segments [258]. Prior to this report, González and
Uhl [259] reported two different sequences of the SLC6A8 mRNA (4.0–4.3 and 2.2–3.0 kb)
using Northern Blot analysis. Additionally, Guerrero-Ontiveros and Wallimann [260] found
two polypeptides that were ≈70 kDa and ≈50 kDa with identical amino- and carboxy-
terminal regions, which were linked to the variant of the full-length transcript due to
alternative splicing. More recently, in an attempt to characterize the SLC6A8B mRNA
and protein, Martínez-Muñoz et al. [261] identified a new splice variant called SLC6A8C
that contained 270 amino acids (≈27.6 kDa) in humans and mice. Ndika and colleagues
subsequently identified a new variant that was identical to SLC6A8C with the exception
of an in-frame deletion of exon 9 in human and animal cells, and this protein (SLC6A8D)
contained 224 amino acids (≈15 kDa) [262]. Interestingly, these authors also demonstrated
that these splice variants (SLC6A8C and SLC6A8D), while lacking transport function,
increased Cr transport through co-expression with the full-length CRT. Previous research
has similarly shown that splice isoforms of the Na+/Cl−-dependent neurotransmitter
transporter family may facilitate trafficking of full-length transporters [263].

While increasing Cl− concentration significantly augments Cr influx in vitro [264],
research has focused mainly on the Na+-dependent regulation. For example, a series
of hormones that increase the sodium gradient across the muscle cell membrane (via
Na+/K+-ATPase) influence the net Cr uptake into skeletal muscle cells in vivo and in vitro.
It has been shown that insulin (at supraphysiological concentrations), insulin-like growth
factor 1 (IGF-1), 3,3’,5-triiodothyronine, and certain catecholamines (noradrenaline, isopro-
terenol and clenbuterol) can stimulate Cr transport through membrane receptor activation
mechanisms [250,265]. Tyrosine phosphorylation is a conserved mechanism for regulating
the transport of neurotransmitters via SLC6 Na+-dependent transporters [266,267], and
Cr uptake can also be affected by this mechanism. CRT has amino acid residues in the
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amino-terminal, carboxy-terminal and intracellular domains that can be phosphorylated
by different kinases including the cAMP-dependent protein kinase (PKA) and the Ca2+

-dependent protein kinase (PKC) [17]. In addition, CRT is post-translationally modified
and has two N-glycosylation sites, located in domains 3–4 and 11–12 in the extracellular
space [268]. Phosphorylation and glycosylation might be important in the regulation of
CRT activity and localization. Derave et al. [269] demonstrated that electrical stimulation
of incubated rodent skeletal muscles stimulates rapid Cr transport possibly by endoso-
mal translocation of CRT from an intracellular pool to the sarcolemma, rather than de
novo protein synthesis. It is interesting to note that proteins that have been associated
with regulation of CRT [270], such as the serine/threonine-protein kinases 1 and 3 (also
known as serum and glucocorticoid-regulated kinases, SGK1/3), are activated upon H2O2
accumulation [271], which was observed after the electrical stimulation protocol of Der-
ave et al. [269]. Other in vitro and animal studies have found that several kinases regulate
CRT activity [14,268,272]. Additionally, Almeida et al. (2006) demonstrated in vitro that
Cr is synthesized and taken up by central neurons and released by exocytosis depending
on an action potential, which implies certain mechanisms of vesicular translocation are
responsible for CRT localization [273]. This is supported by the fact that human and animal
studies have shown that Cr saturation (by CrM supplementation) or depletion (by β-GPA
administration) result in variations in the maximum rate of transporter activity (Vmax)
rather than changes in the total CRT levels [274,275]. For instance, in cardiomyocytes,
these changes in Vmax correlate with CRT decreases in the cell surface fraction, indicating
that changes in the cell surface are associated with the cellular responses to changes in
Cr availability [268].

Finally, it is worth noting that congenital CRT deficiency is associated with autism,
epilepsy, neurological defects, and intellectual disabilities [276,277]. This neurometabolic
disorder is part of the Cr deficiency syndrome [52]. Thus, examining structural determi-
nants of substrate binding in the CRT will provide a deeper understanding of the regulation
of Cr uptake as well as novel therapeutic ligands [248,278]. For a more detailed coverage,
both on human pathology and on their different in vivo models (KO and KI mice and rats),
of the genetic conditions (AGAT, GAMT, and SLC6A8 deficiencies) of the Cr deficiency
syndrome please refer to [18,22,279].

4. Limitations/Strengths and Future Directions

This review should be read in the light of various limitations/strengths. First, data
from in vitro and in vivo animal models should be interpreted with caution given they
might not fully reflect cellular behavior in humans. Second, we did not describe how Cr
metabolism affects immunity, cancer, and certain conditions through lifespan (i.e., elderly,
pregnancy) since these conditions extend beyond the main scope of this review and will be
covered in other invited reviews of this book/special issue on “Creatine Supplementation
for Health and Clinical Diseases”. This bioinformatics-assisted review should be seen as
an up-and-coming method to address the lack of systematization in narrative reviews
that aim to describe and analyze potential mechanisms of action. For example, besides
cross-referencing the query results from several databases, we performed a clustering of
CK-interacting proteins based on the Markov Cluster Algorithm using an open-source
bioinformatics tool. This enriched the biological significance behind the Cr metabolism
under a systems biology approach with experimentally-validated information that would
be cumbersome to manually extract. The Research Division of the Dynamical Business &
Science Society—DBSS International SAS is leading an initiative to develop and standardize
the reporting guidelines of bioinformatics-assisted reviews.

Future studies about Cr metabolism should examine the implications of the CK/PCr
system on thermogenic futile cycles considering the novel findings that have been reported
regarding the role of AMPK in regulating the UCP-independent thermogenesis in white
adipose tissue. Future research should also address the age-dependent changes that occur
in the microbiome that cause higher Cr degradation rates in vivo, and whether this could
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be counteracted through CrM supplementation. More research is also needed to evaluate
the effects of CrM supplementation during low-carbohydrate high fat diets [280] since
preclinical evidence has revealed a suppression of the positive effects on muscle perfor-
mance after CrM administration (by downregulation of the IGF1/Akt/mTOR pathway)
during high-fat diet in rats [281]. It is also worth noting that dynamic simulations are
important tools that can be used to predict how molecules potentially affect physiology.
In this regard, new models could be developed considering the recent methodologies for
kinetic analysis of the transphosphorylation reactions of the CK [282]. This allows testing
and iteratively improving the prediction models before the experimental verification of
systems perturbations might occur.

5. Conclusions

Cr and PCr play an essential role in the optimal functioning of tissues with high and
fluctuating energy demands (e.g., muscle, brain, and heart). Moreover, alterations in Cr
and PCr concentrations produce marked functional changes that lead to various types
of diseases (e.g., cancer or pathologies associated with Cr deficiency syndrome). After
performing a comprehensive and bioinformatics-assisted review, and under the cellular
allostasis paradigm, the current scientific evidence suggest that the CK/PCr system is
physiologically essential for life (i.e., cell survival, growth, proliferation, differentiation,
and migration/motility), and provides an evolutionary advantage for rapid and local-
ized support of energy- and mechanical-dependent processes. In this sense, the CK/PCr
system could be viewed as a dynamic biosensor of the cellular chemo-mechanical en-
ergy transduction, which may explain various positive benefits of CrM supplementation
and cellular pathophysiology of the Cr deficiency syndrome. Given this centralized role
of Cr metabolism in whole-body physiology, further studies are needed in order to fur-
ther examine how Cr supplementation may affect other unidentified aspects of health
and disease.

Author Contributions: Conceptualization, D.A.B. and R.B.K.; Methodology, formal analysis and
visualization, D.A.B.; writing—original draft preparation, D.A.B.; writing—critical review, R.B.K.,
D.A.F. and E.S.R.; writing—editing, J.R.S., C.M.K. and M.D.R.; project administration, D.A.B. All
authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded was funded by EdelifeTM and AlzChem Tostberg GmbH, that
manufactures Creapure®. However, they had no intervention whatsoever in the collection, analysis
and interpretation of the data, or in writing this manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors would like to thank fellows of DBSS International (Jorge Petro and
Yurany Moreno) for their feedback during the construction of the draft. Special thanks to Theo
Wallimann for providing comments and suggestions on this review article.

49



Nutrients 2021, 13, 1238

Conflicts of Interest: D.A.B. serves as science product manager for MTX Corporation®, a company
that produces, distributes, sells and does research on dietary supplements (including creatine) in
Europe, has acted as scientific consultant for MET-Rx and Healthy Sports in Colombia, and has
received honoraria for speaking about creatine at international conferences. R.B.K. has conducted
industry sponsored research on creatine, received financial support for presenting on creatine at
industry sponsored scientific conferences, and has served as an expert witness on cases related to
creatine. Additionally, he serves as Chair of the “Creatine in Health” Scientific Advisory Board for
AlzChem Tostberg GmbH who sponsored this special issue. J.R.S. has conducted industry-sponsored
research on creatine and other nutraceuticals over the past 25 years. Further, J.R.S has also received
financial support for presenting on the science of various nutraceuticals, except creatine, at industry-
sponsored scientific conferences. D.A.F. has been previously supported by grants from MinCiencias
but not related to creatine. C.M.K. have consulted with and received external funding from companies
who sell certain dietary ingredients, and have received remuneration from companies for delivering
scientific presentations at conferences. M.D.R. has received academic and industry funding related
to dietary supplements, served as a non-paid consultant for industry and received honoraria for
speaking at various conferences. E.S.R. has conducted industry-sponsored research on creatine and
received financial support for presenting on creatine at industry-sponsored scientific conferences.
R.B.K. acts as chair of the “Creatine in Health” scientific advisory board for AlzChem Tostberg GmbH
while all other authors serve as members (except D.A.F.).

References

1. Brosnan, J.T.; Brosnan, M.E. Creatine: Endogenous Metabolite, Dietary, and Therapeutic Supplement. Annu. Rev. Nutr. 2007, 27,
241–261. [CrossRef]

2. Béard, E.; Braissant, O. Synthesis and transport of creatine in the CNS: Importance for cerebral functions. J. Neurochem. 2010, 115,
297–313. [CrossRef] [PubMed]

3. Moore, N.P. The distribution, metabolism and function of creatine in the male mammalian reproductive tract: A review. Int. J.
Androl. 2000, 23, 4–12. [CrossRef]

4. Brosnan, J.T.; da Silva, R.P.; Brosnan, M.E. The metabolic burden of creatine synthesis. Amino Acids 2011, 40, 1325–1331. [CrossRef]
[PubMed]

5. Humm, A.; Fritsche, E.; Steinbacher, S. Structure and reaction mechanism of L-arginine:glycine amidinotransferase. Biol. Chem.
1997, 378, 193–197. [PubMed]

6. Komoto, J.; Yamada, T.; Takata, Y.; Konishi, K.; Ogawa, H.; Gomi, T.; Fujioka, M.; Takusagawa, F. Catalytic Mechanism of
Guanidinoacetate Methyltransferase: Crystal Structures of Guanidinoacetate Methyltransferase Ternary Complexes. Biochemistry
2004, 43, 14385–14394. [CrossRef] [PubMed]

7. Bonilla, D.A.; Moreno, Y. Molecular and metabolic insights of creatine supplementation on resistance training. Rev. Colomb. Química
2015, 44, 11–18. [CrossRef]

8. Wyss, M.; Kaddurah-Daouk, R. Creatine and Creatinine Metabolism. Physiol. Rev. 2000, 80, 1107–1213. [CrossRef]
9. Brosnan, M.E.; Edison, E.E.; da Silva, R.; Brosnan, J.T. New insights into creatine function and synthesis. Adv. Enzyme Regul. 2007,

47, 252–260. [CrossRef]
10. Bonilla, D.A. A Systems Biology Approach to Creatine Metabolism. In Creatine: Biosynthesis, Health Effects and Clinical Perspectives;

Hogan, L., Ed.; Nova Science Publishers Inc.: New York, NY, USA, 2017.
11. Wallimann, T.; Wyss, M.; Brdiczka, D.; Nicolay, K.; Eppenberger, H.M. Intracellular compartmentation, structure and function

of creatine kinase isoenzymes in tissues with high and fluctuating energy demands: The ‘phosphocreatine circuit’ for cellular
energy homeostasis. Biochem. J. 1992, 281, 21–40. [CrossRef]

12. Hemmer, W.; Wallimann, T. Functional Aspects of Creatine Kinase in Brain. Dev. Neurosci. 1993, 15, 249–260. [CrossRef] [PubMed]
13. Wallimann, T.; Hemmer, W. Creatine kinase in non-muscle tissues and cells. Mol. Cell. Biochem. 1994, 133–134, 193–220. [CrossRef]

[PubMed]
14. Balestrino, M.; Gandolfo, C.; Perasso, L. Controlling the Flow of Energy: Inhibition and Stimulation of the Creatine Transporter.

Curr. Enzym. Inhib. 2009, 5, 223–233. [CrossRef]
15. Speer, O.; Neukomm, L.J.; Murphy, R.M.; Zanolla, E.; Schlattner, U.; Henry, H.; Snow, R.J.; Wallimann, T. Creatine transporters: A

reappraisal. Mol. Cell. Biochem. 2004, 256, 407–424. [CrossRef]
16. Christie, D.L. Functional Insights into the Creatine Transporter. In Creatine and Creatine Kinase in Health and Disease; Salomons,

G.S., Wyss, M., Eds.; Springer: Dordrecht, The Netherlands, 2007; pp. 99–118. [CrossRef]
17. Nash, S.R.; Giros, B.; Kingsmore, S.F.; Rochelle, J.M.; Suter, S.T.; Gregor, P.; Seldin, M.F.; Caron, M.G. Cloning, pharmacological

characterization, and genomic localization of the human creatine transporter. Recept Channels 1994, 2, 165–174. [PubMed]
18. Hanna-El-Daher, L.; Braissant, O. Creatine synthesis and exchanges between brain cells: What can be learned from human

creatine deficiencies and various experimental models? Amino Acids 2016, 48, 1877–1895. [CrossRef] [PubMed]
19. Braissant, O.; Rackayová, V.; Pierzchala, K.; Grosse, J.; McLin, V.A.; Cudalbu, C. Longitudinal neurometabolic changes in the

hippocampus of a rat model of chronic hepatic encephalopathy. J. Hepatol. 2019, 71, 505–515. [CrossRef]

50



Nutrients 2021, 13, 1238

20. Joncquel-Chevalier Curt, M.; Voicu, P.-M.; Fontaine, M.; Dessein, A.-F.; Porchet, N.; Mention-Mulliez, K.; Dobbelaere, D.;
Soto-Ares, G.; Cheillan, D.; Vamecq, J. Creatine biosynthesis and transport in health and disease. Biochimie 2015, 119, 146–165.
[CrossRef]

21. Marques, E.P.; Wyse, A.T.S. Creatine as a Neuroprotector: An Actor that Can Play Many Parts. Neurotox. Res. 2019, 36, 411–423.
[CrossRef]

22. Wallimann, T.; Harris, R. Creatine: A miserable life without it. Amino Acids 2016, 48, 1739–1750. [CrossRef]
23. Frampton, C.S.; Wilson, C.C.; Shankland, N.; Florence, A.J. Single-crystal neutron refinement of creatine monohydrate at 20 K

and 123 K. J. Chem. Soc. Faraday Trans. 1997, 93, 1875–1879. [CrossRef]
24. Arlin, J.-B.; Bhardwaj, R.M.; Johnston, A.; Miller, G.J.; Bardin, J.; MacDougall, F.; Fernandes, P.; Shankland, K.; David, W.I.F.;

Florence, A.J. Structure and stability of two polymorphs of creatine and its monohydrate. CrystEngComm 2014, 16. [CrossRef]
25. Dash, A.K.; Mo, Y.; Pyne, A. Solid-state Properties of Creatine Monohydrate. J. Pharm. Sci. 2002, 91, 708–718. [CrossRef]
26. Pischel, I.; Gastner, T. Creatine—its Chemical Synthesis, Chemistry, and Legal Status. In Creatine and Creatine Kinase in Health and

Disease; Salomons, G.S., Wyss, M., Eds.; Springer: Dordrecht, The Netherlands, 2007; pp. 291–307. [CrossRef]
27. Kreider, R.B.; Kalman, D.S.; Antonio, J.; Ziegenfuss, T.N.; Wildman, R.; Collins, R.; Candow, D.G.; Kleiner, S.M.; Almada, A.L.;

Lopez, H.L. International Society of Sports Nutrition position stand: Safety and efficacy of creatine supplementation in exercise,
sport, and medicine. J. Int. Soc. of Sports Nutr. 2017, 14. [CrossRef] [PubMed]

28. Wallimann, T.; Tokarska-Schlattner, M.; Schlattner, U. The creatine kinase system and pleiotropic effects of creatine. Amino Acids
2011, 40, 1271–1296. [CrossRef]

29. Bonilla, D.A.; Pérez-Idárraga, A.; Odriozola-Martínez, A.; Kreider, R.B. The 4R’s Framework of Nutritional Strategies for Post-
Exercise Recovery: A Review with Emphasis on New Generation of Carbohydrates. Int. J. Environ. Res. Public Health 2020, 18, 103.
[CrossRef]

30. Mielgo-Ayuso, J.; Calleja-Gonzalez, J.; Marqués-Jiménez, D.; Caballero-García, A.; Córdova, A.; Fernández-Lázaro, D. Effects of
Creatine Supplementation on Athletic Performance in Soccer Players: A Systematic Review and Meta-Analysis. Nutrients 2019,
11, 757. [CrossRef]

31. Kaviani, M.; Shaw, K.; Chilibeck, P.D. Benefits of Creatine Supplementation for Vegetarians Compared to Omnivorous Athletes:
A Systematic Review. Int. J. Environ. Res. Public Health 2020, 17, 3041. [CrossRef]

32. Bakian, A.V.; Huber, R.S.; Scholl, L.; Renshaw, P.F.; Kondo, D. Dietary creatine intake and depression risk among U.S. adults.
Transl. Psychiatry 2020, 10. [CrossRef]

33. Forbes, S.C.; Candow, D.G.; Smith-Ryan, A.E.; Hirsch, K.R.; Roberts, M.D.; VanDusseldorp, T.A.; Stratton, M.T.; Kaviani, M.; Little,
J.P. Supplements and Nutritional Interventions to Augment High-Intensity Interval Training Physiological and Performance
Adaptations—A Narrative Review. Nutrients 2020, 12, 390. [CrossRef] [PubMed]

34. De Guingand, D.L.; Palmer, K.R.; Bilardi, J.E.; Ellery, S.J. Acceptability of dietary or nutritional supplementation in pregnancy
(ADONS)—Exploring the consumer’s perspective on introducing creatine monohydrate as a pregnancy supplement. Midwifery
2020, 82. [CrossRef]

35. Candow, D.G.; Forbes, S.C.; Chilibeck, P.D.; Cornish, S.M.; Antonio, J.; Kreider, R.B. Effectiveness of Creatine Supplementation on
Aging Muscle and Bone: Focus on Falls Prevention and Inflammation. J. Clin. Med. 2019, 8, 488. [CrossRef]

36. Stares, A.; Bains, M. The Additive Effects of Creatine Supplementation and Exercise Training in an Aging Population: A Systematic
Review of Randomized Controlled Trials. J. Geriatr. Phys. Ther. 2020, 43, 99–112. [CrossRef] [PubMed]

37. Rawson, E.S.; Miles, M.P.; Larson-Meyer, D.E. Dietary Supplements for Health, Adaptation, and Recovery in Athletes. Int. J. Sport
Nutr. Exerc. Metab. 2018, 28, 188–199. [CrossRef]

38. Clarke, H.; Kim, D.-H.; Meza, C.A.; Ormsbee, M.J.; Hickner, R.C. The Evolving Applications of Creatine Supplementation: Could
Creatine Improve Vascular Health? Nutrients 2020, 12, 2834. [CrossRef] [PubMed]

39. Machek, S.B.; Bagley, J.R. Creatine Monohydrate Supplementation: Considerations for Cognitive Performance in Athletes.
Strength Cond. J. 2018, 40, 82–93. [CrossRef]

40. Dolan, E.; Gualano, B.; Rawson, E.S. Beyond muscle: The effects of creatine supplementation on brain creatine, cognitive
processing, and traumatic brain injury. Eur. J. Sport Sci. 2018, 19, 1–14. [CrossRef]

41. Forbes, S.C.; Candow, D.G.; Ferreira, L.H.B.; Souza-Junior, T.P. Effects of Creatine Supplementation on Properties of Muscle, Bone,
and Brain Function in Older Adults: A Narrative Review. J. Diet. Suppl. 2021, 1–18. [CrossRef]

42. De Souza e Silva, A.; Pertille, A.; Reis Barbosa, C.G.; Aparecida de Oliveira Silva, J.; de Jesus, D.V.; Ribeiro, A.G.S.V.; Baganha,
R.J.; de Oliveira, J.J. Effects of Creatine Supplementation on Renal Function: A Systematic Review and Meta-Analysis. J. Ren.
Nutr. 2019, 29, 480–489. [CrossRef] [PubMed]

43. Forbes, S.C.; Candow, D.G.; Krentz, J.R.; Roberts, M.D.; Young, K.C. Changes in Fat Mass Following Creatine Supplementation
and Resistance Training in Adults ≥50 Years of Age: A Meta-Analysis. J. Funct. Morphol. Kinesiol. 2019, 4, 62. [CrossRef]
[PubMed]

44. Galvan, E.; Walker, D.K.; Simbo, S.Y.; Dalton, R.; Levers, K.; O’Connor, A.; Goodenough, C.; Barringer, N.D.; Greenwood, M.;
Rasmussen, C.; et al. Acute and chronic safety and efficacy of dose dependent creatine nitrate supplementation and exercise
performance. J. Int. Soc. Sports Nutr. 2016, 13. [CrossRef] [PubMed]

51



Nutrients 2021, 13, 1238

45. Dalton, R.; Sowinski, R.; Grubic, T.; Collins, P.; Coletta, A.; Reyes, A.; Sanchez, B.; Koozehchian, M.; Jung, Y.; Rasmussen, C.; et al.
Hematological and Hemodynamic Responses to Acute and Short-Term Creatine Nitrate Supplementation. Nutrients 2017, 9, 1359.
[CrossRef] [PubMed]

46. Ostojic, S.M.; Stajer, V.; Vranes, M.; Ostojic, J. Searching for a better formulation to enhance muscle bioenergetics: A randomized
controlled trial of creatine nitrate plus creatininevs.creatine nitratevs.creatine monohydrate in healthy men. Food Sci. Nutr. 2019,
7, 3766–3773. [CrossRef]

47. Antonio, J.; Candow, D.G.; Forbes, S.C.; Gualano, B.; Jagim, A.R.; Kreider, R.B.; Rawson, E.S.; Smith-Ryan, A.E.; VanDusseldorp,
T.A.; Willoughby, D.S.; et al. Common questions and misconceptions about creatine supplementation: What does the scientific
evidence really show? J. Int. Soc. Sports Nutr. 2021, 18. [CrossRef] [PubMed]

48. Kreider, R.B.; Stout, J.R. Creatine in Health and Disease. Nutrients 2021, 13, 447. [CrossRef]
49. Patra, S.; Bera, S.; SinhaRoy, S.; Ghoshal, S.; Ray, S.; Basu, A.; Schlattner, U.; Wallimann, T.; Ray, M. Progressive decrease of

phosphocreatine, creatine and creatine kinase in skeletal muscle upon transformation to sarcoma. FEBS J. 2008, 275, 3236–3247.
[CrossRef]

50. Bender, A.; Klopstock, T. Creatine for neuroprotection in neurodegenerative disease: End of story? Amino Acids 2016, 48,
1929–1940. [CrossRef]

51. Cheng, Y.; Chen, Y.; Shang, H. Aberrations of biochemical indicators in amyotrophic lateral sclerosis: A systematic review and
meta-analysis. Transl. Neurodegener. 2021, 10. [CrossRef]

52. Salazar, M.D.; Zelt, N.B.; Saldivar, R.; Kuntz, C.P.; Chen, S.; Penn, W.D.; Bonneau, R.; Koehler Leman, J.; Schlebach, J.P.
Classification of the Molecular Defects Associated with Pathogenic Variants of the SLC6A8 Creatine Transporter. Biochemistry
2020, 59, 1367–1377. [CrossRef]

53. Salomons, G.S.; van Dooren, S.J.; Verhoeven, N.M.; Cecil, K.M.; Ball, W.S.; Degrauw, T.J.; Jakobs, C. X-linked creatine-transporter
gene (SLC6A8) defect: A new creatine-deficiency syndrome. Am. J. Hum. Genet. 2001, 68, 1497–1500. [CrossRef]

54. Shearer, J.; Weljie, A.M. Biomarkers of skeletal muscle regulation, metabolism and dysfunction. In Metabolomics and Systems
Biology in Human Health and Medicine; Jones, O., Ed.; CABI: Oxfordshire, UK, 2014; pp. 157–170. [CrossRef]

55. McLeish, M.J.; Kenyon, G.L. Relating Structure to Mechanism in Creatine Kinase. Crit. Rev. Biochem. Mol. Biol. 2008, 40, 1–20.
[CrossRef]

56. Stout, J.R.; Antonio, J.; Kalman, D. Essentials of Creatine in Sports and Health; Humana Press: New York, USA, 2008. [CrossRef]
57. Ellington, W.R. Phosphocreatine represents a thermodynamic and functional improvement over other muscle phosphagens.

J. Exp. Biol. 1989, 143, 177–194.
58. Uzzan, M.; Nechrebeki, J.; Zhou, P.; Labuza, T.P. Effect of water activity and temperature on the stability of creatine during

storage. Drug Dev. Ind. Pharm. 2009, 35, 1003–1008. [CrossRef] [PubMed]
59. Harris, R.C.; Söderlund, K.; Hultman, E. Elevation of creatine in resting and exercised muscle of normal subjects by creatine

supplementation. Clin. Sci. 1992, 83, 367–374. [CrossRef] [PubMed]
60. Vermeulen, A.; Wieme, R.; Robbrecht, J.; De Buyzere, M.; De Slypere, J.P.; Delanghe, J. Normal reference values for creatine,

creatinine, and carnitine are lower in vegetarians. Clin. Chem. 1989, 35, 1802–1803. [CrossRef]
61. Blancquaert, L.; Baguet, A.; Bex, T.; Volkaert, A.; Everaert, I.; Delanghe, J.; Petrovic, M.; Vervaet, C.; De Henauw, S.; Constantin-

Teodosiu, D.; et al. Changing to a vegetarian diet reduces the body creatine pool in omnivorous women, but appears not to affect
carnitine and carnosine homeostasis: A randomised trial. Br. J. Nutr. 2018, 119, 759–770. [CrossRef]

62. Balsom, P.D.; Söderlund, K.; Ekblom, B. Creatine in Humans with Special Reference to Creatine Supplementation. Sports Med.
1994, 18, 268–280. [CrossRef]

63. Wu, G. Important roles of dietary taurine, creatine, carnosine, anserine and 4-hydroxyproline in human nutrition and health.
Amino Acids 2020, 52, 329–360. [CrossRef]

64. Casey, A.; Constantin-Teodosiu, D.; Howell, S.; Hultman, E.; Greenhaff, P.L. Creatine ingestion favorably affects performance and
muscle metabolism during maximal exercise in humans. Am. J. Physiol. Endocrinol. Metab. 1996, 271, E31–E37. [CrossRef]

65. Greenhaff, P.L.; Bodin, K.; Soderlund, K.; Hultman, E. Effect of oral creatine supplementation on skeletal muscle phosphocreatine
resynthesis. Am. J. Physiol. Endocrinol. Metab. 1994, 266, E725–E730. [CrossRef] [PubMed]

66. Dechent, P.; Pouwels, P.J.W.; Wilken, B.; Hanefeld, F.; Frahm, J. Increase of total creatine in human brain after oral supplementation
of creatine-monohydrate. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1999, 277, R698–R704. [CrossRef] [PubMed]

67. Kreider, R.; Willoughby, D.; Greenwood, M.; Parise, G.; Payne, E.T. Effects of serum creatine supplementation on muscle creatine
and phosphagen levels. J. Exerc. Physiol. Online 2003, 6, 24–33.

68. Schulze, A. Creatine deficiency syndromes. Mol. Cell. Biochem. 2003, 244, 143–150. [CrossRef] [PubMed]
69. Stockler-Ipsiroglu, S.; Apatean, D.; Battini, R.; DeBrosse, S.; Dessoffy, K.; Edvardson, S.; Eichler, F.; Johnston, K.; Koeller, D.M.;

Nouioua, S.; et al. Arginine: Glycine amidinotransferase (AGAT) deficiency: Clinical features and long term outcomes in 16
patients diagnosed worldwide. Mol. Genet. Metab. 2015, 116, 252–259. [CrossRef] [PubMed]

70. Stöckler-Ipsiroglu, S.; Battini, R.; DeGrauw, T.; Schulze, A. Disorders of Creatine Metabolism. In Physician’s Guide to the Treatment
and Follow-Up of Metabolic Diseases; Blau, N., Leonard, J., Hoffmann, G.F., Clarke, J.T.R., Eds.; Springer: Berlin/Heidelberg,
Germany, 2006; pp. 255–265. [CrossRef]

71. Mesa, J.L.M.; Ruiz, J.R.; Gonzalez-Gross, M.M.; Gutierrez Sainz, A.; Castillo Garzon, M.J. Oral Creatine Supplementation and
Skeletal Muscle Metabolism in Physical Exercise. Sports Med. 2002, 32, 903–944. [CrossRef] [PubMed]

52



Nutrients 2021, 13, 1238

72. Harris, R.C.; Almada, A.L.; Harris, D.B.; Dunnett, M.; Hespel, P. The creatine content of Creatine Serum™ and the change in the
plasma concentration with ingestion of a single dose. J. Sports Sci. 2004, 22, 851–857. [CrossRef]

73. Brault, J.J.; Towse, T.F.; Slade, J.M.; Meyer, R.A. Parallel Increases in Phosphocreatine and Total Creatine in Human Vastus
Lateralis Muscle during Creatine Supplementation. Int. J. Sport Nutr. Exerc. Metab. 2007, 17, 624–634. [CrossRef]

74. Broxterman, R.M.; Layec, G.; Hureau, T.J.; Amann, M.; Richardson, R.S. Skeletal muscle bioenergetics during all-out exercise:
Mechanistic insight into the oxygen uptake slow component and neuromuscular fatigue. J. Appl. Physiol. 2017, 122, 1208–1217.
[CrossRef]

75. Burnley, M.; Jones, A.M. Oxygen uptake kinetics as a determinant of sports performance. Eur. J. Sport Sci. 2007, 7, 63–79.
[CrossRef]

76. Sweeney, H.L. The importance of the creatine kinase reaction: The concept of metabolic capacitance. Med. Sci. Sports Exerc. 1994,
26, 30–36. [CrossRef] [PubMed]

77. Francescato, M.P.; Cettolo, V.; di Prampero, P.E. Influence of phosphagen concentration on phosphocreatine breakdown kinetics.
Data from human gastrocnemius muscle. J. Appl. Physiol. 2008, 105, 158–164. [CrossRef] [PubMed]

78. Meyer, R.A. A linear model of muscle respiration explains monoexponential phosphocreatine changes. Am. J. Physiol. Cell Physiol.
1988, 254, C548–C553. [CrossRef] [PubMed]

79. Willis, W.T.; Jackman, M.R.; Messer, J.I.; Kuzmiak-Glancy, S.; Glancy, B. A Simple Hydraulic Analog Model of Oxidative
Phosphorylation. Med. Sci. Sports Exerc. 2016, 48, 990–1000. [CrossRef]

80. Gonzalez-Freire, M.; Scalzo, P.; D’Agostino, J.; Moore, Z.A.; Diaz-Ruiz, A.; Fabbri, E.; Zane, A.; Chen, B.; Becker, K.G.; Lehrmann,
E.; et al. Skeletal muscle ex vivo mitochondrial respiration parallels decline in vivo oxidative capacity, cardiorespiratory fitness,
and muscle strength: The Baltimore Longitudinal Study of Aging. Aging Cell 2018, 17. [CrossRef] [PubMed]

81. Jones, A.M.; Wilkerson, D.P.; Fulford, J. Influence of dietary creatine supplementation on muscle phosphocreatine kinetics during
knee-extensor exercise in humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2009, 296, R1078–R1087. [CrossRef] [PubMed]

82. De Andrade Nemezio, K.M.; Bertuzzi, R.; Correia-Oliveira, C.R.; Gualano, B.; Bishop, D.J.; Lima-Silva, A.E. Effect of Creatine
Loading on Oxygen Uptake during a 1-km Cycling Time Trial. Med. Sci. Sports Exerc. 2015, 47, 2660–2668. [CrossRef]

83. Rigoulet, M.; Bouchez, C.L.; Paumard, P.; Ransac, S.; Cuvellier, S.; Duvezin-Caubet, S.; Mazat, J.P.; Devin, A. Cell energy
metabolism: An update. Biochim. Biophys. Acta BBA Bioenerg. 2020, 1861. [CrossRef]

84. Sumien, N.; Shetty, R.A.; Gonzales, E.B. Creatine, Creatine Kinase, and Aging. In Biochemistry and Cell Biology of Ageing: Part I
Biomedical Science; Harris, J., Korolchuk, V., Eds.; Springer: Singapore, 2018; pp. 145–168. [CrossRef]

85. Schlattner, U.; Kay, L.; Tokarska-Schlattner, M. Mitochondrial Proteolipid Complexes of Creatine Kinase. In Membrane Protein
Complexes: Structure and Function; Harris, J., Boekema, E., Eds.; Springer: Singapore, 2018; pp. 365–408. [CrossRef]

86. Dzeja, P.P.; Terzic, A. Phosphotransfer networks and cellular energetics. J. Exp. Biol. 2003, 206, 2039–2047. [CrossRef]
87. Bessman, S.P.; Carpenter, C.L. The Creatine-Creatine Phosphate Energy Shuttle. Annu. Rev. Biochem. 1985, 54, 831–862. [CrossRef]
88. Kongas, O.; van Beek, J. Creatine kinase in energy metabolic signaling in muscle. Nat. Preced. 2007. [CrossRef]
89. Fiedler, G.B.; Schmid, A.I.; Goluch, S.; Schewzow, K.; Laistler, E.; Niess, F.; Unger, E.; Wolzt, M.; Mirzahosseini, A.; Kemp,

G.J.; et al. Skeletal muscle ATP synthesis and cellular H+ handling measured by localized 31P-MRS during exercise and recovery.
Sci. Rep. 2016, 6. [CrossRef]

90. Barclay, C.J. Energy demand and supply in human skeletal muscle. J. Muscle Res. Cell Motil. 2017, 38, 143–155. [CrossRef]
[PubMed]

91. Uda, K.; Ellington, W.R.; Suzuki, T. A diverse array of creatine kinase and arginine kinase isoform genes is present in the starlet
sea anemone Nematostella vectensis, a cnidarian model system for studying developmental evolution. Gene 2012, 497, 214–227.
[CrossRef] [PubMed]

92. Bertin, M.; Pomponi, S.M.; Kokuhuta, C.; Iwasaki, N.; Suzuki, T.; Ellington, W.R. Origin of the genes for the isoforms of creatine
kinase. Gene 2007, 392, 273–282. [CrossRef] [PubMed]

93. Eppenberger, H.M.; Dawson, D.M.; Kaplan, N.O. The comparative enzymology of creatine kinases. I. Isolation and characteriza-
tion from chicken and rabbit tissues. J. Biol. Chem. 1967, 242, 204–209. [CrossRef]

94. Wallimann, T.; Tokarska-Schlattner, M.; Neumann, D.; Epand, R.M.; Epand, R.F.; Andres, R.H.; Widmer, H.R.; Hornemann, T.;
Saks, V.; Agarkova, I.; et al. The Phosphocreatine Circuit: Molecular and Cellular Physiology of Creatine Kinases, Sensitivity
to Free Radicals, and Enhancement by Creatine Supplementation. In Molecular System Bioenergetics; Saks, V., Ed.; Wiley-VCH:
Weinheim, Germany, 2007; pp. 195–264. [CrossRef]

95. Ramírez Ríos, S.; Lamarche, F.; Cottet-Rousselle, C.; Klaus, A.; Tuerk, R.; Thali, R.; Auchli, Y.; Brunisholz, R.; Neumann, D.;
Barret, L.; et al. Regulation of brain-type creatine kinase by AMP-activated protein kinase: Interaction, phosphorylation and ER
localization. Biochim. Biophys. Acta BBA Bioenerg. 2014, 1837, 1271–1283. [CrossRef]

96. McFarland, E.W.; Kushmerick, M.J.; Moerland, T.S. Activity of creatine kinase in a contracting mammalian muscle of uniform
fiber type. Biophys. J. 1994, 67, 1912–1924. [CrossRef]

97. Wallimann, T.; Schlösser, T.; Eppenberger, H.M. Function of M-line-bound creatine kinase as intramyofibrillar ATP regenerator at
the receiving end of the phosphorylcreatine shuttle in muscle. J. Biol. Chem. 1984, 259, 5238–5246. [CrossRef]

98. Fritz-Wolf, K.; Schnyder, T.; Wallimann, T.; Kabsch, W. Structure of mitochondrial creatine kinase. Nature 1996, 381, 341–345.
[CrossRef]

53



Nutrients 2021, 13, 1238

99. Eder, M.; Fritz-Wolf, K.; Kabsch, W.; Wallimann, T.; Schlattner, U. Crystal structure of human ubiquitous mitochondrial creatine
kinase. Proteins 2000, 39, 216–225. [CrossRef]

100. Guzun, R.; Gonzalez-Granillo, M.; Karu-Varikmaa, M.; Grichine, A.; Usson, Y.; Kaambre, T.; Guerrero-Roesch, K.; Kuznetsov, A.;
Schlattner, U.; Saks, V. Regulation of respiration in muscle cells in vivo by VDAC through interaction with the cytoskeleton and
MtCK within Mitochondrial Interactosome. Biochim. Biophys. Acta BBA Biomembr. 2012, 1818, 1545–1554. [CrossRef]

101. Wu, C.; Orozco, C.; Boyer, J.; Leglise, M.; Goodale, J.; Batalov, S.; Hodge, C.L.; Haase, J.; Janes, J.; Huss, J.W.; et al. BioGPS: An
extensible and customizable portal for querying and organizing gene annotation resources. Genome Biol. 2009, 10. [CrossRef]
[PubMed]

102. Glancy, B.; Hartnell, L.M.; Malide, D.; Yu, Z.-X.; Combs, C.A.; Connelly, P.S.; Subramaniam, S.; Balaban, R.S. Mitochondrial
reticulum for cellular energy distribution in muscle. Nature 2015, 523, 617–620. [CrossRef]

103. Wallimann, T. The extended, dynamic mitochondrial reticulum in skeletal muscle and the creatine kinase (CK)/phosphocreatine
(PCr) shuttle are working hand in hand for optimal energy provision. J. Muscle Res. Cell Motil. 2015, 36, 297–300. [CrossRef]

104. Glancy, B.; Hartnell, L.M.; Combs, C.A.; Femnou, A.; Sun, J.; Murphy, E.; Subramaniam, S.; Balaban, R.S. Power Grid Protection
of the Muscle Mitochondrial Reticulum. Cell Rep. 2017, 19, 487–496. [CrossRef]

105. Saks, V.; Schlattner, U.; Tokarska-Schlattner, M.; Wallimann, T.; Bagur, R.; Zorman, S.; Pelosse, M.; Santos, P.D.; Boucher, F.;
Kaambre, T.; et al. Systems Level Regulation of Cardiac Energy Fluxes Via Metabolic Cycles: Role of Creatine, Phosphotransfer
Pathways, and AMPK Signaling. In Systems Biology of Metabolic and Signaling Networks; Aon, M., Saks, V., Schlattner, U., Eds.;
Springer: Berlin/Heidelberg, Germany, 2014; pp. 261–320. [CrossRef]

106. Timohhina, N.; Guzun, R.; Tepp, K.; Monge, C.; Varikmaa, M.; Vija, H.; Sikk, P.; Kaambre, T.; Sackett, D.; Saks, V. Direct
measurement of energy fluxes from mitochondria into cytoplasm in permeabilized cardiac cells in situ: Some evidence for
mitochondrial interactosome. J. Bioenerg. Biomembr. 2009, 41, 259–275. [CrossRef]

107. Guzun, R.; Saks, V. Application of the Principles of Systems Biology and Wiener’s Cybernetics for Analysis of Regulation of
Energy Fluxes in Muscle Cells in Vivo. Int. J. Mol. Sci. 2010, 11, 982–1019. [CrossRef] [PubMed]

108. Saks, V.; Guzun, R.; Timohhina, N.; Tepp, K.; Varikmaa, M.; Monge, C.; Beraud, N.; Kaambre, T.; Kuznetsov, A.; Kadaja,
L.; et al. Structure–function relationships in feedback regulation of energy fluxes in vivo in health and disease: Mitochondrial
Interactosome. Biochim. Biophys. Acta BBA Bioenerg. 2010, 1797, 678–697. [CrossRef] [PubMed]

109. Karo, J.; Peterson, P.; Vendelin, M. Molecular Dynamics Simulations of Creatine Kinase and Adenine Nucleotide Translocase in
Mitochondrial Membrane Patch. J. Biol. Chem. 2012, 287, 7467–7476. [CrossRef] [PubMed]

110. Bonilla, D.A.; Marín, E.; Pérez, A.; Carbone, L.; Kammerer, M.; Vargas, S.; Lozano, J.; Barale, A.; Quiroga, L.; Mata, F.; et al.
Thermogenesis and Obesity; A Brief Review and rs104894319 Polymorphism in Venezuelan Population. EC Nutr. 2018, 13, 4–16.

111. Rousset, S.; Alves-Guerra, M.C.; Mozo, J.; Miroux, B.; Cassard-Doulcier, A.M.; Bouillaud, F.; Ricquier, D. The Biology of
Mitochondrial Uncoupling Proteins. Diabetes 2004, 53, S130–S135. [CrossRef]

112. Brand, M.D.; Esteves, T.C. Physiological functions of the mitochondrial uncoupling proteins UCP2 and UCP3. Cell Metab. 2005, 2,
85–93. [CrossRef]

113. Ramsden, D.B.; Ho, P.W.L.; Ho, J.W.M.; Liu, H.F.; So, D.H.F.; Tse, H.M.; Chan, K.H.; Ho, S.L. Human neuronal uncoupling proteins
4 and 5 (UCP4 and UCP5): Structural properties, regulation, and physiological role in protection against oxidative stress and
mitochondrial dysfunction. Brain Behav. 2012, 2, 468–478. [CrossRef]

114. Krauss, S.; Zhang, C.-Y.; Lowell, B.B. The mitochondrial uncoupling-protein homologues. Nat. Rev. Mol. Cell Biol. 2005, 6, 248–261.
[CrossRef] [PubMed]

115. Busiello, R.A.; Savarese, S.; Lombardi, A. Mitochondrial uncoupling proteins and energy metabolism. Front. Physiol. 2015, 6.
[CrossRef] [PubMed]

116. Pohl, E.E.; Rupprecht, A.; Macher, G.; Hilse, K.E. Important Trends in UCP3 Investigation. Front. Physiol. 2019, 10. [CrossRef]
117. Skulachev, V.P. Fatty acid circuit as a physiological mechanism of uncoupling of oxidative phosphorylation. FEBS Lett. 1991, 294,

158–162. [CrossRef]
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Abstract: Creatine metabolism is an important component of cellular energy homeostasis. Via the cre-
atine kinase circuit, creatine derived from our diet or synthesized endogenously provides spatial and
temporal maintenance of intracellular adenosine triphosphate (ATP) production; this is particularly
important for cells with high or fluctuating energy demands. The use of this circuit by tissues within
the female reproductive system, as well as the placenta and the developing fetus during pregnancy is
apparent throughout the literature, with some studies linking perturbations in creatine metabolism
to reduced fertility and poor pregnancy outcomes. Maternal dietary creatine supplementation during
pregnancy as a safeguard against hypoxia-induced perinatal injury, particularly that of the brain, has
also been widely studied in pre-clinical in vitro and small animal models. However, there is still no
consensus on whether creatine is essential for successful reproduction. This review consolidates the
available literature on creatine metabolism in female reproduction, pregnancy and the early neonatal
period. Creatine metabolism is discussed in relation to cellular bioenergetics and de novo synthesis,
as well as the potential to use dietary creatine in a reproductive setting. We highlight the apparent
knowledge gaps and the research “road forward” to understand, and then utilize, creatine to improve
reproductive health and perinatal outcomes.

Keywords: creatine; nutritional supplements; fertility; pregnancy; newborn; development; brain in-
jury

1. Introduction

Female reproductive organs are some of the most regenerative and highly energetic
tissues within the body [1]. As such, there is an undeniable link between energy metabolism
and reproductive success. By understanding the intricacies of energy metabolism and
adenosine triphosphate (ATP) production throughout female reproduction, we are best
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placed to address irregularities that may contribute to infertility and poor pregnancy
outcomes.

To sustain high energy levels, cells, including those of our reproductive tissues, are
equipped with high energy phosphagens [2]. While invertebrates use a variety of different
phosphagen systems, the creatine kinase circuit is the sole phosphagen system of higher
vertebrates [3]. Ultimately, the creatine kinase circuit serves as an immediate temporal
energy buffer, maintaining ATP turnover and the intracellular ATP/adenosine diphosphate
(ADP) ratio. It also provides spatial energy buffering by providing for the transport of
high-energy phosphates from sites of ATP production (i.e., oxidative phosphorylation and
glycolysis) to sites of ATP utilization within the cytosol (Figure 1) [4].

Figure 1. The creatine kinase circuit. Creatine can be produced endogenously by some cells or taken up from the circulation
via the creatine transporter (SLC6A8). Creatine is then phosphorylated from adenosine triphosphate (ATP) to form
phosphocreatine and adenosine diphosphate (ADP) in a reaction catalyzed by ubiquitous mitochondrial creatine kinase
(uMt-CK). Isoforms of creatine kinase in the cell cytosol (mainly brain-type creatine kinase CKBB) are also linked to glycolytic
enzymes (G) to generate phosphocreatine and ADP from glycolytic ATP. Then, when required for energy-dependent cellular
processes, cytosolic isoforms of creatine kinase (CKBB) hydrolyze the bond between creatine and the phosphate group
stored as phosphocreatine, thus regenerating ATP and creatine. Note: muscle-type cytosolic creatine kinase (CKMM)
expression has also been detected in mouse oocytes.

Creatine is the substrate for the creatine kinase circuit. It can be endogenously syn-
thesized by the body or acquired from a diet containing meat, fish, dairy products or
over-the-counter nutritional supplements [5]. De novo creatine synthesis involves a two-
step process (Figure 2). First, the enzyme L-Arginine: glycine amidinotransferase (AGAT,
translated from the GATM gene) catalyzes the production of guanidinoacetate (GAA), the
creatine precursor, and ornithine from arginine and glycine. In the second step, guani-
dinoacetate N-methyltransferase (GAMT) catalyzes the methylation of GAA producing
creatine and S-Adenosyl homocysteine.

Circulating creatine is taken up by cells via a sodium-dependent creatine transporter
encoded by the SLC6A8 gene (Figure 1) [6,7]. Reversible phosphorylation of intracellular
creatine by the ubiquitous mitochondrial creatine kinase (uMt-CK) or cytosolic creatine
kinases linked to glycolytic enzymes produces the high energy compound, phosphocre-
atine [8]. Promoted by shifts in the intracellular ADP/ATP ratio, cytosolic isoforms of
creatine kinase then hydrolyze the bond between creatine and the stored phosphate group,
regenerating ATP (Figure 1) [4]. There are two cytosolic isoforms of creatine kinase that
have been identified in female reproductive tissues. The most prominent is the brain-type
creatine kinase (CKBB), with the muscle-type creatine kinase (CKMM) isoform also be-
ing identified in the mouse oocyte [9]. Overall, the creatine kinase circuit produces ATP
more rapidly than any other metabolic system, with the interplay between the different
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components of creatine metabolism being essential to sustain the bioenergetic demands of
a cell [3].

Figure 2. Schematic of de novo creatine synthesis. Step one—Arginine and glycine combine to form
guanidinoacetic acid (GAA) and ornithine in a reaction catalyzed by arginine:glycine amidinotrans-
ferase (AGAT translated from the GATM gene). Step two—GAA is methylated to form creatine
and S-Adenosyl homocysteine. S-adenosyl methionine (SAM) is the primary methyl donor for this
reaction catalyzed by guanidinoacetate methyltransferase (GAMT/GAMT).

Our understanding of creatine metabolism in reproduction and pregnancy is growing.
Indeed, review of the literature sees creatine metabolism increasingly appear throughout
studies of both male and female reproduction. This association extends from observa-
tional studies published in the early 20th century through to more recent non-targeted
metabolomic screens [10,11]. There is now strong evidence that alterations to creatine
homeostasis occur with the normal progression of a healthy female reproductive cycle and
with pregnancy [11,12]. Altered creatine metabolism has also been linked to reduced fertil-
ity and specific pregnancy-related pathologies [13,14]; however, there is no clear consensus
as to whether creatine metabolism is indeed an essential component of bioenergetics for
successful reproduction.

This review aims to consolidate the available literature, old and new, pertaining to
creatine metabolism in reproduction, pregnancy, fetal brain development, and the early
neonatal period. Creatine metabolism will be discussed in relation to its capacity to
maintain cellular bioenergetics, the ability of reproductive tissues to synthesize creatine de
novo, and the potential to use dietary creatine as a protective treatment against the effects
of in utero fetal hypoxia and perturbations in newborn brain metabolism. We will highlight
the apparent knowledge gaps and the research “road forward” to ultimately understand,
and then potentially harness, creatine metabolism to improve reproductive health and
perinatal outcomes.

2. Creatine Metabolism in the Female Reproductive System

2.1. Oocytes and Surrounding Cells

The oocyte requires large amounts of energy during its development in preparation for
fertilization. There are also energy reserves stored within the mature oocyte to facilitate the
initial period of embryogenesis [15]. Creatine metabolism occurs within human and mouse

63



Nutrients 2021, 13, 490

oocytes. These cells contain phosphocreatine (~4 to 5 mmol.kg−1 dry mass) with an equal
level of creatine [16]. They also express creatine kinase (CK) genes and proteins, displaying
high levels of in vitro CK activity [16,17]. The available data on CK expression and activity
suggest that the use of the creatine kinase circuit to generate ATP by the oocyte may be
species-specific. In mice, cytosolic creatine kinase (CKBB) activity increased 5-fold during
oocyte maturation. This same study found that CKBB activity increased after fertilization,
up to the stage of an eight-cell embryo, before a steep decline as the embryo reached the
blastocyst phase [17]. These findings were confirmed by a further study of mouse embryos
completed by Forsey et al. (2013) [18]. A more recent study, also in mice, found that
mature oocytes have increased cytosolic creatine kinase (CKMM) gene expression when
exposed to human chorionic gonadotropin (hCG) stimulation; the hormone produced by
trophoblast cells after fertilization [9]. However, these same cells lacked expression of the
uMt-CK gene, bringing into question the functional capacity of the creatine kinase circuit
to produce phosphocreatine and then ATP, within the experimental paradigm used [9].
Further studies focused on protein expression and CK enzyme activity are still required.
In contrast, both uMt-CK and cytosolic (CKBB) gene and protein expression have been
detected in bovine oocytes. Scantland et al. (2014) observed that, compared to mature
bovine oocytes, immature oocytes had higher gene expression of the creatine kinases, and
that when oocytes were matured in a medium containing specific CK inhibitors, they
displayed an elevated intra-oocyte ADP:ATP ratio [19]. These findings indicate that CK
activity is present in oocytes and that the creatine kinase circuit is used to help maintain
intracellular ATP levels.

The source of creatine for the oocyte (endogenous synthesis or cellular up-take) re-
mains unclear. A study by Fezai et al. (2015) found that oocytes from Xenopus laevis
(African clawed frog) do not transport creatine across their plasma membrane, conclud-
ing that these cells do not express creatine transporter proteins [20]. However, caution
should be taken when extrapolating amphibian to mammalian physiology as high levels
of creatine transporter gene (SLC6A8) expression have been reported in the ovaries of
rats, suggesting that at least some ovarian cells may contain the transporter [21]. It is also
important to note that for some metabolites, passive diffusion into the oocyte from attached
surrounding support cells (e.g., cumulus cells) has been documented and one cannot rule
out the possibility that the same mechanism supplies the oocyte with creatine.

Indeed, creatine metabolism has been reported in the specialized somatic cells that sur-
round the mammalian oocyte. Collectively, these cells support oocyte maturation, facilitate
fertilization and subsequent development into a viable embryo. Human ovarian stromal
cells, in particular, may contribute to de novo creatine synthesis via GAA production, with
these cells having detectable levels of the GATM gene and AGAT protein [22]. However,
GAMT gene but not protein expression was detected in these same cells, indicating that they
are unable to methylate GAA to produce creatine [22]. The enzymes of the creatine kinase
circuit are present within cumulus cells signifying the presence of creatine metabolism in
these specialized granulosa cells which lie directly adjacent to the oocyte. The activity of
the CK enzymes appears to be low and remain unchanged with hormone stimulation, so
there is no current evidence for creatine metabolism varying across the ovarian cycle in
these specific cells [9]. Interestingly, CKBB gene expression appears elevated in cumulus
cells acquired from women undergoing assisted fertility treatment who were either older
than 38 years of age or younger than 28 years of age, with the level of expression positively
associated with good-quality embryos in both younger and older women [23]. Finally,
research investigating the metabolites secreted from bovine cumulus–oocyte complexes
(COCs) during in vitro maturation showed a substantial increase in creatine (~ 450-fold)
and a comparatively modest increase (~ 2-fold) in GAA concentration in the maturation
medium bathing the cells. Moreover, both creatine and GAA are detectable within bovine
cumulus cells [24]. Further experiments demonstrated that the addition of creatine alone
to the maturation medium did not affect the developmental competence of the oocyte [24].
The secretion of creatine from the COCs is therefore likely performing another role such
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as facilitating sperm function. Indeed, there is considerable research on the importance
of creatine metabolism for optimal sperm motility, hyperactivation and capacitation in
preparation for fertilization [25].

2.2. Follicular Fluid, the Oviduct and Oviductal Fluid

Follicular fluid is derived from plasma and secretions synthesized in the follicle
wall [26]. This fluid contains metabolites, which are critical for oocyte growth and develop-
ment [27]. Creatine is present in human follicular fluid [28,29]. Interestingly, the creatine
levels in follicular fluid are significantly lower in women with ovarian endometrioma
compared with controls [30]. Umehara et al. (2018) demonstrated that mouse follicular
fluid creatine concentrations increased markedly around ovulation [9]. This is in contrast to
equine follicular fluid, where creatine levels were unchanged with follicular development
or near ovulation [31]. The data from Umehara et al. (2018) also suggest that the increase
in follicular fluid creatine levels likely resulted from an increase in creatine synthesizing ca-
pacity within the granulosa cells of the ovary because they displayed a significant increase
in GATM and GAMT gene expression with equine chorionic gonadotropin stimulation
around the time of ovulation [9]. Further studies are needed to track human follicular fluid
creatine levels across the ovarian cycle to better understand the importance of creatine
metabolism for oocyte growth and development.

Fertilization, the process of the mature oocyte and sperm fusing to give rise to the
embryo, occurs within the oviduct. This structure is lined with an epithelium coated by
an oviductal fluid, composed in part by secretions from these cells and in part by blood
plasma filtrate. The oviductal fluid composition is species-specific, but overall contains
proteins, hormones, growth factors and metabolites that vary depending on the stage of
the reproductive cycle and also on the presence of gametes or embryos. To the best of
our knowledge, creatine, phosphocreatine, and GAA levels have not been determined
in human oviductal fluid. Gene expression of the creatine synthesizing enzymes GATM
and GAMT has been measured in the human and rat oviduct [21,22], but neither protein
was detected in a study using immunohistochemical analysis [22]. In partial agreement,
GAMT gene and protein were not found to be expressed in the mouse oviduct [32]. There
are also no human data on the protein expression levels of the creatine transporter in
the oviduct tissue; however, the creatine transporter gene (SLC6A8) is expressed in both
human and rat oviducts [21,22]. Further analysis is obviously required to adequately
characterize creatine metabolism in the human oviduct, and its role in the bioenergetics
of fertilization. Studies in other mammalian species provide some further information
on creatine metabolism in the oviduct and oviductal fluid. For example, the creatine
concentration in equine oviductal fluid is very high (3–4 mM) compared with plasma levels
(8–103 μM) and does not change pre- to post-ovulation [33,34]. Creatine levels in mouse
oviductal fluid increased with hCG stimulation although this was not associated with
an increase in GATM or GAMT gene expression in oviduct cells [9]. Consequently, the
source of the elevated creatine levels (endogenous synthesis or cellular up-take) found
in the oviductal fluid is currently unclear. Interestingly, mice sperm cultured in in vitro
fertilization (IVF) medium supplemented with creatine displayed elevated ATP levels
and increased motility [9]. A similar observation has recently been reported in pig IVF
studies [35]. These findings raise the possibility again that increased creatine levels in the
female reproductive tract are taken up by sperm, contributing to their hyperactivation and
increasing the chance of successful fertilization [25]. Whether the same is true for human
sperm and whether the simple addition of creatine to IVF medium can improve outcomes
for couples undertaking artificial reproductive therapies warrant further investigation.

2.3. The Endometrium

There is evidence that the creatine kinase circuit is active in uterine tissue [36,37],
and that components of this metabolic system change throughout the female reproductive
cycle and with pregnancy [38]. The use and regulation of this system in the uterus are not
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well understood; however, it is likely to be significant given that up-regulation of creatine
metabolism in uterine tissues appears to correlate with phases of increased uterine energy
demand throughout the female reproductive cycle, pregnancy, and parturition.

Research explicitly examining human endometrial tissue reports that components of
creatine metabolism are up-regulated during the secretory phase of the menstrual cycle [39].
During this phase when embryo implantation can occur, endometrial tissue contains
creatine and displays increased expression of the creatine transporter gene (SLC6A8), as
well as an up-regulation of cytosolic creatine kinase (CKBB) gene expression and enzyme
activity [37,39–41]. This increase in CKBB enzyme activity occurs in both stromal cells
and endometrial glands, but is much higher in the latter [37]. Recently, the increased
CKBB protein expression has been localized to the apical surface of the human endometrial
glandular and luminal epithelial cells [42]. This raises the possibility that CKBB activity, and
therefore production of ATP from phosphocreatine stores, may be necessary for regulating
energy homeostasis during the receptive phase of the menstrual cycle [11]. Whether
endometrial creatine synthesis also changes across the cycle has not been investigated
in humans. However, some aspects of creatine synthesis in the endometrium have been
linked to reduced fertility in rodents, with AGAT knockout female mice proving to be
infertile [43]. It is unclear if infertility is directly linked to endometrial function or another
component of the reproductive cycle. It is also unclear if untreated AGAT deficiency leads
to infertility or poor pregnancy outcomes, but this warrants further investigation [44].

Components of endometrial creatine metabolism are also altered during
pregnancy [36,45–48]. In the pregnant rodent, uMt-CK and CKBB protein are highly
expressed in the decidua parietalis and basalis, with these enzymes needed to complete
the creatine kinase circuit mainly located within stromal cells close to the multiple sites of
placental implantation [36]. Surprisingly, very little is known about creatine kinase gene
and protein expression in the human endometrium during pregnancy. Only one study
has attempted to investigate this, reporting that creatine kinase activity was present in
human decidual explants obtained at term [46]. In regard to creatine synthesizing capacity,
one rodent study [48] has reported that AGAT activity was high in the uterine decidua
during pregnancy. However, there was little or no GAMT enzyme activity present in
the endometrium of these animals. These findings suggest that the decidua in pregnant
rodents has a high capacity to produce GAA but does not complete the methylation step
to produce creatine. A similar finding of increased uterine GAA production has also
been noted in pregnant sheep [49]. It is currently unknown what adaptations in creatine
synthesis capacity, if any, occur in the human endometrium with pregnancy. Furthermore,
characterization of endometrial creatine, phosphocreatine or GAA levels during human
pregnancy remains to be established.

2.4. The Myometrium

The human non-pregnant myometrium displays creatine kinase activity [50] and
phosphocreatine at a low level compared to human pregnant myometrium [51]. Cultured
human uterine smooth muscle cells are capable of importing extracellular creatine using a
mediated process, suggesting that creatine transporter proteins are present in these cells [52].
However, there have been no studies exploring whether the human myometrium in the
non-pregnant state can produce GAA or creatine. It is also not known if the myometrial
expression of creatine kinase isoforms is altered during the female reproductive cycle.

There is evidence that creatine metabolism is up-regulated in the myometrium during
pregnancy [51,53–56]. Phosphocreatine levels are increased in the human pregnant my-
ometrium at term compared to non-pregnant tissue [55]. This likely acts as an increased
energy reserve for the uterus during labor [57]. The mechanism(s) leading to the increased
phosphocreatine levels in the myometrium during pregnancy remain unclear but are likely
due to a concomitant increase in the total creatine content. Currently, no evidence demon-
strates the presence of the creatine transporter, or synthesizing enzymes AGAT and GAMT
in the human pregnant myometrium. Consequently, it is not known if the myometrium is
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capable of transporting creatine into cells, or whether myometrial cells can produce GAA
and/or creatine during pregnancy. Cytosolic creatine kinase (CKBB) gene expression has
been measured in human pregnant myometrium and at term is three-fold higher than
earlier in gestation [53]. However, the underlying mechanism for this increase is unknown.
Additionally, there are no existing data for CKBB protein, nor uMt-CK gene and protein
expression in human myometrium during pregnancy, so the functional consequences of
these gene expression changes and the overall use of creatine to sustain myometrial ATP
production remain unclear. This should be an area of focus for future research, as it is
highly plausible that creatine metabolism in the myometrium is important for optimal
contractile performance during labor [38]. Studies on creatine metabolism in the female
reproductive tract are summarized in Table 1.

Table 1. Summary of creatine metabolism in the female reproductive tract.

Tissue Species
Creatine and Phosphocreatine

Content
Creatine Kinases Creatine Synthesis and Transport

Oocytes Mouse
Creatine and phosphocreatine

present (~4 to 5 mmol.kg−1 dry
mass) [16].

CKBB gene, protein and activity
reported [16,17]. Activity

increased with oocyte maturation
and fertilization [18].

CKMM detected. Expression levels
increased with hCG

stimulation [9].

Bovine

uMt-CK and CKBB gene and
protein expression reported [18].

Use of CK inhibitors elevated
intra-oocyte ADP:ATP ratio [19].

Human
Creatine and phosphocreatine

present (~4 to 5 mmol.kg−1 dry
mass) [16].

Ovaries Rat High SLC6A8 gene expression
reported [21].

Ovarian stromal
cells Human

Detectable levels of the GATM
gene and AGAT protein, but

GAMT undetected [22].
Cumulus cells
or cumulus–

oocyte
complexes

(COCs)

Human

CKBB gene expression detected
and elevated in women with good

quality embryos undergoing
ART [23].

Bovine

Creatine and GAA detected in
media bathing cells, with an

increase in creatine (~450-fold) and
GAA (~2-fold) reported during

in vitro maturation [24].

Follicular fluid Human Creatine detected and lower in
women with endometrioma [30].

Mouse Creatine detected and increases
around ovulation [9].

Equine
Creatine detected. Remains
unchanged with follicular

development [31].

Granulosa cells Rat
Increase in GATM and GAMT

expression with equine CG
stimulation [9].

Oviduct Human GATM and GAMT and SLC6A8
detected [21,22]

Rat GATM and GAMT and SLC6A8
detected [21,22]

Mouse GAMT gene and protein not
expressed [32]

Oviductal fluid Equine
High creatine concentration

(3–4 mM) that did not change pre-
to post-ovulation [33,34].
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Table 1. Cont.

Tissue Species
Creatine and Phosphocreatine

Content
Creatine Kinases Creatine Synthesis and Transport

Mouse
Creatine levels detected and

increased with
hCG stimulation [9].

GATM and GAMT detected. No
change in expression with hCG

stimulation [9].

Non-pregnant
Endometrium Human

Up-regulation of CKBB expression
and enzyme activity in the

secretory phase of the menstrual
cycle [37,39–41].

Increased SLC6A8 expression
during the secretory phase of the

menstrual cycle [37].

Pregnant
endometrium Rat

uMt-CK and CKBB proteins
expressed in the decidua parietalis

and basalis [36].

AGAT activity high in the decidua.
No GAMT enzyme activity

present [48].

Sheep GAA produced at a higher level
than non-pregnant animals [49].

Human Creatine kinase activity present in
term decidual explants [46].

Non-pregnant
myometrium Human

Phosphocreatine detected at a low
level compared pregnant

myometrium [51].

Creatine kinase activity detected
[50].

Pregnant
myometrium Human

Phosphocreatine detected with
higher levels at term compared to

non-pregnant tissue [55].

CKBB gene expression detected.
Levels were three-fold higher at
term compared with earlier in

gestation [53].

Abbreviations—cytosolic brain-type creatine kinase (CKBB), cytosolic muscle-type creatine kinase (CKMM), ubiquitous mitochondrial
creatine (uMt-CK), guanidinoacetate (GAA), artificial reproductive therapy (ART), human chorionic gonadotropin (hCG), chorionic
gonadotropin (CG).

3. Creatine Metabolism in the Human Placenta

Optimal placental function is required to ensure both the successful maintenance of
pregnancy, as well as fetal growth and development [58,59]. As such, the human placenta is
a highly metabolic organ, consuming 40–60% of oxygen and glucose transported to the uter-
ine cavity [60]. This energy consumption serves two purposes: [1] growth of the placenta
itself (placental tissue turnover is 3–4 g a day, or 1–2% of its total mass); [2] nutrient transfer,
waste transport, and peptide and steroid hormone production for fetal growth and devel-
opment [61]. Consequently, pregnancy encompasses large changes in maternal glucose,
carbohydrate, amino acid, lipid, and fatty acid-derived energy metabolism to meet pla-
cental and fetal requirements [62,63]. There is growing evidence that creatine metabolism
should be added to the list of pathways needed to maintain cellular bioenergetics in both
the healthy and metabolically compromised placenta.

The human placenta expresses the mitochondrial (uMt-CK) and cytosolic (CKBB) iso-
forms of creatine kinase, with expression patterns varying throughout the three trimesters
of pregnancy. At a gene level, uMt-CK and CKBB mRNA expression appear low in the
first and second trimester before a large peak closer to term [64]. In this study by Thomure
et al. (1996), post-transcriptional regulation of both creatine kinases was apparent with
CKBB protein expression remaining consistent throughout gestation and uMt-CK protein
rising through to mid-gestation before declining just before term. Overall, this biphasic
expression correlates with the metabolic activity of the placenta and suggests that the
creatine kinase circuit contributes to placental metabolism during pregnancy [64].

It has also been reported that the human placenta has the enzymatic machinery to
synthesize GAA and creatine [65]. The capacity for placental creatine synthesis and trans-
port is likely in place from early gestation, with first-trimester chorionic villous biopsies
(10–13 weeks’ gestation) expressing GATM, GAMT and SLC6A8 mRNA [13]. Assessment
of placental tissue collected at term confirmed that the human placenta expresses AGAT,
GAMT and SLC6A8 at both the gene and protein level. The AGAT protein is localized to
the stromal and endothelial cells of the fetal capillaries, whereas GAMT is predominantly
located on the apical side of multinucleated syncytiotrophoblast cells [65]. The creatine
transporter is also located on these highly specialized cells at the maternal–fetal interface,
which are the site of glucose, amino acid, and fatty acid transfer from maternal blood into
the fetal circulation [62,65,66]. This continuous epithelial barrier in the outer layer of all pla-
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cental villi has a high metabolic demand, particularly during late gestation [67]. Whether
the location of the creatine transporter and enzyme responsible for the methylation of GAA
to creatine facilitates maternal/fetal transfer of creatine or supports the metabolic activities
intrinsic to syncytiotrophoblast function, or both, is yet to be fully determined.

Inadequate placental perfusion and subsequent metabolic compromise are hallmarks
of several common obstetric complications, including preeclampsia (PE), gestational dia-
betes, and fetal growth restriction (FGR). Thus, in addition to the adaptations of increasing
energy demands during a healthy pregnancy, the placenta often must respond to home-
ostatic challenges, such as acute and chronic hypoxic insults, throughout gestation [68].
Investigations of creatine metabolism in metabolically unstable placentae revealed that
there might be an increased reliance on the creatine kinase circuit to maintain ATP home-
ostasis under sub-optimal conditions. Indeed, increased levels of phosphocreatine have
been detected in placentae from pregnancies occurring at high altitude, where the oxy-
gen in air is chronically reduced from 21% to ~18% [69]. In a study of FGR placentae,
total creatine content was increased by 43%, and creatine transporter (SLC6A8) mRNA
expression was increased by two-fold in the third trimester compared to gestation-matched
healthy controls [13]. These changes occurred despite no differences in creatine synthe-
sizing enzyme (AGAT and GAMT) protein expression, and there were no differences in
creatine concentrations in either maternal or venous cord serum at delivery [13]. It should
also be noted that expression patterns of the creatine transporter, creatine synthesizing
enzymes and creatine kinases did not differ in early gestation between pregnancies that
delivered appropriately grown babies in comparison to small for gestational age. As
such, the authors postulate that it is the progressive nature of placental insufficiency, and
changes in intracellular creatine content or ADP/ATP ratios that likely steer the changes in
creatine metabolism observed in the third-trimester placenta [13]. This timing coincides
with the peak metabolic rate of the placenta, when placental insufficiency may become
most detrimental to the developing fetus and places the fetus at further disadvantage in
terms of its ability to tolerate the physiological stress of labor [70].

Similarly, in PE placentae, total creatine content has been reported to increase by 38%,
with GATM, GAMT, SLC6A8 and CKBB mRNA expression also significantly increased
compared to gestational age-matched controls, although, again, these differences were not
observed at a protein level [14]. There is evidence that, in the case of PE, this additional
creatine may be transported to the compromised fetus, with a recent study by Jääskeläinen
et al. (2018) reporting an increase in creatine concentration in venous cord plasma from
PE pregnancies [71]. Some interesting correlations were also observed in healthy control
placentae throughout these collective retrospective studies, with placental GATM mRNA
expression and GAA tissue content decreasing with advancing gestational age and birth
weight. These adaptations associated with placental senescence were not observed in
FGR or PE placentae, indicating an ongoing reliance on the creatine kinase circuit for
placental bioenergetics in compromised pregnancies [13,14]. It is interesting to note that
GATM, the gene that expresses AGAT, has been identified as a maternally imprinted
gene, and thus is exclusively expressed in placental tissue from the maternal allele [72].
Imprinted genes are often associated with regulation of energy exchange between the
mother and developing embryo, and are thought to restrain the over-allocation of maternal
resources to the fetus [73]. It is postulated that high levels of AGAT expression in the
placenta, and thus potential for creatine synthesis through the production of GAA, may
protect the mother from dynamic shifts in the energy required to sustain embryonic or
fetal development [73]. Indeed, a study by McMinn et al. (2006) investigating changes
to the expression of maternally imprinted genes in the term human placenta identified a
down-regulation in GATM mRNA in samples from FGR pregnancies (see Table 2) [74].
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Table 2. Summary of Creatine Metabolism in the Human Placenta.

Study Condition Gestation
Creatine and

Phosphocreatine
Content

Creatine Kinases
Creatine Synthesis

and Transport

Thomure
et al. [64] Healthy

First, second
and third
trimester

uMt-CK and CKBB gene
expression detected.

Expression was low in the first
and second trimester before a

peak at term.
CKBB protein expression

consistent throughout
gestation. uMt-CK expression
rose through to mid-gestation

before declining
just before term.

Ellery
et al. [13] Healthy

First trimester
(10–13 weeks’

gestation)

GATM, GAMT and
SLC6A8 detected.

Ellery
et al. [13,65] Healthy Third trimester

AGAT, GAMT and
SLC6A8 gene and
protein detected.

GATM expression
and GAA tissue

content decreased
with advancing

gestational age and
birth weight.

Tissot
et al. [69] High altitude Term

Increased
phosphocreatine
levels detected.

Ellery
et al. [13] FGR Third trimester

43% higher total
creatine content

compared to
gestation-matched

controls.

2-fold increase in
SLC6A8 expression.

Ellery
et al. [14] PE Third trimester

38% higher total
creatine content

compared to
gestation-matched

controls.

Increased CKBB mRNA
expression.

Increased GATM,
GAMT, SLC6A8

mRNA expression.

Jääskeläinen
et al. [71] PE Term

Increase in creatine
concentration in

venous cord plasma
at delivery.

McMinn
et al. [74] FGR Term Down-regulation

in GATM.

Abbreviations—fetal growth restriction (FGR), preeclampsia (PE), cytosolic brain-type creatine kinase (CKBB), ubiquitous mitochondrial
creatine (uMt-CK), the creatine transporter (SLC6A8), guanidinoacetate (GAA), arginine:glycine amidinotransferase (AGAT translated
from the GATM gene), guanidinoacetate methyltransferase (GAMT).

With consideration of the metabolic demands of the human placenta, it is not hard to
rationalize the use of the creatine kinase circuit to support placental bioenergetics. Together,
studies to date indicate that the hypoxic placenta may have an increased reliance on
creatine and the creatine kinase circuit to buffer spatial fluctuations in ATP homeostasis.
This increased capacity to re-phosphorylate ADP via an oxygen-independent pathway may
help maintain the high metabolic rate of the third-trimester placenta, and the myriad of
ATP-dependent processes required to sustain pregnancy, including synthesis of structural
proteins, enzymes, and a wide range of products with important endocrine, hemostatic
and immunological functions [75,76]. However, what remains to be understood is the
trigger for these adaptations, as well as the consequences they have on both the placenta
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and the fetus. Defining the mechanisms associated with placental hypoxia in terms of
metabolic changes may explain what drives adaptations in placental creatine metabolism.
Importantly, placental mitochondrial changes are characteristic of common pregnancy
stress conditions such as maternal diabetes, obesity, PE, and hypoxia [77–80]. Hence, the
metabolic adaptation to increase intracellular placental creatine stores in the context of
mitochondrial function warrants further investigation.

4. Maternal Creatine Metabolism during Pregnancy

As pregnancy progresses and the fetus grows, maternal metabolism shifts with several
adaptations required to meet the changing metabolic demand of advancing gestation [64].
As detailed in this review, the role of creatine metabolism in contributing to cellular
bioenergetics during reproduction and pregnancy is becoming evident. With provisions of
creatine being required to accommodate rapidly expanding tissue beds within the uterus,
placenta and fetus, one must also consider the source of the additional creatine required
throughout gestation to optimally meet these demands. Data from both human and animal
studies have established that pregnancy modifies maternal creatine homeostasis, that
maternal characteristics are associated with circulating creatine concentrations during
gestation, and that alterations to maternal creatine homeostasis throughout gestation may
be linked to the growth and well-being of the offspring.

Adaptations to maternal creatine metabolism throughout pregnancy were first charac-
terized extensively in a study of pregnant spiny mice. This rodent undergoes in utero organ
maturation on a similar trajectory to humans [81]. This study mapped changes in maternal
circulating creatine, synthesis, excretion, transport, and storage across gestation [12]. They
found that maternal plasma creatine concentrations fell progressively from mid to late ges-
tation, with levels in pregnant spiny mice being significantly lower than in non-pregnant
controls at all time points analyzed. Urinary excretion of creatine also decreased from mid
to late gestation and was significantly lower compared to non-pregnant female spiny mice.
Pregnancy was associated with increased GATM mRNA and AGAT protein expression
in the maternal kidney, considered a primary site of GAA production. This may indicate
an up-regulation of creatine synthesis with pregnancy, as renal AGAT activity is also
considered a rate-limiting step of creatine production [12]. Increased creatine transporter
(SLC6A8) mRNA expression was observed in maternal tissues with high-energy demand,
such as the heart and skeletal muscle at term. In contrast, creatine transporter expression
was decreased in the maternal brain and liver. These changes suggest this may be an
adaptive mechanism that ensures creatine is available to maternal tissues where energy
expenditure can be high. Indeed, the creatine content of the maternal heart and kidney
was increased at term, compared to levels observed in non-pregnant tissues [12]. Overall,
these results indicate changes to maternal creatine homeostasis in the spiny mouse may be
a fundamental physiological adaptation to pregnancy.

Changes in maternal plasma and urinary creatine have also been reported in human
pregnancy. The normative range of plasma creatine is reported to be 35.6 μM ± 15.15 during
pregnancy, which is ~35% lower than the normal range of 54.8 μM ± 21.0 for non-pregnant
females [82,83]. Conversely, urinary creatine excretion rises from 46 (9–135) μmol/mmol
creatinine in a non-pregnant state [84] up to 146.7 (58–273) μmol/mmol creatinine during
pregnancy, a 3-fold increase (Ellery et al., unpublished data). Unlike the spiny mouse,
multiple human studies have reported that maternal plasma creatine levels, while low,
remain stable throughout gestation but consistently between species, the rate of urinary
creatine excretion declines with advancing gestation [85,86]. Collectively, these data suggest
that there is an increased requirement for maternal creatine due to the rapid growth and
increased metabolic requirements of the fetus in the third trimester of pregnancy.

In a retrospective study, associations were identified between key maternal character-
istics and circulating and excreted creatine levels during pregnancy [85]. Maternal smoking
was positively associated with plasma creatine levels, whereas parity (having previously
given birth) had a negative association. The study also found that maternal body mass
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index (BMI) and asthma were positively associated with urinary creatine, whereas maternal
urinary creatine excretion across pregnancy was positively correlated with birth weight
centile and birth length, suggesting a relationship between maternal creatine status and
fetal growth [85]. This notion is supported by a study dating back to 1913, where increases
in newborn body weight were shown to be roughly proportional to the creatine excreted
in the urine by the mother at term [10]. Thus, the regulation of creatine acquisition, its
loss via urinary excretion, and its delivery to the fetus across the placenta may be im-
portant determinants of fetal growth and development. Whether alterations in maternal
circulating creatine concentrations are indicative of other poor perinatal outcomes is still
to be ascertained. In a retrospective case-controlled study, an 18% reduction in maternal
serum creatine concentration during the third trimester of pregnancy was associated with
a greater incidence of poor perinatal outcomes, which was defined by a composite measure
of small for gestational age, preterm birth and admission to neonatal intensive care [87]. A
recent case study of a pregnant female with an AGAT deficiency (inability to synthesize
creatine) reported that the patient required adjustment of her dietary creatine treatment
during pregnancy when sonographic monitoring at mid gestation indicated a reduction
in fetal growth associated with a decline in the patient’s plasma and urinary excreted
creatine concentrations. After increasing the patient’s dietary creatine supplement from
2 g to 3 g daily, she delivered a healthy infant at 35 weeks’ gestation on the 25th centile for
birth weight, with normal brain creatine levels. The infant achieved typical developmental
milestones at one year of age, when the case study ceased [44].

Thus, while clear links are beginning to emerge between maternal creatine home-
ostasis throughout pregnancy and infant outcomes, further studies are required to better
understand adaptations to maternal creatine homeostasis throughout gestation and their
association with pregnancy outcomes. In particular, due to the importance of dietary
creatine to maintain circulating creatine levels and augmenting endogenous synthetic capa-
bility, understanding habitual dietary preferences and basal nutritional status of women is
essential to optimize pregnancy wellbeing. A prospective longitudinal cohort study (the
Creatine and Pregnancy Outcomes (CPO) study) has been undertaken to address these
knowledge gaps [88].

5. Fetal Creatine Metabolism and Use of Supplementary Creatine to Prevent Perinatal
Brain Injury

The creatine kinase circuit is thought to play an essential role in energy homeostasis
during embryonic development, particularly the development of the central nervous
system (CNS) [89,90]. This idea was first explored by Braissant et al. (2005), in a study
which described embryonic gene and protein expression of AGAT, GAMT and the creatine
transporter (SLC6A8) in numerous tissue types in the rat from early in gestation [91]. From
a neurodevelopmental perspective, creatine metabolism has been linked to the growth of
dendrites and axons, and migration of neural growth cones [92,93].

The importance of creatine metabolism for cellular bioenergetics in the fetal brain is
further supported by a recent in utero fetal magnetic resonance spectroscopy (1H-MRS)
study that clearly illustrated cerebral creatine accretion with advancing gestation [94]. This
study by Evangelou et al. (2015) examined 204 spectra obtained from fetuses of 129 preg-
nant women and found fetal cerebral creatine concentrations more than doubled between
18 and 40 weeks’ gestation [94]. Indeed, the brain possesses both uMt-CK and CKBB
creatine kinases, and a significant amount of cerebral ATP is generated via the creatine
kinase circuit [95]. CK isoforms have been found within specific cells of the hippocampus
(granular and pyramidal cells), the cerebellum and choroid plexus [96]. This suggests a
need for these cell types to use creatine to maintain ATP turnover. Additionally, transfer
of creatine between cells is made possible by the expression of the creatine transporter on
neurons, oligodendrocytes and astrocytes [92,97]. The entry of circulating creatine into the
adult brain appears to be limited to some extent by the blood–brain barrier [98]; however,
the creatine synthesizing enzymes, AGAT and GAMT are expressed in varying levels by
developing and mature neurons, astrocytes and oligodendrocytes [99], as well as low levels
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by microglia [100], meaning the brain is able to synthesize creatine endogenously. Indeed,
it has been argued that the brain is not reliant on exogenous or systemic endogenous
sources of creatine at all, and that cells within the brain can synthesize adequate amounts
of creatine to maintain function [101], but whether this holds true for the immature and
rapidly developing perinatal brain is yet to be ascertained.

Similar to the axons of neurons in the developing brain, oligodendrocytes, which sup-
ply myelin sheaths to axons in the CNS, and oligodendrocytes progenitor cells have high
energy demands and are highly susceptible to perinatal energy deprivation (e.g., [102]).
Indeed, perinatal brain injury can lead to significant neurological impairments as a result
of dysmyelination or delayed myelination linked to the loss of oligodendrocyte progenitor
cells that fail to mature into myelinating oligodendrocytes [103]. Although AGAT is ex-
pressed by neurons, astrocytes, and oligodendrocytes, GAMT is primarily expressed by
oligodendrocytes [92,104], suggesting that oligodendrocytes are a major source of endoge-
nous creatine in the CNS. Indeed, mutations in the creatine synthesizing genes, GATM and
GAMT, demonstrate that impaired myelination [105] and GAMT-deficient mice have im-
paired remyelination and oligodendrocyte apoptosis following a demyelinating insult [104].
These studies highlight the importance of creatine in myelination and remyelination and
indicate that oligodendrocytes are likely a major target of supplemental creatine. An initial
study completed in pregnant rats found that supplementing the maternal diet with 1%
creatine for 10 days prior to delivery improved morphological and electrophysiological
development of cornu ammonis (CA1) neurons in the offspring within the first three weeks
of life [106].

In addition to creatine metabolism supporting the brains’ basal metabolic func-
tion, growth and maturation, creatine can maintain ATP turnover, acid-base balance
and mitochondrial function. This, together with its antioxidant, vasodilator, and anti-
excitotoxic properties, makes it a candidate for the treatment of ischemic–reperfusion brain
injuries [107]. In the adult setting, studies have focused on neurodegenerative diseases
including Alzheimer’s, Parkinson’s and Huntington’s disease, as well as Amyotrophic
lateral sclerosis [108]. Much of this work to date has also focused on fetal and neonatal
brain injury [109–112]. For example, in brain slices prepared from neonatal mice and fetal
guinea pigs, the ex vivo addition of creatine preserved ATP turnover and reduced neuronal
injury [113,114]. Early in vivo studies in rats also demonstrated that a low phosphocrea-
tine/creatine ratio correlated with a higher susceptibility of the immature rat to experience
hypoxic seizures early in development [115]. This same study reported that creatine sup-
plementation improved survival and prevented seizure activity [115]. Similar findings
were made in a study of rabbit pups [116]. Finally, a study in immature rat pups found that
subcutaneous injections of creatine administered in the neonatal period prevented brain
edema associated with severe hypoxia–ischemia [117].

Following on from these studies, the neuroprotective role of creatine was investigated
in the context of intrapartum (birth) asphyxia using the precocial spiny mouse. In this
model, pregnant spiny mice were fed a creatine supplemented diet (5% w/v) from mid-
gestation (day 20 of gestation), which resulted in creatine loading of the fetal brain, heart,
liver and kidney at term (day 39 of gestation) [115,118]. In the offspring of control fed dams,
intrauterine hypoxia of 7.5–8 min at term was associated with an increase in pro-apoptotic
protein BAX, cytoplasmic cytochrome c, and caspase-3 in the fetal brain and high perinatal
mortality rates [115]. Conversely, Ireland et al. (2008 and 2011) reported that maternal
creatine supplementation mitigated neurological injury in the fetal brain and was associ-
ated with increased pup survival and improved postnatal growth [115,118]. In addition to
specifically protecting the brain, these studies of intrapartum asphyxia in the spiny mouse
model also reported that maternal dietary creatine supplementation during gestation had
beneficial effects for other organs involved in the multi-organ pathology of intrapartum
asphyxia. For example, maternal creatine supplementation prevented structural and func-
tional damage to the diaphragm [119,120] and skeletal muscle [121], and prevented acute
kidney injury in the neonatal period [122], as well as the risk of developing chronic kidney
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disease later in life (Table 3) [123]. These findings are significant as it has been reported
that for 70% of cases of newborn brain injury following intrapartum hypoxia, the primary
and direct cause of hypoxic–ischemic encephalopathy (HIE) with neurological injury may
not be cerebral oxygen deprivation per se, but rather, injury developing secondary to multi-
organ injury [124]. The capacity of maternal dietary creatine supplementation to protect
against multiple organ injury following intrapartum hypoxia makes it a unique candidate
treatment within the perinatal asphyxia landscape and one worth exploring further. Limi-
tations to the in vivo and rodent studies completed to date include the restricted ability to
assess the pathophysiological response to in utero hypoxia with creatine supplementation
and the effects of hypoxia and creatine loading in discrete brain regions. Pre-clinical studies
in translational large animal models are currently underway to overcome these limitations
and fully ascertain the capacity of maternal dietary supplementation during pregnancy as
a preventative strategy for hypoxia-induced perinatal brain injury [125].

Table 3. Creatine Treatment in Animal Models of Perinatal Brain Injury.

Species Developmental Timing Treatment Main Outcomes

Guinea pigs and
Rats [113]

Fetal guinea pigs (0.9
gestation)

Or neonatal rats (P7)

2 h creatine treatment to
hippocampal slices in vitro

or
injection of 3g/kg creatine before
and after hypoxic-ischemic insult.

Creatine improved recovery of
brain protein synthesis, reduced

infarction and neuronal cell
injury.

Mice [114] Neonatal (P0–5) and juvenile
(P6–13)

Maternal dietary creatine
supplementation (2 g/kg/day)

or
incubation of brain slices (200 μM)

creatine.

Creatine preserved ATP turnover
and reduced neuronal injury.

Rat [115] Neonatal or juvenile (P10–15)
Subcutaneous creatine (3 mg/g of

body weight) for 3 days before
hypoxic insult.

Low phosphocreatine/creatine
ratio led to higher susceptibility
of seizures. Creatine improved
survival and prevented seizure

activity.

Rabbit [116] 5 to 30 day-old pups
Subcutaneous creatine (3 mg/g of

body weight) for 3 days before
hypoxic insult.

Creatine increased brain
PCr/NTP ratio and prevented

hypoxic seizures.

Rat [117] Neonatal (P6)
Subcutaneous creatine (3 g/kg body

weight/day) for 3 days before
hypoxic insult.

Creatine prevented brain
oedema associated with severe

hypoxia-ischemia.

Spiny Mouse [118] Fetal (term) and juvenile (P15)
Maternal dietary creatine

supplementation (5% w/w from
mid-gestation).

Creatine increased pup survival
and improved postnatal growth.

Spiny Mouse [118] Neonatal (P1)
Maternal dietary creatine

supplementation (5% w/w from
mid-gestation).

Creatine reduced perinatal
mortality and pro-apoptotic

protein BAX, cytoplasmic
cytochrome c, and caspase-3 in

the fetal brain.

Spiny Mouse
[119–122] Neonatal (P1) or juvenile (P35)

Maternal dietary creatine
supplementation (5% w/w from

mid-gestation).

Creatine prevented structural
and functional damage to the
diaphragm [119,120], skeletal

muscle [121], and kidney [122].

Spiny Mouse [123] Adult (P90)
Maternal dietary creatine

supplementation (5% w/w from
mid-gestation).

Creatine decreased the risk of
male offspring developing

chronic kidney disease.

Abbreviations—postnatal age (P), phosphocreatine/nucleoside triphosphate ratio (PCr/NTP), weight/weight (w/w).
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6. Creatine Metabolism in the Neonate, with a Focus on the Potential Consequences of
Preterm Birth

Creatine and an effective creatine kinase circuit is critical for brain metabolism [126].
Postnatal studies have identified that an increase in cerebral creatine content occurs during
the first three months of life amongst infants born at term [127,128]. The importance of this
cerebral creatine accretion for optimal brain development is made evident by those infants
diagnosed with inherited creatine deficiency syndromes (CDS). During fetal life, and in the
immediate newborn period, these infants are symptom-free as creatine requirements have
been met through maternal/placental supply. Following birth, they become progressively
creatine deficient [129] with progressive manifestation of neurological symptoms, including
impaired psychomotor function and seizures [130]. Importantly, dietary creatine supple-
mentation is proving to be a relatively simple solution to certain forms of CDS, specifically
AGAT- and GAMT-deficiency disorders, enabling restoration of cerebral creatine, thereby
allowing young children with these conditions to thrive. However, much still needs to be
done to improve awareness of CDS in the wider community and promote early screening
of at-risk infants [131].

As creatine and phosphocreatine are spontaneously broken down into creatinine at a
rate of 1.7%/day, we all have a requirement to replenish our creatine and phosphocreatine
stores either through our diet or endogenous synthesis [5]. In adults, the acquisition of
creatine via the diet or de novo synthesis is purported to be 50:50 [5]. However, due to
low levels of creatine in human breast milk and commercial formulas, a term baby most
likely synthesizes 64–93% of their daily creatine requirements [132]. When the human
fetus/newborn develops the capacity to synthesize creatine is unknown, but it requires
sufficient renal, pancreas and hepatic maturity to express the enzymes necessary for creatine
synthesis [132]. Studies conducted in the precocial spiny mouse suggest that preterm
infants are unlikely able to synthesize creatine before an age equivalent to ~35 weeks’
gestation, due to the developmental immaturity of kidney and liver limiting production of
the AGAT and GAMT enzymes [133]. These observations around dietary creatine intake
and endogenous synthesis raise questions about whether creatine insufficiency occurs in
infants born preterm (before 37 completed weeks of gestation). This is important as the
global incidence of preterm birth is reported to be ~11% [134] with rates stable or increasing
in many parts of the world. Children and adults born preterm, even those discharged
from the neonatal intensive care unit free of any gross cerebral injury have an increased
risk of developing neurological disorders that mirror many of those experienced by CDS
patients, including impaired executive function, developmental delay, psychiatric and
behavioral sequelae [134]. Crucially too, the more preterm the birth, the greater the risk
of later neurodevelopmental problems [135]. Finally, maternal mental health is also a
powerful modulator of preterm birth outcomes. Psychological distress in otherwise healthy
women is known to increase rates of preterm birth, with emergent data also suggesting that
the fetuses of these women have altered brain development and reduced cerebral creatine
concentrations [136]. Infants born preterm to mothers with mental health difficulties may
therefore be at heightened risk for later neurodevelopmental problems.

There have been several small observational studies that have identified perturba-
tions in creatine homeostasis in preterm infants [127,137]. A study by Koob et al. (2016)
reported reduced creatine concentrations in the centrum semiovale of preterm infants (born
29.1 ± 2 weeks) when compared to term controls at term-corrected age [137]. When going
on to consider systemic creatine levels, a study completed by Lage et al. (2013) found that
by the time of hospital discharge, preterm infants had higher urinary GAA and reduced
urinary creatine excretion. This was particularly apparent in their very preterm group
(28–29 weeks) [138]. The role of systemic creatine homeostasis on cerebral creatine levels
has not been adequately evaluated in preterm infants, but this should be explored further,
as an inability to methylate GAA to produce creatine could be detrimental to the preterm
infant, not merely because of creatine depletion, but also because increased levels of GAA
can be neurotoxic [129]. With improvements in perinatal care and lowering gestational age
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threshold of human viability, the population of children and adults born <28 weeks’ gesta-
tion will increase. Key periods of brain development, usually occurring during the third
trimester of pregnancy, need to be supported in an ex utero environment where there is no
longer a custom pipeline of placental/maternally derived nutrients, including creatine. At
these gestational ages, nutrition is largely supported by intravenous (parenteral) nutrition,
which is creatine deplete until the gut is functionally mature enough to tolerate milk feeds,
which are also creatine deficient. Parenteral nutrition is also associated with hepatotoxicity
and neonatal cholestasis is a well-recognized complication; whether this further impairs
the preterm infant’s ability for endogenous creatine synthesis is unknown.

No studies to date have established whether preterm infants develop cerebral creatine
deficiency or whether a reduction in cerebral creatine content is associated with neurodevel-
opmental outcomes. Further to this, no study has monitored systemic creatine levels (both
circulating and excreted) in a single preterm population, nor have they assessed nutritional
creatine availability in total parenteral nutrition, preterm infant formulas or preterm mater-
nal or donor breastmilk. These are the aims of the Understanding Creatine for Neurological
Health (UNICORN) in babies observational cohort study currently underway [139]. The
anticipated findings of this study are that low levels of creatine will be detected in preterm
breastmilk and infant formula, placing a large burden of de novo creatine synthesis on
the preterm infant. It is hypothesized that these babies will not be able to sustain creatine
accretion; thus, 1H-MRS examination will show that preterm infants have lower cerebral
creatine concentrations compared to those born at term. Whether or not creatine deficiency
is associated with neurological deficit will be a secondary outcome of this study. The
authors contend that detection and measurement of cerebral creatine perturbations in the
preterm infant could provide the basis of early intervention with dietary creatine.

7. Conclusions and Research Road Forward

It is clear that creatine is involved in energy metabolism throughout female reproduc-
tion. Specifically, this review highlights the potential importance of creatine metabolism for
successful fertilization. While many unanswered questions remain, there is clear evidence
that both the endometrium and myometrium can use the creatine kinase circuit for energy
homeostasis with indications that adaptations to creatine metabolism occur across the
uterine reproductive cycle, and during pregnancy and parturition. What remains to be
established is the functional importance of creatine metabolism within the various layers of
the human uterus during the menstrual cycle and in the pregnant state. Overall, whether
creatine deficiencies can be linked to sub-optimal fertility in females, as well as the capacity
to use dietary creatine supplements to improve reproductive outcomes, warrants further
investigation. This should be considered for both natural pregnancies and within the realm
of artificial reproductive therapies. Indeed, the potential utility of creatine in IVF media
should not be overlooked.

A surprising development in recent years has been the degree by which maternal
creatine metabolism shifts with pregnancy; in particular, the capacity of the human placenta
to synthesize creatine and that these processes are disturbed in pregnancy complications
where oxygen, and thus cellular energy, depletion underpin pathology. To advance this
research further, there is a need to uncover the mechanisms driving these changes. Specifi-
cally, when in gestation energy collapse may be imminent, and which pregnancies may
benefit from creatine supplementation to safeguard against subsequent placental dysfunc-
tion and fetal compromise. The required increases in maternal creatine concentrations
during pregnancy also raise questions about the use of dietary creatine supplements in
settings where access to adequate nutrition, particularly animal protein, is limited.

Our understanding of the potential use of dietary creatine supplementation during
pregnancy to improve outcomes for the neonate following intrapartum complications is
further advanced. The potential use of maternal dietary creatine supplementation dur-
ing pregnancy as a prophylactic treatment for fetal hypoxia and perinatal brain injury is
exciting, as this treatment may prove beneficial in all resource settings globally. Further
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to this, observational studies underway in preterm infants will soon inform the medical
community on whether the simple inclusion of creatine in preterm nutrition may sup-
port ex utero brain development and function, ultimately reducing the risk of long-term
neurological deficit in these vulnerable babies. Translation of these pre-clinical in vitro,
animal and human observational studies are still on the horizon. While it may appear
simple to implement the use of an already available nutritional supplement in pregnancy,
before initiating clinical trials, we must always consider the consumer perspective. The
recently conducted Acceptability of Dietary or Nutritional Supplements in pregnancy
(the ADONS Study), explored knowledge of, and acceptance of, introducing creatine as a
nutritional supplement in late pregnancy [140]. This study assessed the perspectives of
pregnant women, their families and healthcare providers, concluding that creatine would
be an acceptable supplement during pregnancy provided they were given evidence-based
assurances of efficacy and safety. There is no indication that creatine supplements produced
under high-quality manufacturing standards and consumed following manufacturer’s
directions pose any safety risks or cause adverse side-effects in women of reproductive age
or preterm infants [141,142]. However specialized safety and tolerability studies in preg-
nant women or those trying to conceive are still required. Overall, the available literature
supports creatine metabolism being considered an essential component of bioenergetics for
successful reproduction, and one may be cautiously optimistic, with further research, about
the potential impact of creatine supplementation to improve reproductive and perinatal
outcomes.
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Abstract: Creatine is a popular ergogenic aid among athletic populations with consistent evidence
indicating that creatine supplementation also continues to be commonly used among adolescent
populations. In addition, the evidence base supporting the therapeutic benefits of creatine sup-
plementation for a plethora of clinical applications in both adults and children continues to grow.
Among pediatric populations, a strong rationale exists for creatine to afford therapeutic benefits
pertaining to multiple neuromuscular and metabolic disorders, with preliminary evidence for other
subsets of clinical populations as well. Despite the strong evidence supporting the efficacy and safety
of creatine supplementation among adult populations, less is known as to whether similar physio-
logical benefits extend to children and adolescent populations, and in particular those adolescent
populations who are regularly participating in high-intensity exercise training. While limited in
scope, studies involving creatine supplementation and exercise performance in adolescent athletes
generally report improvements in several ergogenic outcomes with limited evidence of ergolytic
properties and consistent reports indicating no adverse events associated with supplementation. The
purpose of this article is to summarize the rationale, prevalence of use, performance benefits, clinical
applications, and safety of creatine use in children and adolescents.

Keywords: ergogenic aid; dietary supplement; youth; athletes

1. Introduction

Creatine (methyl-guanidine-acetic acid) is a naturally occurring amino acid-like com-
pound that is endogenously produced within the human body and exogenously consumed
in food sources such as red meat and seafood [1]. Creatine is primarily stored within
skeletal muscle tissue (~95% of total stores) mostly in the form of phosphocreatine, which
functions as an energy source through an enzymatic reaction involving creatine kinase,
phosphocreatine, and adenosine di-phosphate to yield adenosine tri-phosphate (ATP). The
inorganic phosphate and free energy yielded from ATP hydrolysis is then used for cellular
work, with increasing demands as the intensity of effort is increased [1]. Research has
indicated that internal phosphocreatine stores can be increased by 15–40% through creatine
supplementation strategies, which can subsequently have various performance-related ben-
efits in isolation, and when used in conjunction with structured exercise training programs
over time [2–6]. The purported ergogenic benefits of creatine are well-supported within
the literature for multiple populations [1]. Because of the strong evidence for ergogenic
benefits pertaining to high-intensity exercise performance, as well as an increase in strength
and skeletal muscle hypertrophy, creatine is a popular dietary supplement of choice among
athletic populations. A systematic review by Knapik et al. [7] in 2016 reported creatine use
in 50 out of 159 (31%) unique studies examining the prevalence of dietary supplement use
by athletes of all ages. Creatine is not only one of the more popular dietary supplements
from a performance perspective, but there is also strong evidence to support its use in
clinical settings for a variety of patient populations [1,7]. However, the use of creatine
among children and adolescent populations still remains somewhat controversial. While

Nutrients 2021, 13, 664. https://doi.org/10.3390/nu13020664 https://www.mdpi.com/journal/nutrients

85



Nutrients 2021, 13, 664

the physiological rationale regarding an ergogenic benefit in adolescents is similar to that
seen in adults [8], the lack of randomized controlled trials and clinical data supporting the
safety of creatine supplementation protocols among adolescent populations has resulted
in hesitation regarding its widespread recommendation by some practitioners. Despite
these concerns, creatine is still a popular dietary supplement of choice among adolescent
populations and has been studied for its ergogenic potential in select athletic populations,
albeit mostly in international (non-US) settings. It is clear that more research is warranted
to better understand the short and long-term safety of creatine among adolescent athletes,
however there is a precedent for its use among certain adolescent populations, both in
athletes and special populations. Therefore, the focus of this article is to summarize the
prevalence of use, performance benefits, clinical applications, and safety of creatine use in
adolescents. For the purposes of the current review, children are defined as individuals
between the ages of 0–12 years, while adolescents are defined as individuals between the
ages of 13–19 years of age.

2. Effects of Creatine Supplementation on Creatine Content

Although limited in number, select studies have demonstrated that creatine supple-
mentation is an effective nutritional strategy to promote increases in the phosphocreatine
content and energy status of the cell among pediatric populations [9,10]; however, some
evidence suggests this is potentially so, but to a lesser extent when compared to what is
commonly reported in adult populations [1]. Depending on baseline levels of creatine
content, which tend to be heavily influenced by exogenous creatine intake [11], increases
of 10–40% in creatine or phosphocreatine content within skeletal muscle tissue are rou-
tinely reported following periods of creatine supplementation in adult populations [1].
Interestingly, preliminary evidence suggests that an age-dependent effect of creatine supple-
mentation may exist regarding intramuscular creatine uptake, thereby indicating that the
development of age-specific supplementation strategies may be warranted [9,10]. Further,
research in adult populations [3,12,13] has indicated a moderate degree of variability in
tissue uptake response to creatine supplementation protocols. It is currently unknown
if similar variabilities (i.e., responder vs. nonresponder effects) are also present among
children and adolescents. Due to age and ethical considerations, the majority of research
in pediatric populations has relied on magnetic resonance imaging or laboratory markers
as indirect measures of creatine and phosphocreatine content rather than through muscle
biopsies, which is a common technique used for measuring intramuscular creatine content
in adult populations. Additionally, lower doses of creatine are sometimes used among
pediatric populations, which is also likely to influence the magnitude of changes observed
in creatine content following a supplementation period. Therefore, it is difficult to directly
compare the efficacy of creatine supplementation strategies between age groups when
different techniques are used to quantify creatine content and different dosing strategies
may be employed. However, a study by Solis et al. [10] was able to examine changes in
brain and muscle phosphocreatine content across three age groups (children, n = 15, adult
omnivores, n = 17, adult vegetarians, n = 14, and elderly adults, n = 18) using 31P-magnetic
resonance spectroscopy, following a standard creatine loading protocol (0.3 g/kg/day for
7 days). Results indicated intramuscular phosphocreatine content significantly increased
by 13.9% while brain phosphocreatine levels only increased by 2.1% among the group of
children [10]. Comparatively, following the same creatine dosing regimen, larger increases
in muscle phosphocreatine content were observed in the elderly (22.7%) but not adult
omnivores (10.3%) when compared to the children. It is also worth noting that lower
baseline levels of muscle phosphocreatine content were observed in the children compared
to the adult groups. Using a lower dose (5 g/day), but over an 8-week period, Banerjee
et al. [9] reported significantly greater increases in the mean phosphocreatine/inorganic
phosphate ratio following creatine supplementation compared to placebo (Creatine: 4.7;
95% CI: 3.9–5.6 vs. Placebo 3.3; 95% CI 2.5–4.2; p = 0.03) in patients with Duchenne Mus-
cular Dystrophy. Alternatively, contradictory reports to these outcomes regarding the
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efficacy of creatine supplementation have indicated little to no impact on intramuscular
phosphocreatine content; however the relative dose used in these studies may have been
too low (0.1 g/kg/day for 12 weeks) to elicit any meaningful changes in creatine con-
tent [12,13]. Additionally, it is also worth noting these studies were conducted in patients
with childhood-onset systemic lupus erythematosus and juvenile dermatomyositis, which
may have influenced the efficacy of creatine supplementation in its ability to increase
phosphocreatine content. Preliminary evidence among specialized clinical populations
with inborn errors of metabolism, such as creatine deficiencies, has also indicated that
creatine supplementation can positively influence brain creatine content with a subsequent
influence on cognition, natural development, and quality of life [14–16]. However, as
highlighted previously by Solis et al. [10], it was reported that a standard creatine loading
regimen (0.3 g/kg/day for 7 days) in prepubescent children, omnivore adults, vegetarian
adults, and elderly adults was not able to elicit significant changes in brain phosphocreatine
content [10]. Similar findings have also been observed in healthy young children between
the ages of 10 to 12 years of age [17], which failed to observe significant increases in brain
creatine content following creatine supplementation. However, a review by Dolan et al. [18]
highlighted multiple studies in adult populations, all of which utilized varying creatine
supplementation strategies (2–20 g per day from 5 days to 8 weeks), that were able to
demonstrate significant increases in brain creatine and phosphocreatine content following
supplementation. It is possible that higher doses of creatine over longer periods of time
may be required for meaningful increases in brain creatine content to occur among healthy
populations as has been previously suggested [18]. The potential increase in brain creatine
content following supplementation may also be age-dependent. Nevertheless, more re-
search is needed to identify the extent to which creatine supplementation can impact brain
creatine levels and whether or not modified creatine supplementation strategies for this
purpose are warranted.

3. Prevalence of Use among Adolescents

The popularity of dietary supplements among adolescent populations has slowly
increased over the past two decades. One of the more popular self-reported dietary
supplements used among this population is creatine, with evidence of use for performance-
enhancing purposes beginning in the late 1990s [7]. In 2001, when 674 high school athletes
within the United States were surveyed on the use and perceptions of oral creatine supple-
mentation, results indicated that 75% of athletes were aware of creatine and 16% reported
some level of previous use [19]. Males exhibited much higher (23%) prevalence rates of
use when compared to females (2%), with the percentage of creatine use increasing with
grade level as 5% of 9th grade survey respondents reported creatine use compared to 22%
of those in 12th grade [19]. Interestingly, 97% of athletes indicating creatine use reported a
benefit from creatine, while 26% reported side-effects, a value that is far above the typical
rate of side-effects from creatine supplementation within the literature [1]. It is possible
that underlying confusion or bias regarding the side-effects of creatine supplementation
influenced the high rate of side-effects reported in this study. Nevertheless, a more in-depth
discussion regarding adverse events and the safety of creatine supplementation can be
found later in the review in Section 6. Nearly 70% of creatine users reported ingesting a
loading dose (i.e., 5–10 g for a period of 3–5 days) and nearly all creatine users reported the
use of a maintenance dose following the loading period. In 2002, 16.7% of 4011 high school
student-athletes surveyed from the United States self-reported current or prior creatine use
with a higher use rate among males (25.3%) compared to females (3.9%) [20]. Additionally,
the authors noted a large range of creatine use across sport-type, with football representing
the highest (30.1%) rates of use and female cross-country representing the lowest (1.3%)
rates of use. Increased strength was indicated as the most common reason for creatine
supplementation. In 2004, among a convenience sample of 333 adolescents in a Midwestern
Canadian province, 5.3% of those surveyed self-reported prior creatine use with 6.6% self-
reporting they would use creatine in the future [21]. Individuals who self-reported current
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creatine use spent more time being physically active throughout the week compared with
those not reporting creatine use. Additionally, among this population a higher rate of
use was observed in males compared to females, which is in accordance with previous
findings. Interestingly, 43.1% of athletes did not know if creatine would enhance perfor-
mance while 14.2% believed that it would not improve performance, which highlights the
need for improved education in this area. Shortly thereafter, in 2008, Hoffman et al. [22]
surveyed a group of 3248 students in grades 8–12 within the United States and found 7%
of survey respondents self-reported creatine use. Boys reported greater use of creatine
with progressively increasing rates of creatine use reported at higher grade levels (22%
of 12th grade boys). When asked about their primary source of information regarding
dietary supplements, teachers (36%) and parents (16%) were the most common responses
among all students. In 2012, results from a large subset (n = 9417) of the National Health
Interview Survey respondents indicated that 34.1% of the children or adolescents (mean
age = ~11 years) reporting the use of dietary supplements to enhance sports performance,
self-reported using creatine [23]. Most recently, in 2020 among a sample of Australian
adolescent boys participating in a variety of sports, 8.4% of survey respondents reported
current use of creatine and 25.7% reported the intent to use creatine or other dietary supple-
ments in the near future [24]. Drive for muscularity, participating in weight training, and
sport participation were strong predictors of supplement use [24]. It is important to note
that there is an underlying concern that creatine use among adolescents may be a predictor
of future illegal performance enhancing substance use. However, the survey utilized to
examine this relationship [25], inappropriately categorized creatine as an androgenic an-
abolic agent, rather than an amino-acid compound, thereby introducing bias to the future
projection and therefore caution should be used when interpreting these findings.

The prevalence of creatine use tends to be higher among international adolescent
athletes competing at the elite level. For example, Petroczi et al. [26] surveyed elite
adolescent athletes as part of the United Kingdom Sport 2005 Drug Free Survey and
when a subsample of 874 athletes were reanalyzed, 36.1% of athletes reported using
creatine. Of note, a strong relationship was present between reasons for creatine use and
physiological rationale among creatine users. This relationship indicates that those self-
reporting creatine use were able to correctly identify the purported benefits while selecting
physiologically appropriate reasons for use, which was not observed for other dietary
supplements. Similarly, in 2008 Petroczi and Naughton [27] surveyed a cohort of 403 elite
athletes from the United Kingdom and reported 28% of athletes self-reported creatine
use. More recently in 2019, Jovanov et al. [28] surveyed 348 male and female adolescent
athletes across four different countries who were all competing at an international level for
their respective countries and reported that 25.3% of all athletes indicated using creatine.
In alignment with previous studies, a significantly higher proportion of male athletes
reported using creatine compared to female athletes (72.0% vs. 28.0%). Additionally,
a higher proportion of athletes in the 17–18 year old age group reported creatine use,
compared to the 15–16 year old group (60.0% vs. 40.0%). It is important to highlight these
findings as they are some of the highest creatine use rates reported among a cohort of
adolescents, which may be an indication of recent trends for higher creatine use. These
outcomes may also be attributed to the continued growth of the dietary supplement market,
popularity of competitive youth sports at an elite level, and the increasing reputation of
creatine’s ergogenic properties. It is also important to note that there has been a significant
increase in the prevalence of creatine supplementation among female athletes, in particular,
over the past 20 years [19,28]. While creatine appears to be a popular dietary supplement of
choice among elite adolescent athletes, creatine is still less frequently used when compared
to other dietary supplement categories such as multivitamins, protein powders, and energy
products, in which usage rates of these product categories can range anywhere from 60–80%
among adolescent athletes [26–32]. More research is needed to better understand the
contextual factors underpinning these trends in dietary supplement use among adolescents.
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4. Performance Benefits

When compared to adults, a limited number of controlled investigations examining
the ability of creatine supplementation to impact measures of exercise performance among
adolescent populations exist. All available studies to date, have been completed in only
two types of athletes: swimming (n = 5) and soccer (n = 4). Additionally, studies were
completed across all parts of the globe with two studies being completed in Brazil and
one study being completed in Hungary, Australia, USA, United Kingdom, Iran, and Yu-
goslavia. The studies completed on swimmers differed somewhat in the dosing regimen
that was employed. Three of the studies utilized a loading phase for the entirety of the
supplementation regimen, incorporating doses of 21 g per day for nine days, 20 g per
day for five days, and 20 g per day for 4 days [33–35]. The other two studies used a
combination of a loading (5 days at 20 g/day or four days at 25 g/day) and a maintenance
phase (5 g/day for 22 days or 5 g/day for 2 months) [36,37]. Various parameters of swim-
ming performance were assessed ranging from in-water sprint swimming performance to
power outputs completed during a swim bench/ergometer test. All studies that reported
outcomes within the initial 4–9 days of supplementation identified an improvement in
various performance measures such as swim bench test performance, sprint swimming
performance, dynamic strength, and anaerobic exercise performance. The longest study
by Theodorou et al. [37], reported improvements in interval swimming exercise perfor-
mance after the loading phase, but no further improvement after a maintenance dose was
administered. Alternatively, Dawson et al. [36] reported improvements in swim bench
performance, but not sprint swimming performance after completion of both a loading and
maintenance phase. While not directly performance related, Juhasz et al. [38] indicated that
creatine supplementation may also be an effective strategy to support the rehabilitation
of overuse-associated tendinitis in adolescent swimmers when combined with a targeted
physical therapy program. Notably, when indicated by the authors, no adverse events
were reported in any of these studies.

The studies that enrolled adolescent soccer athletes as study participants ranged
in duration from 7–49 days. Three studies were seven days in duration and employed
loading phases that each delivered different loading doses (0.03 g/kg/day, 20 g/day, and
30 g/day) [39–41]. One study [42] was seven weeks in duration and used a seven-day
loading phase (20 g/day) followed by a six-week maintenance dose of 5 g/day. All stud-
ies were placebo-controlled. Of interest, all three studies that were <7 days in duration,
reported statistically significant improvements in various performance outcomes. For
example, Mohebbi et al. [39] reported a significant improvement in repeat sprinting and
soccer dribbling performance, while Ostojic et al. [40] reported improvements in perfor-
mance of a soccer dribbling test, countermovement jump, and power production during
a sprint. Lastly, Yanez-Silva et al. [41] reported improvements in peak and mean power
output as well as total work completed during a Wingate anaerobic capacity test. The
remaining study, Claudino et al. [42] failed to report any improvements in lower body
power production after 14 male adolescent soccer athletes completed a one-week loading
and a six-week maintenance dose phase. Finally, and similar to what was observed with
the studies involving swimming, creatine was well tolerated with no adverse events being
reported. A summary table of these studies has been included in Table 1.
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Table 1. Efficacy of creatine use in adolescents on exercise performance.

Author Year
(Country)

Subjects Design Duration Dosing Protocol
Primary

Variables
Results

Adverse
Events

Swimming

Dawson et al.
2002

(Australia) [36]

10 male, 10 female
(16.4 ± 1.8 years)

swimmers

Matched,
placebo-

controlled
4 weeks 20 g/day (5 days)

5 g/day (22 days)

Sprint swim
performance

and swim
bench test

↑ swim bench
test

performance
None reported

Grindstaff et al.
1997 (USA)

[33]

18 (11 female,
7 male) adolescent

swimmers
(15.3 ± 0.6 years)

Randomized,
double-blind,

placebo
controlled

9 days 21 g/day

Sprint swim
performance;

arm ergometer
performance

↑ sprint
swimming

performance
None reported

Juhasz et al.
2009 (Hungary)

[34]

16 male fin
swimmers

(15.9 ± 1.6 years)

Randomized,
placebo-

controlled,
single-blind

trail

5 days 20 g/day

Average power,
dynamic

strength (swim
based tests)

↑ anaerobic
performance;
↑ dynamic
strength

None reported

Theodorou
et al. 1999 (UK)

[37]

10 elite female
(17.7 ± 2.0 years)
and 12 elite male
(17.7 ± 2.3 years)

swimmers

Randomized,
double-blind,

placebo-
controlled

11 weeks
25 g/day (4 days)

5 g/day
(2 months)

Swimming
interval

performance

↑ interval
performance

following
loading phase;

↔ long-term
improvements

after
maintenance

dose

None reported

Theodorou
et al. 2005
(United

Kingtom) [35]

10 high
performance

swimmers (males:
n = 6; females:

n = 4)
(17.8 ± 1.8 years

Randomized,
double-blind

trial
4 days

20 g/day of CrM
or 20 g/day of
CrM + 100 g of

carbohydrates per
serving

High-intensity
swim

performance
during

repeated
intervals

↑ mean swim
velocity for all

swimmers;
↔ swim

velocity in Cr +
Carbohydrate

condition

Gastrointestinal
discomfort in

CrM +
Carbohydrate

group only

Soccer

Claudino et al.
2014 (Brazil)

[42]

14 male Brazilian
elite soccer

players
(18.3 ± 0.9 years)

Randomized,
double-blind,

placebo-
controlled

7 weeks 20 g/day (1 week)
5 g/day (6 weeks)

Lower limb
muscle power

via counter-
movement

vertical jump

↔ lower body
power

None reported

Mohebbi et al.
2012 (Iran) [39]

17 adolescent
soccer players

(17.2 ± 1.4 years)

Randomized,
double-blind,

placebo-
controlled

7 days 20 g/day

Repeated
sprint test,

soccer
dribbling

performance
and shooting

accuracy

↑ repeat sprint
performance;
↑ dribbling

performance

None reported

Ostojic et al.
2004

(Yugoslavia)
[40]

20 adolescent
male soccer

players
(16.6 ± 1.9 years)

Matched,
placebo-

controlled
7 days 30 g/day Soccer specific

skills tests

↑ dribble test
and endurance
times; ↑ sprint
power test and
countermove-

ment
jump

None reported

Yanez-Silva
et al. 2017

(Brazil) [41]

Elite youth soccer
players

(17.0 ± 0.5 years)

Matched,
double-blind,

placebo-
controlled

7 days 0.03 g/kg/day

Muscle power
output

(Wingate
anaerobic

power test)

↑ peak and
mean power

output;
↑ total work

None reported

↔ = Creatine supplementation resulted in no significant (p > 0.05) change; ↑ = Creatine supplementation resulted in a significant increase
(p < 0.05) over control. CrM = creatine monohydrate; g/day = grams per day. Adapted from Jagim et al. 2018 [43].
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In summary, limited research is available that has examined the potential of creatine
supplementation to impact various aspects of exercise performance. Of the limited work
that has been completed, creatine appears to be well-tolerated with no adverse events
being reported and consistent improvements in assessments associated with swimming
and soccer performance observed in adolescent athletes. Future research is warranted
to better evaluate the ability of creatine to influence other types of exercise performance
and sport-specific activities as well as the potential for synergistic adaptations to exercise
training. Moreover, additional research is urgently needed in adolescent females across
all sport types and while research is welcomed in swimming and soccer, future research
should examine the potential of creatine in other popular team-based sports where strength
and power are key physiological attributes in predicting sporting success.

5. Clinical Applications

Over the past 30 years, the discovery of inborn errors of metabolism and the potential
physiological, neurological, and neuroprotective benefits of creatine have led to advance-
ments in the therapeutic use of creatine. As such, several pediatric clinical populations have
been shown to benefit from creatine supplementation, which notably includes patients with
genetic defects associated with creatine deficiency. Table 2 presents a summary of studies
that have examined the therapeutic benefits of creatine supplementation for a variety of clin-
ical disorders. To date, the majority of clinical trials investigating the therapeutic potential
of creatine supplementation in pediatric populations have focused on creatine (and/or cre-
atine transporter) deficiencies, inborn errors of metabolism, neuromuscular disorders, and
myopathies [9,44–49]. Guanidinoacetate methyltransferase (GAMT) and arginine:glycine
amidinotransferase (AGAT) deficiency, are types of inborn errors of creatine metabolism,
collectively characterized as cerebral creatine synthesis deficiencies [47,50]. Several studies
and case reports have indicated that creatine supplementation can restore tissue creatine
content and improve some of the symptoms resulting from creatine deficiencies [51–54].
Since its discovery in 1994, GAMT deficiency has shown to be treatable through creatine
supplementation strategies [51,53]. For example, in 1996, Stockler et al. [54] treated an in-
fant patient with GAMT deficiency using a creatine replacement therapy of 4–8 g/day over
a 25-month period and reported substantial clinical improvement, normalization of brain
MRI abnormalities, and improvements in electroencephalogram readings post-treatment.
Since that time, several additional case reports and reviews have been published, highlight-
ing effective strategies to diagnose and treat cerebral creatine deficiency with consistent
improvements in intellectual development reported, especially when early detection and
ensuing treatment were employed [51,52]. While similar in nature, AGAT deficiency is
extremely rare with only 20 documented cases worldwide [52]. AGAT deficiency is also an
autosomal recessive disorder that disrupts the biosynthesis of creatine and is associated
with a variety of clinical features such as intellectual development disorder, speech delays,
autistics behaviors, and occasional seizures [52]. Thankfully, AGAT also appears to betreat-
able with creatine supplementation. For example, Ndika et al. [14] treated a 9-year-old
female pediatric patient with AGAT deficiency with up to 800 mg/kg/day of creatine over
an 8-year period and reported partial recovery of cerebral creatine levels with the patient
demonstrating superior nonverbal and academic abilities at age 9, compared to initially
presenting with a score of 43% of her chronological age at 16 months when assessed using
the Bayley’s Infant Development Scale. Although similar, creatine transporter deficiency is
another inborn error of metabolism that can result in creatine deficiencies in select tissues,
particularly within the brain [51]. Creatine transporters are membrane-bound transport
proteins that have been found in a variety of different tissues and are required for tissue
uptake of creatine against its concentration gradient. Moreover, creatine transporter 1
(CrT1) is expressed ubiquitously across human tissues and deficiencies of this protein are
another type of creatine metabolism disorder that can result in brain atrophy, intellectual
disabilities, and developmental delays [51]. However, this defect is not as responsive
to exogenous creatine supplementation strategies, as the deficiency is attributable to an
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inability to transport creatine across the cell membrane, rather than a lack of creatine
availability [47]. As such, current research has focused on identifying alternative strategies
that may enhance brain creatine content in these populations. For example, recent work
has demonstrated early promise with the use of creatine fatty esters and lipid nanocapsules
as a nutrition-based therapeutic treatment for creatine transporter deficiency [55,56]. These
creatine esters and lipid based nanocapsules are better able to cross the blood−brain barrier,
thereby helping to increase brain creatine content and correct the creatine deficiency [56].

Table 2. Efficacy of creatine in clinical settings.

Author Year Subjects Design Duration Dosing Protocol
Primary

Variables
Results Adverse Events

Sipila et al. 1981
[57]

7 (3 adolescents)
patients with

gyrate atrophy of
retina

Open label
treatment

intervention
12 months 1.5 g/day

Visual acuity,
muscle fiber

characteristics,
laboratory
markers of

creatine
metabolism

↔Visual
acuity;

↑ Thickness of
Type II muscle

fibers

No side effects
reported

Vannas-Sulonen
et al. 1985 [58]

13 patients
(9 male, 4 female)
between ages of

6–31 years
diagnosed with

gyrate atrophy of
the choroid

Prospective,
open-label

cohort
36–72 months 0.25–0.5 g dose

3×/day

Morphological
and eye function

assessments

↔Cr
supplementation
did not prevent

normal
deterioration;
↓ Muscle
atrophy,

primarily in type
II fibers

None reported

Walter et al. 2000
[59]

36 patients with
multiple types of

muscular
dystrophies

(overall mean
age:

26 ± 16 years)
8 patients with

Duchenne
dystrophy (mean

age:
10 ± 3 years)

Randomized,
double-blind,

placebo-
controlled

8 weeks
10 g/day (adults)

5 g/day
(children)

Muscular
performance,

neuromuscular
symptoms score,

vital capacity
and qualitative

assessments

↑ (3%) in muscle
strength;
↑ (10%) in

neurological
symptoms.

Children tended
to experience

greater strength
changes.

None reported.
Indicated to be
well-tolerated.

Braegger et al.
2003 [60]

18 cystic fibrosis
patients (7 F,

11 M) ranging in
age from

8–18 years

Prospective
open-label pilot

Supplemented
for 12 weeks;
monitored for
24–36 weeks

12 g/day for 1st
week; 6 g/day
for remaining

11 weeks

Lung function,
strength, and

clinical
parameters

↔Lung
function or

sweat
electrolytes.

↑ (18%) in peak
isometric
strength

One patient
experienced

transient muscle
pain; No other

side effects

Louis et al. 2003
[61]

15 boys with
muscular

dystrophy (mean
age:

10.8 ± 2.8 years)

Double-blind,
placebo-

controlled,
cross-over study

design

3 months, with 2
months washout 3 g/day

Muscle function,
densitometry,

markers of
hepatic and renal

function,
magnetic
resonance

spectroscopy

↑ MVC by 15%
↑ TTE (~2×)

↑ TJS
↑ LS and WB

BMD in
ambulatory

patients
↑

NTx/creatinine
ratio in

ambulatory
patients

No changes in
liver or kidney

markers

Tarnopolsky
et al. 2004 [45]

30 boys with
Duchenne
muscular

dystrophy; mean
age: 10 ± 3 years;
height: 129.2 ±
16.0 cm; weight:
35.3 ± 15.8 kg

Double-blind,
randomized,

crossover trial
4 months 0.10 g/kg/day

Pulmonary
function,

strength, body
composition,

bone health, task
function, blood

& urinary
markers

↑ handgrip
strength, fat-free
mass, and bone

markers
↔ functional

tasks or activities
of daily living

None
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Table 2. Cont.

Author Year Subjects Design Duration Dosing Protocol
Primary

Variables
Results Adverse Events

Escolar et al.
2005 [49]

50 ambulatory
steroid naïve

boys with
Duchenne
Muscular

Dystrophy
(mean age:

6 years)

Double-blind,
placebo-

controlled,
randomized

6 months

5 g/day of
creatine powder,

0.3 mg/kg of
glutamine (×2

per day), or
placebo

Manual muscle
performance,
quantitative

muscle testing,
time to rise

↔primary or
secondary
outcomes
measures

Deemed safe and
well-tolerated
with no side

effects reported.

Sakellaris et al.
2008 [62]

39 chil-
dren/adolescents

following
traumatic brain

injury

Open-label pilot
study 6 months 0.4 g/kg/day

Duration of
amnesia,

duration of
intubation, and
intensive care
unit stay post

traumatic brain
injury

↓ Amnesia
↓ Intubation

period
↓ Intensive care

unit stay

None

Bourgeois et al.
2008 [63]

9 children with
lymphoblastic

leukemia during
chemotherapy
(in treatment
group); mean

age of 7.6 years,
50 healthy
children as

history controls

Cross sectional,
mixed cohort

designs
16 weeks 0.1 g/kg/day

Height, weight,
BMI, BMD, BMC,

FFM, %BF,
serum creatinine

↑ %BF and BMI None reported

Banerjee et al.
2010 [9]

33 ambulatory
male patients

with Duchenne
muscular
dystrophy

Randomized,
placebo-

controlled,
single-blind trial

8 weeks Cr, 5 g/day
(n = 18)

Cellular
energetics,

manual muscle
test score and

functional status

↑ in PCr/Pi
ratios None reported

Van de Kamp
et al. 2012 [16]

9 boys with
creatine

transporter
defect

Long-term
follow-up

investigation
4–6 years

Cr (400
mg/kg/day)

and L-arginine
(400

mg/kg/day)

Locomotor and
personal social

IQ subscales

Initial ↑ in
locomotor and
personal social

IQ subscales; No
lasting clinical
improvement
was recorded

No adverse
events were

reported.

Hyashi et al.
2014 [13]

15 participants
with childhood
systemic lupus
erythematosus

Double-blind,
placebo

controlled,
cross-over

design

12 weeks with 8
week washout

period
0.1 g/kg/day

Muscle function,
body

composition,
biochemical

markers of bone,
aerobic

conditioning,
quality of life

↔
intramuscular
PCr, muscle

function, and
aerobic

conditioning
parameters, body

composition,
quality of life

↔ laboratory
parameters; No

side effects
reported

Solis et al. 2016
[12]

Patients with
juvenile

dermatomyositis
(mean age:

13 ± 4 years)

Randomized,
double-blind,

placebo-
controlled,

crossover trial

12 weeks 0.1 g/kg/day

Primary: muscle
function

Secondary: body
composition,
biochemical

markers of bone
remodeling,
cytokines,
laboratory
markers of

kidney function,
aerobic

conditioning,
and quality of

life

↔Muscle
function,

intramuscular
PCr content, or
other secondary

outcomes
measures

No side efforts
reported.

↔Markers of
kidney function

Kalamitsou et al.
2019 [64]

22 children (9 F,
13 M) with
refractory

epilepsy ranging
in age from

10 months to
8 years

Prospective
cohort

3–12 months
follow-up

0.4 g/kg/day
creatine +

ketogenic diet

Proportion of
responders to
ketogenic diet

6/22 (27%)
responded to

creatine addition
to ketogenic diet

None reported,
well-tolerated

with no
exacerbations of

underlying
pathology
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Table 2. Cont.

Author Year Subjects Design Duration Dosing Protocol
Primary

Variables
Results Adverse Events

Dover et al. 2020
[65]

13 (7 F, 6 M)
patients ranging

in age from
7–14 years with

juvenile
dermatomyositis;

25.6–64.6 kg;
14.3–22.9 kg/m2

Randomized,
double-blind,

placebo-
controlled

6 months

Up to 40 kg was
150 mg/kg/day

>40 kg was
4.69 g/m2/day

Safety and
tolerability

muscle function,
disease activity,
aerobic capacity,
muscle strength

↔ in muscle
function,

strength, aerobic
capacity, fatigue,
physical activity
↓ in muscle pH

following
exercise

No adverse
events reported

↔= Creatine supplementation resulted in no change in the target outcome; ↑ = Creatine supplementation resulted in an increase in the
target outcome; ↓ = Creatine supplementation resulted in a decrease (directional) in the target outcome. BMI = body mass index; FFM =
fat-free mass; %BF = body fat percentage; TJS = total joint stiffness; TTE = time to exhaustion; g/d = grams per day; g/kg/d = grams per
kilogram of bodyweight per day; mg/kg/d = milligrams per kilogram of bodyweight per day; PCr = phosphocreatine. MVC = maximum
voluntary contraction; NTx = N-terminal telopeptide of type I collagen; LS = lumbar spine; WB = whole body; BMD = bone mineral density;
BMC = bone mineral content; Pi = inorganic phosphate.

Considerable research has also been dedicated to investigating the therapeutic benefit
of creatine in the management of myopathies. As a high percentage of creatine is stored
within skeletal muscle tissue, muscle disorder pathologies, such as myopathies, are often
associated with reduced intramuscular concentrations of creatine, phosphocreatine, and
ATP in addition to subsequent neuromuscular impairments and muscle weakness [66]. As
such, a strong underlying physiological rationale exists to support the potential of creatine
supplementation as a therapeutic agent in the management of myopathies. For example,
Duchenne’s muscular dystrophy is one such myopathy that is progressive in nature with
no known cure. Patients are often prescribed corticosteroids to slow disease progression,
which can have several adverse side effects when used long-term. Because of the catabolic
nature of corticosteroid therapy, and musculoskeletal pathology associated with muscular
dystrophy, creatine supplementation has been identified as a therapeutic agent to poten-
tially counteract the deleterious effects of both the disease, and comorbidities which arise
secondary to the primary corticosteroid treatment. Favorable improvements have been
observed for fat-free mass and strength in pediatric patients [45]. A major challenge with
clinical trials investigating the therapeutic benefits of creatine supplementation in patients
with various types of myopathies is dealing with the heterogeneity of the disease itself.
The diversity in how the disease manifests in patients can subsequently influence the time
course of disease progression and individualistic nature of active versus remission disease
states, all of which can be difficult to account for with an optimal study design.

Gyrate atrophy of the retina and choroid is another creatine deficiency disorder that is
characterized as an enzymatic disorder attributable to defects in ornithine aminotransferase,
resulting in elevated levels of ornithine, which negatively impacts creatine synthesis [57,67].
As a result, creatine concentrations in serum, urine, erythrocytes, brain, and muscle are
reduced in these patient populations [58,67]. These patients present primarily with eyesight
problems beginning as early as age five, which progressively deteriorate over time. Results
from studies spanning up to 72 months in this patient population indicate that creatine
supplementation can slow disease progression while also helping to maintain levels of
type II skeletal muscle fiber content [68,69].

Lower amounts of daily exogenous creatine intake have also been associated with
depression in young adult populations as Bakian et al. [70] observed a significantly higher
prevalence of depression (10.2/100 persons) in the lowest quartile of dietary creatine intake
compared to the highest quartile of creatine intake, which had a depression prevalence rate
of 6.0/100 persons. This relationship appeared to be strongest in females and those in the
20–39 years of age category and therefore may also extend to adolescents. Additionally,
early evidence indicates that creatine may be used as an adjunctive therapy in the actual
management of clinical depression [71–73]. Creatine supplementation has also been used
as an experimental therapeutic agent for conditions pertaining to hypoxia and energy-
related brain pathologies such as traumatic brain injuries or cerebral ischemia in pediatric
patients [20,49,74]. There has also been recent interest in examining the potential benefits
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of creatine supplementation for pregnant women with potential benefits extending to the
developing fetus [75,76]. Currently, clinical trials are underway to better understand how
creatine may affect both the mother and developing fetus [75]. It is also worth noting that
a growing body of evidence exists demonstrating that creatine may also confer a variety
of physiological benefits for multiple clinical conditions in adult populations, such as
mitochondrial disease, neurological disorders, and autoimmune disorders [47,74], but the
extent to which these findings may extend to pediatric populations requires more research
due to the limited data currently available. Lastly, and a point that is beyond the scope of
this review, all of these findings may hold particular importance for any clinical population
(adult or adolescent) who are vegetarians as they may be susceptible to low daily creatine
intake through diet alone, as has been reported in adults [3,11,61].

6. Safety

An extensive summary highlighting the safety of creatine supplementation was re-
cently addressed in a 2017 Position Stand by Kreider et al. [1]. However, to date, all
published studies involving an a priori research question and utilizing a study designed
to examine the safety of creatine supplementation have thus far only been completed in
adult populations. Currently, no studies have been published examining safety consider-
ations in healthy young or adolescent athletic populations. Importantly and practically
speaking, no indications currently exist as to why a similar safety profile would not be
observed in adolescents, and as highlighted throughout the previous sections, multiple
creatine supplementation studies have been conducted in adolescent athlete and clinical
populations with no adverse events reported. Several of these studies have even closely
monitored laboratory markers throughout the supplementation period with no indications
of clinically relevant adverse effects observed. While the authors agree, and would like
to publicly state that an absence of self-reported adverse events by study subjects is not
a confirmation of safety, it does support the hypothesis that creatine is likely safe for
this population. Nonetheless, safety studies in youth and adolescent populations using
randomized controlled trial designs are desperately needed to help continue building the
safety profile for creatine supplementation among these younger age groups. Another
way to assess safety-related concerns is to examine adverse event reports that are submit-
ted to the Center for Adverse Event Reports, which is overseen by the Center for Food
Safety and Applied Nutrition as part of the United States Food and Drug Administration
(FDA). When searching this adverse event reporting system database, which is publicly
available, only 22 out of the 15,274 (0.144%) adverse events reports were associated with
creatine during the 2018–2020 reporting period, after filtering out food, cosmetics, and
adverse events without a known product code (Accessed 5 February 2021; file dates January
2018–March 2020) [77]. In perhaps the strongest testament to the safety of creatine, the
United States FDA recently designated creatine as “generally recognized as safe” (GRAS)
(https://www.fda.gov/media/143525/download) [78]. Ultimately, this classification in-
dicates that creatine is considered safe under the conditions of its intended use based on
the currently available scientific evidence as decided upon by a panel of qualified content
experts. Importantly, and a point that is pertinent to the topic of the current article, this
designation of safety extends to older children and adolescents.

A unique 2019 study published by Simpson and colleagues [79] may provide some of
the first published data involving youth athletes following creatine supplementation with
outcomes pertaining to safety implications, and adverse events. In this study 19 elite soccer
players (n = 13, U18 “Under 18 years” and n = 6, U21 “Under 21 years”) completed an eight-
week supplementation regimen of creatine monohydrate (0.3 g/kg/day for 7 days and
5 g/day for the remaining seven weeks) in a randomized, double-blind, placebo-controlled
fashion. Before and after supplementation, study participants had airway inflammation
(using exhaled nitric oxide) and airway responsiveness to dry air (hyperpnea) assessed
before and after supplementation. Participants with previous pulmonary disease were
excluded and all participants were assessed for unknown or undiagnosed allergies prior to
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the study. A statistically meaningful trend (p = 0.056) between the groups with medium
to large observed effect sizes (n = 0.199) were found regarding the amount of exhaled
nitric oxide (an assessment of airway inflammation). There was also as a trend (p = 0.070,
n = 0.975) of forced expired volumes in one second to reduce with creatine supplementation
when compared to placebo. The authors concluded that, “we cannot exclude that creatine
supplementation has an adverse effect of the airways of elite athletes, particularly in those
with allergy sensitization.” These isolated and initial findings are some of the first published
data to suggest that creatine supplementation may compromise airway health and thus
more research is needed to confirm or refute these findings.

7. Practical Recommendations and Future Directions

In conclusion, there appears to be strong evidence of creatine use among adolescents,
particularly among male athletes with the highest usage rates evident among international
adolescent athletes competing at the elite level. The majority of adolescents who self-report
using creatine, appear to get their information from friends, coaches, and parents. However,
the need for replication of dietary supplement questionnaire studies continues to be present
because of the recent growth in the dietary supplement industry. Additionally, the recent
popularity of marketing through social media platforms and online markets for supplement
companies has likely altered how adolescents perceive and obtain information surrounding
dietary supplements in addition to how they purchase them. Further, there continues to
be a need for more education regarding safe and effective dietary supplement strategies
among adolescents, rather than strict policies avoiding or advocating against their use.
Even young adults pursuing careers in health professions do not appear to have sufficient
knowledge of the safety, regulation, and efficacy of various dietary supplements [80], which
reinforces the need for more education and dialogue surrounding the topic, particularly
when one considers the high prevalence of use across all populations.

A small number of investigations have reported on the ergogenic benefits of creatine
supplementation in adolescent athletes (Table 1), with the majority of this data being
published in international (non-US) adolescent males competing in swimming or soccer.
However, a paucity of observational and no experimental research exists that examines
changes in the clinical health markers among healthy adolescents who are supplementing
with creatine, especially those who regularly partake in high-intensity exercise training
and athletic competition. While data is limited, it is not entirely absent as many studies
report on the lack of reported side-effects, nonsignificant changes in laboratory markers
of kidney and liver function, and a lack of changes in inflammatory cytokines among
clinical populations, therein supporting the hypothesis that creatine supplementation is
likely safe for an adolescent population. The lack of adverse event reports in the literature
among clinical populations is telling, particularly when considering that several of the
patients are on immunosuppressive therapies or have multiple comorbidities that could
negatively influence various indictors of health status. Regardless, a dire need exists for
prospective randomized, double-blind, placebo-controlled trials examining the safety and
efficacy of creatine among children and adolescent populations; both among athletes and
the general population. Equally important are well-powered, randomly controlled trials
examining the status and changes in body water and cellular hydration status before,
throughout, and after standard regimens of creatine supplementation and to what extent
these changes impact creatine content, performance and physiological adaptations to reg-
ular exercise training. Priority should first be placed on examining the effects of various
creatine-dosing strategies on markers of clinical health or any contraindications for use
among this population. From there, emphasis should be placed on continuing to explore
the potential benefits of creatine among clinical populations where there might be a unique
physiological rationale for a therapeutic benefit of creatine. These conditions may include
myopathies, muscular dystrophy, muscle wasting conditions, cancer cachexia, clinical
depression, traumatic brain injuries, spinal cord injuries, orthopedic injuries, and periods
of bed rest or immobilization. Lastly, several of the previously published studies which ex-
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amined physical performance outcomes in healthy adult populations should be replicated
in adolescents to examine if similar ergogenic benefits from creatine supplementation are
possible among this population.

It is important for adolescents, coaches, and parents to be aware of evidence-based
recommendations regarding the safety and efficacy of creatine supplementation when
considering its use. Many misconceptions are present regarding creatine [81], and therefore
consumers should seek out expert advice regarding safe and informed use of creatine. Read-
ers are also directed to the most recently published Position Stand on creatine published
by the International Society of Sports Nutrition [1] for a complete summary regarding the
mechanisms of action, ergogenic benefits, safety, clinical applications and dosing recom-
mendations of creatine. In brief, the statements from the position stand below are most
pertinent to the focus of the current review article:

• “Creatine monohydrate is the most effective ergogenic nutritional supplement cur-
rently available to athletes with the intent of increasing high intensity exercise capacity
and lean body mass during training.”

• “Creatine monohydrate supplementation is not only safe, but has been reported to
have a number of therapeutic benefits in healthy and diseased populations ranging
from infants to the elderly. There is no compelling scientific evidence that the short- or
long-term use of creatine monohydrate (up to 30 g/day for 5 years) has any detrimental
effects on otherwise healthy individuals or among clinical populations who may
benefit from creatine supplementation.”

• “If proper precautions and supervision are provided, creatine monohydrate sup-
plementation in children and adolescent athletes is acceptable and may provide a
nutritional alternative with a favorable safety profile to potentially dangerous anabolic
androgenic drugs. However, we recommend that creatine supplementation only be
considered for use by younger athletes who: (a) are involved in serious/competitive
supervised training; (b) are consuming a well-balanced and performance-enhancing
diet; (c) are knowledgeable about the appropriate use of creatine; and (d) do not
exceed recommended dosages.”

• “Label advisories on creatine products that caution against usage by those under
18 years old, while perhaps intended to insulate their manufacturers from legal liabil-
ity, are likely unnecessary given the science supporting creatine’s safety, including in
children and adolescents. The quickest method of increasing muscle creatine stores
may be to consume ~0.3 g/kg/day of creatine monohydrate for 5–7-days followed by
3–5 g/day thereafter to maintain elevated stores. Initially, ingesting smaller amounts
of creatine monohydrate (e.g., 3–5 g/day) will increase muscle creatine stores over a
3–4 week period, however, the initial performance effects of this method of supple-
mentation are less supported.”
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Abstract: Creatine is one of the most studied and popular ergogenic aids for athletes and recreational
weightlifters seeking to improve sport and exercise performance, augment exercise training adapta-
tions, and mitigate recovery time. Studies consistently reveal that creatine supplementation exerts
positive ergogenic effects on single and multiple bouts of short-duration, high-intensity exercise
activities, in addition to potentiating exercise training adaptations. In this respect, supplementa-
tion consistently demonstrates the ability to enlarge the pool of intracellular creatine, leading to
an amplification of the cell’s ability to resynthesize adenosine triphosphate. This intracellular ex-
pansion is associated with several performance outcomes, including increases in maximal strength
(low-speed strength), maximal work output, power production (high-speed strength), sprint per-
formance, and fat-free mass. Additionally, creatine supplementation may speed up recovery time
between bouts of intense exercise by mitigating muscle damage and promoting the faster recovery of
lost force-production potential. Conversely, contradictory findings exist in the literature regarding
the potential ergogenic benefits of creatine during intermittent and continuous endurance-type
exercise, as well as in those athletic tasks where an increase in body mass may hinder enhanced
performance. The purpose of this review was to summarize the existing literature surrounding
the efficacy of creatine supplementation on exercise and sports performance, along with recovery
factors in healthy populations.

Keywords: supplementation; ergogenic aid; athletic performance; weightlifting; resistance exercise;
training; muscular power; recovery; muscular adaptation; muscle damage

1. Introduction

In the area of sports performance and exercise, both athletes and recreational non-
athletes are continuously seeking competitive advantages to improve their health and op-
timize physical performance. Although various activities and considerations interact
to achieve this end, many people turn to various exercise and nutritional strategies to
augment performance (i.e., enhanced muscular strength, power, and force) [1,2]. One of
the most commonly used and scientifically supported ergogenic aids is creatine monohy-
drate (commonly referred to as creatine) [1,3–5]. Creatine is an amino acid found in rela-
tively high concentrations in skeletal muscle. Since 1992, when the first reports emerged that
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exogenous creatine monohydrate supplementation increases intramuscular phosphocrea-
tine (PCr) stores [6], and shortly afterwards, when these increases were inextricably linked
to augmented exercise performance [7,8], the ability of creatine to function as an ergogenic
aid has attracted great interest. Still today, creatine is one of the most popular nutritional
ergogenic aids for athletes and recreational performers [1,3,4]. In addition to its popularity
in the consumer realm, creatine’s ability to enhance or augment some types of exercise
performance has arguably been one of the most researched topics in the sport nutrition
literature for the past 25 years [1,3,7,9–11]. In this regard, creatine has yielded predomi-
nantly positive effects regarding exercise performance measures with no ergolytic effects
and minimal to no side effects in populations ranging from adolescents to the elderly [3,9].
The reported ergogenic benefits of creatine monohydrate include enhanced force output,
augmented power output, increased strength, increased anaerobic threshold, increased
work capacity, enhanced recovery, and enhanced training adaptations [1,3,4,9,12,13].

Although a complete discussion is beyond the scope of this review, several supplemen-
tation strategies have been explored to increase intramuscular creatine stores. A loading
phase was initially proposed by Harris et al. in 1992 [6] and has subsequently been used in
a large number of scientific investigations. This approach requires consuming four separate
doses of 5 g/day for five consecutive days and consistently leads to a 20%–40% increase in
creatine content [3]. Later, Hultman et al. [14] determined that smaller ‘maintenance’ doses
(2–5 g per dose, 1 ×/day, or 0.03 g/kg/dose) could be used to maintain elevated creatine
stores in the muscle. It is now commonly accepted that a loading phase may not be needed,
but this approach remains the most rapid means to increase intramuscular PCr levels and,
thereby, performance [14,15]. Notably, Law and colleagues [16] compared the efficacy of
creatine loading on performance measures using a 2- and 5-day regimen (4 × 5 g/day) in
20 physically active men. They reported significant improvements in maximal leg strength
and average anaerobic power following a 5-day creatine loading regimen compared to
the placebo group; however, no significance in performance was found following 2 days of
loading. Additionally, Sale et al. [17] found that the total ingestion of 20 g of creatine at 1 g
per 30 min intervals for 5 days yielded lower urinary excretion of creatine than the typical
loading regimen of 4 × 5 g/day over a 5-day period, leading the authors to conclude that
this likely resulted in higher intramuscular levels. In this respect, it is without question that
increasing intramuscular creatine stores through any number of supplemental approaches
can increase intramuscular PCr levels and that these increases are directly linked to various
ergogenic outcomes [3,9]. In this respect, Table 1 (adapted from: [3]) outlines the potential
ergogenic benefits of creatine supplementation, whereas Table 2 provides examples of
sports or sporting events that may be enhanced by creatine supplementation (also adapted
from [3]). In addition to these tables, results from previous selected original investigations
and review papers surrounding the ergogenic potential of creatine supplementation are
summarized throughout this paper in tables. Finally, the interested reader is directed
to other reviews that have outlined the impact of creatine supplementation on exercise
performance [3,9,10,12,13,18]. The purpose of this review is to summarize the existing
literature surrounding the efficacy of creatine supplementation on exercise and sports
performance, along with recovery factors in healthy populations.
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Table 1. Potential ergogenic benefits of creatine supplementation.

• Increased single and repetitive sprint performance
• Increased work performed during sets of maximal effort muscle contractions
• Increased muscle mass and strength adaptations during training
• Enhanced glycogen synthesis
• Increased anaerobic threshold
• Possible enhancement of aerobic capacity via greater shuttling of ATP from mitochondria
• Increased work capacity
• Enhanced recovery
• Greater training tolerance

Adopted from Kreider et al. 2017 [3].

Table 2. Examples of sports and activities in which performance may be enhanced by creatine supplementation.

Increased PCr
• Track sprints: 60–200 m
• Swim sprints: 50 m
• Pursuit cycling

Increased PCr Resynthesis
• Basketball
• Field hockey
• America Football
• Ice hockey
• Lacrosse
• Volleyball

Reduced Muscle Acidosis
• Downhill skiing
• Water Sports (e.g., Rowing, Canoeing, Kayaking, Stand-Up Paddling)
• Swim events: 100, 200 m
• Track events: 400, 800 m
• Combat Sports (e.g., MMA, Wrestling, Boxing, etc.)

Oxidative Metabolism
• Basketball
• Soccer
• Team handball
• Tennis
• Volleyball
• Interval Training in Endurance Athletes

Increased Body Mass/Muscle Mass
• American Football
• Bodybuilding
• Combat Sports (e.g., MMA, Wrestling, Boxing, etc.)
• Powerlifting
• Rugby
• Track/Field events (Shot put; Javelin; Discus; Hammer Throw)
• Olympic Weightlifting

Adopted from Kreider et al. 2017 [3].

2. Materials and Methods

This review was completed using a narrative, non-systematic approach. A range of
databases, including PubMed, Medline, Google Scholar, and EBSCO-host, were searched
for this review paper (see Figure 1). A representative but non-exclusive list of keywords
for these searches included: creatine, creatine supplementation, exercise, performance,
ergogenic aid, exercise performance, athletic performance, athlete, weightlifting, maximal,
resistance exercise, resistance training, muscular power, muscular force, skill performance,
sports performance, sprinting, jumping, recovery, muscular adaptation, training adapta-
tions, and muscle damage. Articles were chosen for inclusion based on the information
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they outlined and with a specific focus on exercise, performance, training adaptations,
sport-specific skills, or recovery in healthy populations. Further citations were found,
evaluated, and incorporated from the bibliographies of the selected literature. Articles with
a focus on clinical applications or consisting of study protocols conducted among clinical
populations were not included in the current review.

Figure 1. General flow diagram highlighting the selection process for included articles.

3. Exercise and Sports Performance

Creatine’s ability to increase various parameters of acute exercise performance is well
documented [3,9,10]. A review by Kreider in 2003 summarized the literature and concluded
that approximately 70% of these studies had reported an improvement in some aspect
of exercise performance [9]. The magnitude of the increase in performance is dependent
on a large number of variables, which can include the dosing regimen, training status
of the athlete, and any one of a number of acute exercise variables (intensity of exercise,
duration of effort, etc.). An overview of this literature reveals that performance increases
of 10%–15% are typically observed [9,12]. More specifically, 5%–15% improvements in
maximal power and strength, anaerobic capacity, and work performance during repetitive
sprint performance are commonly reported, whereas improvements in single-effort sprint
performance have been indicated to range from 1%–5% improvements. Alternatively, no
consistent reports indicate that supplementation with creatine may have an ergolytic or
performance-decreasing response. In this respect, a large number of studies have commonly
reported an increase in body mass of 1–2 kg during the first week of loading [3], which may
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or may not have ergolytic implications, depending on the type of athlete and the phase
of training. Finally, research involving various types of endurance activity in conjunction
with creatine supplementation has received some attention as well.

3.1. Strength and Power

In most but not all studies, creatine supplementation has been demonstrated to be an ef-
fective ergogenic aid for increasing muscular strength and/or power, and these findings
have included trained and untrained men and women, including athletes and non-athletes.
The primary mechanism behind these ergogenic outcomes for creatine supplementation ap-
pears to be attributable, in part, to increases in intramuscular PCr concentrations [3,6,14,19].
Due to its potential not only to enhance strength and power output but also to expedite
recovery from intense intermittent exercise, creatine supplementation has been shown to
allow for increased volumes of work and increased work output during resistance training,
which may then translate into greater strength gains [3,10,20,21].

3.1.1. Short Term Benefits (<2 Weeks)

Improvements in strength and power performance have been observed following cre-
atine supplementation. Generally, loading doses (i.e., 0.3 g/kg/day or ~20 g/day) are often
used for short-duration supplementation periods or as part of a loading phase, which is
commonly then followed by a more extended period of supplementation at a maintenance
dose (i.e., 0.03 g/kg/day or 2–5 g/day). As intramuscular PCr stores increase through sup-
plementation, subsequent improvements of 5%–15% in various performance parameters
are commonly reported [10,22], sometimes even after relatively short periods of creatine
supplementation (0–14 days). A study by Law et al. [16] reported significant improvements
in average anaerobic power during a Wingate test and in back squat strength following
a 5-day creatine supplementation protocol combined with a resistance training program. In-
terestingly, similar benefits were not observed after only 2 days of creatine loading, thereby
indicating that perhaps >2 days of creatine loading is required to elicit significant strength
and power-related benefits when combined with resistance training. Short-term benefits
have also been reported in young adult males who were naïve to resistance training. After
10 days of creatine supplementation, improvements in the bench press and squat strength
and power output were observed [23]. It is worth noting that subjects did not participate
in a resistance training program during the supplementation period, yet ergogenic bene-
fits were still present [23]. More recently, similar benefits in isometric leg strength were
reported in young adult female futsal players following 7 days of creatine supplemen-
tation in conjunction with a concurrent resistance training program [24]. In contrast to
these outcomes, creatine supplementation has not always yielded statistically significant
ergogenic results. For example, following 7 days of creatine supplementation, maximal
isometric knee extension strength was not altered in either the creatine or placebo group in
31 resistance-trained individuals who continued resistance training just as they had during
the previous week [25]. Similarly, no strength differences were observed for 1 RM bench
press or 1 RM leg extension exercises for either group after 7 days of creatine or placebo
supplementation with no concurrent training in young adult males [26].

Thus, when attempting to glean meaning from numerous and varied study designs
and supplementation protocols, it is crucial to look at how creatine was delivered, the nature
of the subjects, whether or not concurrent resistance training occurred, whether the study
design allowed for self-progression of training volume, the duration of the study, intended
target outcomes, and several other factors. In this respect, a review by Rawson et al. [10]
concluded that of the 22 identified studies on resistance training with creatine supplementa-
tion, the average increase in relative muscle strength (i.e., 1, 3, or 10 RM) was approximately
8% greater than that from resistance training alone. Furthermore, the average increase in
muscular endurance (number of repetitions completed with a fixed load) was 14% greater
than that following placebo ingestion and resistance training alone. More recently, a system-
atic review [18] identified 60 studies that met their criteria of randomized controlled trial
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study designs that utilized a double-blind, placebo control approach to examine the effects
of creatine supplementation on lower limb performance. The outcomes of the review
indicated an overall effect size of 0.336 and 0.297 for the strength increases in the back squat
and leg press exercises, respectively. Furthermore, the calculated effect size for quadri-
ceps strength was 0.266, with an overall global lower limb strength effect size of 0.266.
Interestingly, these outcomes were observed independently of the target population or sup-
plementation regimen, thereby supporting the overall efficacy of creatine supplementation,
independently of outside-influencing factors. In a follow-up review, the same group [27]
identified 53 studies utilizing similar search criteria but focused on the effects of creatine
supplementation for upper limb strength. Results of the meta-analysis indicated an overall
effect size of 0.265 and 0.677 for strength changes associated with the bench press and chest
press exercises, respectively. For the pectoral exercise and global upper limb strength, effect
sizes of 0.289 and 0.317 were found, again with no link with characteristics attributable
to the population of supplementation regimen used, supporting the overall efficacy of
creatine for upper body exercise performance independently of contextual factors. Table 7
provides a summary of selected studies that have examined the acute (<2 weeks) effects of
creatine supplementation on strength and anaerobic performance.

Table 3. Summary of selected studies examining the acute effects of creatine monohydrate
on strength performance.

Author
and Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Peak Torque/Force Production

Greenhaff
et al. 1993

12 healthy
males 5 days 20/d for 5

days

isokinetic
perfor-
mance
during

repeated
intervals

↑ muscle
torque

↓ plasma
ammonia
↔ BLa

None
reported

Casey et al.
1996

9 active
males 5 days 20 g/day

for 5 days

cycling
sprint per-
formance

↑ total
work

None
reported

Gilliam
et al. 2000

23 healthy
males 5 days 20 g/day

for 5 days

isokinetic
perfor-

mance of
quadriceps

↔ muscle
torque

None
reported

Rossouw
et al. 2000

13 trained
power-
lifters

5 days 9 g/day
for 5 days

isokinetic
knee

extension

↑ peak
torque

↑ average
power,
↑ total
work
↑ work
output

↑ deadlift
volume

None
reported

Kilduff
et al. 2002

32 trained
males 5 days 20 g/day

for 5 days

isometric
bench
press

↑ peak
force
↑ total
force

None
reported
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Table 3. Cont.

Author
and Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Strength Performance

Birch et al.
1994

14 healthy
males 5 days 20 g/day

for 5 days

isokinetic
cycling
perfor-
mance
during

repeated
intervals

↑ mean
power
output
↑ peak
power
output
↑ total
power
output
↓ plasma
ammonia
↔ BLa

None
reported

Barnett
et al.1996

17 active
males 4 days 280 mg/kg

for 4 days

10 s sprints
on a cycle
ergometer

↔ mean
power
output
↔ peak
power
output
↔ blood

pH
↔ BLa

None
reported

Strength and Performance Outcomes

Edwards
et al. 2000

21 active
males 6 days 20 g/d

for 6 days

anaerobic
intervals

on
a treadmill

↔ speed
test perfor-

mance
↔ BLa
↓ plasma
ammonia

None
reported

Rockwell
et al. 2001

16 trained
males 4 days 20 g/day

for 4 days

repeated
cycling
sprints

↔ total
work
↔

maximal
power
↔ work
capacity

None
reported

Volek et al.
2001

10 healthy
males 7 days 0.3 g/kg

for 7 days

repeated
cycling
sprints

cardiovascular
and ther-

moregula-
tory

responses

↔ cardio-
vascular or
thermoreg-

ulatory
responses
↑ peak
power
↑ mean
power

None
reported

Finn et al.
2001

16 male
triathletes 5 days 20 g/day

for 5 days

repeated
cycling
sprints

↔ peak
power

↔ fatigue
index

↔ mean
power

None
reported
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Table 3. Cont.

Author
and Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Strength and Performance Outcomes

Ziegenfuss
et al. 2002

20 (10
male, 10
female)
power

athletes

3 days

0.35 g/kg
of fat-free
mass for 3

days

repeated
cycling
sprints

↑ peak
power
↑ total
work

None
reported

Yquel et al.
2002

9 healthy
males 6 days 20 g/day

for 6 days

repeated
dynamic
plantar
flexion

muscle pH

↑ mean
power

↔ muscle
pH

None
reported

Delecluse
et al. 2003

12 (7 male,
5 female)
competi-

tive
sprinters

7 days 0.35 g/day
for 7 days

single
40-m
sprint

repeated
40-m

sprints

↔ single
40-m
sprint
↔

repeated
40-m

sprints

None
reported

Kocak et al.
2003

20 elite
male

wrestlers
5 days 20 g/day

for 5 days

average
and peak

power
during

wingate
anaerobic
power test

↑ average
power
↑ peak
power

None
reported

Selsby et al.
2004

31 trained
males 10 days 2.5 g/day

for 10 days

bench
press

strength
bench
press

endurance

↔ bench
press

strength
↔ bench

press
endurance

None
reported

Zuniga
et al. 2012

22 active
males 7 days 20 g/day

for 7 days

wingate
cycling test
lower body

strength
upper
body

strength

↑ mean
power
output
↔ leg

extension
↔ bench

press

None
reported

del Favero
et al. 2012

34
untrained

males
10 days 20 g/day

for 10 days

lower body
strength
upper
body

strength

↑ bench
press
↑ squat

None
reported

Wang et al.
2017

17 high
school

canoeists
6 days 20 g/day

for 6 days

upper
body

strength
overhead
medicine
ball throw

Post-
activation
potentia-

tion

↑ upper
body

strength
↔

overhead
medicine
ball throw
↔ post-

activation
potentia-

tion

None
reported

BLa = blood lactate; CR or no identifier = creatine monohydrate; ↓ indicates decrease; ↑ indicates
increase; ↔ indicates no difference.110
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3.1.2. Longer-Term Training Adaptations (>2 Weeks)

Ergogenic benefits have also been reported following moderate-duration supplemen-
tation periods across several different populations. Although short-term benefits from
creatine supplementation tend to be more specific to bouts of high-intensity exercise perfor-
mance in regards to work output and anaerobic capacity, moderate-length supplementation
periods appear to confer ergogenic benefits by helping to facilitate increases in training
volume, thereby helping to augment training adaptations when combined with a struc-
tured training program. This indicates that consistent improvements in training quality
and total work completed, underpinned by increasing intramuscular PCr content, are
likely driving a lot of the training adaptations and benefits of creatine supplementation.
These benefits appear to occur in both those who have been previously participating in
resistance training programs and those who have been previously sedentary. For example,
greater gains in 3 RM bench press were observed in experienced powerlifters supple-
menting with creatine compared to those supplementing with a placebo over a 26-day
training period. Those in the creatine group also performed more total repetitions than
the placebo group at 85% of 3 RM [28]. Similar results were reported in a study by Antonio
et al. [29], who observed greater improvements in fat-free mass accrual and bench press
1 RM strength in recreational male body builders following a 5-week creatine supple-
mentation period, in conjunction with a body-building-type resistance training program
compared to those in the placebo group. Likewise, following a 6-week training period
in experienced resistance-trained males, individuals supplementing with creatine dis-
played greater increases in bench press 1 RM compared to a placebo [30]. A 12-week
concurrent periodized resistance training program paired with creatine supplementation
resulted in significant improvements in bench press and back squat in 19 resistance-trained
men. Additionally, improved jump squat performance was also observed. Interestingly,
representing a protocol that is conducive to the performance-enhancing potential of cre-
atine, subjects were provided with individualized training instruction throughout this
study and were encouraged to progressively increase the intensity and volume of training
throughout the study. The researchers noted that the creatine group displayed greater
increases in exercise intensity and volume as the study progressed, which may partially
explain the results [21]. In contrast, when subjects were involved in concurrent resistance
training in which the training volume and intensity were controlled (i.e., subjects were
prohibited from exceeding pre-determined numbers of repetitions and sets), it was con-
cluded that creatine supplementation with concurrent weight training did not provide
a greater ergogenic benefit when compared to the placebo group. This supports the notion
that some of the ergogenic benefits are likely underpinned by facilitating increases in
training intensity and work volume throughout a training program [31]. Table 4 provides
a summary of selected studies that have examined the long-term (>2 weeks) effects of
creatine monohydrate on strength and anaerobic performance.
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Table 4. Summary of selected studies examining the long-term (>2 weeks) effects on strength performance.

Author
and Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Peak Torque/Force Production

Stevenson
et al. 2001

18 (17
males, 1
female)
trained
subjects

9 weeks

20 g/day
for 7 days
5 g/day 8

weeks

maximal
torque on
isokinetic

dy-
namome-

ter
quadriceps

cross-
sectional

area

↔
maximal
torque
↑ cross-

sectional
area

None
reported

Chrusch
et al. 2001

30 healthy
older
males

12 weeks

0.03
g/kg/day
for 5 days

0.07
g/kg/day

for 11
weeks

lean tissue
bench
press

strength
leg press
strength

knee
extension

muscle
endurance

average
power

↑ lean
tissue

↔ bench
press

↑ leg press
↑ knee
torque
↑ muscle

endurance
↑ average

power

None
reported

Strength

Vandenberghe
et al.1997

19 healthy
female

subjects
11 weeks

5 g/day
for 4 days
2.5 g/day

for 10
weeks

arm
flexion on
isokinetic

dy-
namome-

ter
upper

and lower
body

muscle
strength

body com-
position

↑ arm
torque

↑ leg press,
leg

extension,
squat

↔ bench
press, leg

curl,
shoulder

press
↑ lean

muscle
mass

None
reported

Kelly et al.
1998

18 male
power-
lifters

26 days

20 g/day
for 5 days
5 g/day

for 21 days

bench
press

strength
bench
press

endurance
total body

mass

↑ bench
press

strength
↑ bench

press
endurance
↑ body
mass

None
reported
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Table 4. Cont.

Strength

Volek et al.
1999

19 trained
males 12 weeks

25 g/day
for 7 days
5 g/day

for 11
weeks

body mass
fat-free
mass
bench
press

strength
squat

strength
quadriceps

cross-
sectional

area

↔ body
mass

↑ fat-free
mass

↑ bench
press
↑ squat

↑
quadriceps

cross-
sectional

area

None
reported

Becque
et al. 2000

23 trained
males 6 weeks

20 g/day
for 5 days
2 g/day
for days

6–42

upper
body

strength
body com-
position

↑ arm
flexor

strength
↑ body
mass

↔ body fat
↑ fat-free

mass
↑ upper

arm
muscle

area

None
reported

Brenner
et al. 2000

20 female
college
lacrosse
players

5 weeks

20 g/day
for 7 days
2 g/day
for days

8–32

body com-
position
bench
press

strength
knee

extension
strength

knee
extension
endurance

BLa

↔ body
composi-

tion
↑ bench

press
strength
↔ knee

extension
strength
↔ knee

extension
endurance
↔ BLa

None
reported

Larson-
Meyer et al.

2000

14 female
college
soccer

players

13 weeks

15 g/day
for 5 days
5 g/day 5

days/week
for 12
weeks

bench
press

strength
squat

strength
vertical

jump
body com-
position

↑ bench
press

strength
↑ squat
strength
↔ vertical

jump
↑ body
mass
↑ lean
mass

↔ body fat

1 subject
reported
nausea
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Table 4. Cont.

Strength

Bemben
et al. 2001

25 male
college
football
players

9 weeks

20 g/day
for 5 days
5 g/day

for 8 weeks

bench
press

strength
squat

strength
power
clean

strength
Wingate

cycling test
isokinetic
strength

body com-
position

↑ bench
press

strength
↑ squat
strength
↑ power

clean
strength

↑
anaerobic

power,
capacity
and %

decrement
↑ peak
torque
knee

flexion
↔ peak
torque
knee

extension
↑ lean

body mass
↔ body fat

None
reported

Burke et al.
2001

47 active
male

subjects
21 days 7.7 g/day

for 21 days

bench
press on

a isokinetic
dy-

namome-
ter

↑ peak
force
↑ peak
power
↑ time to
fatigue

None
reported

Chrusch
et al. 2001

30 healthy
older
males

12 weeks

0.03
g/kg/day
for 5 days

0.07
g/kg/day

for 11
weeks

lean tissue
bench
press

strength
leg press
strength

knee
extension

muscle
endurance

average
power

↑ lean
tissue

↔ bench
press

↑ leg press
↑ knee
torque
↑ muscle

endurance
↑ average

power

None
reported

Wilder
et al. 2001

25 male
college
football
players

10 weeks

3 g/day
for 10

week or
20 g/day
for 7 days,

then 5
g/day

for rest of
the study

squat
strength

body com-
position

↔ squat
strength
↔ lean

body mass
↔ fat mass

None
reported
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Table 4. Cont.

Strength

Burke et al.
2003

49 (20
male, 29
female)
active

subjects

8 weeks

0.25 g/kg
lean

tissue/day
for 7 days

0.0625
g/kg lean
tissue/day
for 49 days

bench
press

strength
leg press
strength

isokinetic
endurance
quadriceps

cross-
sectional

area
body com-
position

↑ bench
press
↔ leg
press
↑ total
work
↑ body
mass
↑ lean

body mass
↑ cross-

sectional
area

None
reported

Ferguson
et al. 2006

26 trained
females 10 weeks

0.3 g/kg
for 7 days
0.03 g/kg

for 9 weeks

bench
press

strength
leg press
strength

body com-
position

↔ bench
press
↔ leg
press
↔ total

mass
↔ lean

body mass
↔ fat mass

None
reported

Kerksick
et al. 2009

24 trained
males 4 weeks

20 g/day
for 5 days
5 g/day

for 23 days

bench
press

strength
leg press
strength

isokinetic
knee

extension
Wingate

cycling test
body com-
position

↑ bench
press

↑ leg press
↔ peak
torque
↔ peak
power
↑ lean

body mass
↑ fat-free

mass

None
reported

Camic et al.
2010

22
untrained

males
28 days 5 g/day

for 28 days

bench
press

strength
leg

extension
strength
Wingate

cycling test

↑ bench
press
↔ leg

extension
↔ mean
power
↔ peak
power

None
reported

Hummer
et al. 2019

22 (16
males, 6
females)

active
subjects

6 weeks 4 g/day
for 6 weeks

bench
press

strength
bench
press

endurance
squat

strength
squat

endurance

↑ bench
press

strength
↑ bench

press
endurance
↑ squat
strength
↔ squat

endurance

None
reported

115



Nutrients 2021, 13, 1915

Table 4. Cont.

Strength and Performance Outcomes

Kreider
et al. 1998

25 college
football
players

28 days
15.75

g/day
for 28 days

total work
during

sprints on
a cycle

ergometer
bench
press

volume
total

volume

↑ total
work

↑ bench
press

volume
↑ total

volume

None
reported

Stone et al.
1999

42 college
football
players

5 weeks
0.22

g/kg/day
for 5 weeks

bench
press

strength
squat

strength
counter

movement
vertical

jump
static

vertical
jump

body com-
position

↑ bench
press

strength
↔ squat
strength

↔ counter-
movement

vertical
jump

↔ static
vertical

jump
↑ body
mass
↑ lean

body mass

None
reported

Chilibeck,
et al. 2007

19 male
union
rugby

players

8 weeks
0.7

g/kg/day
for 8 weeks

bench
press

endurance
leg press

endurance
body com-
position

↔ bench
press

repetitions
↔ leg
press

repetitions
↑ when

combining
bench
press

and leg
press
scores
↔ total

body mass
↔ lean

tissue mass
↔ fat mass

None
reported

BLa = blood lactate; CR or no identifier = creatine monohydrate; ↓ indicates decrease; ↑ indicates
increase; ↔ indicates no difference.

3.1.3. Athletes

From a historical perspective, some of the earliest work investigating the perfor-
mance benefits of creatine supplementation was done as part of strength and conditioning
programs in the late 1990s [22,32,33]. Several of these studies indicated that when crea-
tine supplementation was provided for longer durations in conjunction with a strength
and conditioning program, improvements in various indices of strength, power, and body
composition were reported. These findings have since been replicated across a variety
of sports, as seen in Tables 4 and 5. For example, Kreider et al. [22] reported greater
improvements in fat/bone-free mass, training volume, and sprint performance in NCAA
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Division I collegiate football players following 28 days of creatine supplementation in
conjunction with a resistance/agility training program. Similarly, following 5 weeks of
creatine supplementation, freshmen and redshirt American collegiate football players
experienced greater increases in bench press and squat scores, and lower body power
compared to a placebo [11]. Interestingly, in a similar study involving collegiate football
players participating in an 8-week strength and conditioning program, athletes were pro-
vided wither creatine with dextrose at two different dosages according to each athlete’s
fat-free mass (FFM) or a placebo for 8 weeks. Results revealed that both groups receiving
creatine experienced significant strength gains over the training period. Still, only the crea-
tine group (300 mg/kg) experienced significant strength gains compared to the placebo
group. Thus, it appears that the dosage of creatine may be a factor when supplementing
for some athletes [34]. Longer periods of creatine supplementation have also continued
to show promise, with no risk of long-term benefits tapering off or individuals becoming
“de-sensitized” to creatine’s beneficial effects. For example, Bemben et al. [35] observed
superior improvements in the bench press and back squat 1 RM strength and anaerobic
capacity in collegiate redshirt football players who had been supplementing with creatine
compared to training alone. In a study involving collegiate football players participating in
a 9-week resistance training program, results demonstrated improvements in the maximal
bench press, squat, and power clean performances in all groups, with the creatine + glucose
group evincing the greatest improvement compared to creatine alone and the placebo
group. The authors suggested that this may have been due to increased work volume,
facilitated by enhanced recovery [35]. Similarly, following a 10-week strength and condi-
tioning program, collegiate football players who received low-dose creatine monohydrate
supplementation (5 g/day) experienced greater increases in maximal bench press, squat,
and power clean performances than from training alone. This study was important in that
it revealed not only that creatine supplementation may improve strength and power, but
that a loading phase was not necessary to achieve these results [36].

Table 5. Summary of selected studies examining the effects of creatine supplementation on sport performance.

Author
Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Grindstaff
et al. 1997

18 (7 male,
11 female)
junior com-

petitive
swimmers

9 days 21 g/day
for 9 days

100-m
sprint

performance
arm

ergometer
perfor-
mance

↑ sprint
swimming

perfor-
mance

None
reported

Kreider
et al. 1998

25 college
football
players

28 days
15.75

g/day
for 28 days

total work
during

sprints on
a cycle

ergometer
bench
press

volume
total

volume

↑ total
work

↑ bench
press

volume
↑ total

volume

None
reported
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Table 5. Cont.

Author
Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Noonan
et al. 1998

39 college
football
players

9 weeks

20 g/day
for 5 days
100 or 300
mg/kg/fat-
free mass

for 8 weeks

bench
press

40-yard
dash

% body fat
fat-free
mass

vertical
jump

↑ bench
press

↑ 40-yard
dash

↔ % body
fat

↔ fat-free
mass

↔ vertical
jump

None
reported

Peyrebrune
et al. 1998

14 male
college

swimmers
5 days 9 g/day

for 5 days

single
50-m

sprint time
repetitive

50-m
sprint time

↔ single
50 m sprint

time
↑ repetitive
50 m sprint

time

None
reported

Stout et al.
1999

24 college
football
players

8 weeks

21 g/day
for 5 days
10 g/day
thereafter

vertical
jump

100-yard
dash

bench
press

strength

↑ vertical
jump

↑ 100-yard
dash

↑ bench
press

strength

None
reported

Jones et al.
1999

8 elite ice
hockey
players

11 weeks

20 g/day
for 5 days
5 g/day

for 10
weeks

5 × 15 s
skating
sprints
6 timed

80-m
skating
sprints

↑ 5 × 15 s
skating
sprints

↑ 6 timed
80 m

skating
sprints

None
reported

Kirksey
et al. 1999

36 (16
male, 20
female)

track
and field
athletes

6 weeks 0.3
g/kg/day

counter
movement

vertical
jump

power
and total

work
during

sprints on
a cycle

ergometer

↑ counter
movement

vertical
jump
↑ peak
power
↑ total
work

on cycle
ergometer

None
reported

Kreider
et al. 1999

61 college
football
players

12 weeks 20–25
g/day

Bench
press

strength
Bench
press

endurance
Body com-
position

↑ bench
press

strength
↑ bench

press
endurance
↑ body
mass
↑ soft

tissue lean
mass

None
reported
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Table 5. Cont.

Mujika
et al. 2000

17 trained
soccer

players
10 weeks

20 g/day
for 5 days
5 g/day

for 9 weeks

counter
movement

jump
repeated

sprint
ability

↔ counter-
movement

jump
↑ repeated

sprint
ability

None
reported

Haff et al.
2000

36 (16
male, 20
female)

track
and field
athletes

6 weeks 0.3
g/kg/day

counter
movement

vertical
jump

↑ counter-
movement

vertical
jump

None
reported

Skare et al.
2001

18 male
competi-

tive
sprinters

5 days 20 g/day
for 5 days

100-m
sprint time
total sprint

time
(6 × 60 m)

↑ 100 m
sprint time

↑ total
sprint time

None
reported

Romer
et al. 2001

9 competi-
tive squash

players
5 days

0.075 g/kg
4 times

for 5 days

single
sprint

repetitive
sprint per-
formance

↔ single
sprint

↑ repetitive
sprint per-
formance

None
reported

Izquierdo
et al. 2002

19 male
handball
players

5 days 20 g/day
for 5 days

counter
movement

vertical
jump

repetitive
sprint per-
formance

↑ counter-
movement

vertical
jump

↑ 6 × 15 m
sprints

None
reported

Cox et al.
2002

12 elite
female
soccer

players

6 days 20 g/day
for 6 days

agility kick
drill test

agility race
test

repetitive
sprint per-
formance

BLa

↔ kick
drill test
↑ agility

run
↑ repetitive
sprint per-
formance
↓ BLa

None
reported

Lehmkul
et al. 2003

29 (17
male, 12
female)

track
and field
athletes

8 weeks

0.3
g/kg/day
for 7 days

0.03
g/kg/day

for 7
weeks.

average
and peak

power
during

repeated
sprints on

a cycle
ergometer

↔ static
vertical

jump
↔ counter-
movement

vertical
jump

↔ average
power
↔ peak
power

None
reported

Delecluse
et al. 2003

12 (7 male,
5 female
competi-

tive
sprinters

7 days 0.35 g/day
for 7 days

single
40-m
sprint

repeated
40-m

sprints

↔ single
40 m sprint

↔
repeated

40 m
sprints

None
reported
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Table 5. Cont.

Kocak et al.
2003

20 elite
male

wrestlers
5 days 20 g/day

for 5 days

average
and peak

power
during

Wingate
anaerobic
power test

↑ average
power
↑ peak
power

None
reported

Ostojic
et al. 2004

20 young
male

soccer
players

7 days 30 g/day
for 7 days

dribbling
test

sprint
power
counter

movement
jump

↑ dribbling
test

↑ sprint
power

↑ counter-
movement

vertical
jump

None
reported

Pluim et al.
2006

36 competi-
tive tennis

players
32 days

0.3 g/day
for 6 days
0.03 g/day
for 28 days

serve
velocity

groundstroke
velocity

repetitive
sprints

↔ serve
velocity

↔ ground-
stroke

velocity
↔

repetitive
sprints

None
reported

Glaister
et al. 2006

42 active
males 5 days 20 g/day

for 5 days

repetitive
sprint per-
formance

↔
repetitive
sprint per-
formance

None
reported

Lamontagne-
Lacasse

et al. 2011

12 elite
male

volleyball
players

28 days

20 g/day
in days 1–4
10 g/day

in days 5–6
5 g/day in
days 7–28

repeated
block jump
spike jump

↔
repeated

block jump
↔ spike

jump

None
reported

Ramierz-
Campillo
et al. 2016

30 amateur
female
soccer

players

6 weeks

20 g/day
for 7 days
5 g/day

for 5 weeks

jump test
repeated
sprinting

directional
change

↑ jump test
↑ repeated
sprinting

↔
directional

change

None
reported

BLa = blood lactate; CR or no identifier = creatine monohydrate; BLa = blood lactate; ↓ indicates
decrease; ↑ indicates increase; ↔ indicates no difference.

Analogous benefits have also been observed in female collegiate athletes supplement-
ing with creatine in conjunction with a strength and conditioning program. In a study
involving female collegiate lacrosse players participating in a concurrent resistance training
program as part of a 5-week preseason conditioning program, those supplementing with
creatine displayed even greater strength gains than the placebo group [37]. For example,
during a 13-week resistance training program, collegiate female soccer players supplement-
ing with creatine experienced more significant strength gains in the back squat between 5
and 13 weeks than those in the placebo group [38].

3.1.4. Untrained

Creatine supplementation has even been shown to elicit ergogenic benefits to those
who are previously untrained and in those who completed self-designed training programs.
For example, improvements of 20%–25% in muscular strength have been reported in un-
trained females supplementing with creatine while undergoing 10 weeks of concurrent
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strength training [39]. Furthermore, Candow et al. [40] observed improvements in mus-
cle thickness and leg press strength in men and women who were physically active but
previously naïve to resistance training after 6 weeks of creatine supplementation and resis-
tance training. Furthermore, 30 days of creatine supplementation (5 g/day) has also been
shown to improve strength even without supervised concurrent strength and conditioning
programs in individuals who are physically active [41].

3.2. Exercise Capacity/Prolonged High-Intensity Efforts

Harris et al. [6] were the first to show that supplementing with creatine in 4 × 5 g/day
for 5 days resulted in a 50% increase in intramuscular total creatine content (20%–40%
as PCr). Greenhaff and colleagues [8] translated these changes in total creatine content
to performance outcomes when they had 12 study participants supplement with either
a placebo or creatine over a 5-day supplementation period (4 × 5 g/day = 20 g/day) before
completing five 30-s bouts of maximal muscle contractions. No performance changes were
observed in the placebo group, but when creatine supplementation was employed, peak
torque production increased in the final ten repetitions of the first bout and throughout
the entirety of bouts 2–4. That same year, Balsom et al. [7] published data to illustrate
the ergogenic potential of creatine supplementation. In this study, 16 healthy males sup-
plemented for 6 days at a dose of 5 g/day in a double-blind format. Each participant
completed 10 repeated 6-s bouts of high-intensity cycling with 30 s of rest between each
bout. Work output exhibited smaller declines towards the end of each bout when creatine
supplementation was provided; no such changes were observed in the placebo group.
Birch and colleagues [42] supplemented individuals with either a placebo or creatine with
4 × 5 g/day (20 g/day) for 5 days. Before and after supplementation, study participants
complete three 30-s bouts of high-intensity cycling. Although the placebo exhibited no
impact on peak power, mean power or total work output, creatine supplementation signifi-
cantly increased peak power after the first cycling bout and increased mean power output
and total work completed during the first and second exercise bouts. No impact on power
or total work was observed in the third bout. Casey et al. [43] had nine males complete two
bouts of 30 s maximal cycling before and after supplementation with creatine at a dosage of
20 g/day for 5 days. Skeletal muscle biopsies confirmed an increase in intramuscular PCr
content, which likely contributed to the increase in total work production of 4% that was
observed. Moreover, the loss of ATP was found to be approximately 30% less when crea-
tine was ingested, and this sustainment was found even after more work was completed.
The results from this study were meaningful as they highlighted the key relationship that
exists between the decay in exercise performance and intramuscular PCr status.

From there, modifications to the traditional creatine dose began to be considered, as
studies had indicated some degree of individual variation (responders vs. non-responders)
to supplementation [6,22,44]. As discussed previously, Kreider et al. in 1998 supplemented
25 football players for 28 days with a combination of carbohydrate (99 g) and 15.75 g
of creatine and reported increases in fat-free mass, as well as improvements in bench
press volume, total lifting volume, and total work performed through the first five sets of
6-s bouts of maximal cycling [22]. In accordance, Stout and investigators [45] examined
the combination of creatine and carbohydrates. These authors reported that creatine
supplementation (4 × 5 g/day for 6 days) in 26 college-aged men increased anaerobic
working capacity by 9.4%, whereas no change in working capacity was noted when a 33-g
dose of carbohydrate was delivered as a placebo. Notably, the combination of creatine
and carbohydrates increased working capacity by 30.7%, providing additional credence
to previous work that demonstrated an improvement in intramuscular creatine uptake
and better sustainment of performance [6,43,44]. In 2003, Van Loon and colleagues [46]
supplemented 20 college-aged men for 6 weeks in a double-blind, placebo-controlled,
parallel fashion. A traditional loading phase (4 × 5 g/day for 5 days) was completed,
which was then followed with 2 g/day for the remaining 37 days. Before and after
the loading and maintenance supplementation periods, high-intensity exercise capacity
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was assessed by having participants perform 15 cycling sprints that were each 12 s in
duration and separated by 48 s of rest. The loading phase successfully increased muscle
creatine levels, which regressed back to baseline levels after 6 weeks. Additionally, peak
power output after 5 days of supplementation increased performance during repeated
sprints on the cycle ergometer. Moreover, these performance increases were maintained
after the 6-week supplementation regimen, suggesting that continued ergogenic potential
is exhibited by creatine under these parameters. Results from Barber et al. [47] illustrated in
13 healthy trained individuals that just 2 days of supplementation in a randomized, double-
blind, crossover fashion with either a placebo (20 g maltodextrin + 0.5 g/kg maltodextrin)
or creatine (20 g + 0.5 g/kg maltodextrin) prior to completing six repeated 10-s cycling
sprints with 60 s of rest between sprints can increase relative peak power production by
4% when compared to the placebo condition. Moreover, Fukuda and colleagues reported
that acute creatine supplementation significantly increased anaerobic running capacity,
an intense, challenging three-minute bout of high-intensity running [48]. In summary
and when viewed collectively, these results and others display a consistent pattern of
research that supports the ability of creatine supplementation to increase one’s capacity
to perform high-intensity exercise both after acute (5–6 days) and prolonged (4–6 weeks)
periods of supplementation.

3.3. Sport-Specific Performance

For many athletes and coaches, the impact of creatine supplementation on sports
performance is the most important consideration. It is well established that creatine supple-
mentation leads to increased muscle PCr content [6,14], accelerated ATP resynthesis [7,43],
and enhanced performance in short-duration, predominately anaerobic intermittent ex-
ercise [13,49]. As a result of these observed benefits, it has been suggested that creatine
supplementation could translate to enhanced on-field performance for competitive athletes.
The ever-changing nature of sports in terms of intensity, distances covered, and duration
makes the replication of sports performance difficult. Due to the challenges associated with
assessing on-field performance, many experimental approaches have employed simulated
play and field tests. The outcomes and designs of several studies have been summarized in
Table 5.

3.3.1. Agility Performance

Numerous studies have measured performance using sport-specific drills and simu-
lations following creatine use. Assessing agility performance is a common way to assess
on-field performance during soccer. In this respect, Cox et al. [50] had 14 elite female
soccer players undertake a simulated match before and after consuming either 20 g/day of
creatine or placebo for 6 days. During the simulation, performance times during ten agility
runs were digitally recorded and run times were significantly faster during trials 3, 5, and 8
in the creatine supplementation group. Similarly, Ramirez-Campillo et al. [51] divided
30 competitive female soccer players into three equal groups (creatine, placebo, control)
with each completing a pre-test agility run. The creatine and placebo groups were also
assigned to a 6-week plyometric training program. Although agility run times increased
in both groups as a result of training, no performance differences between groups were
identified. Other soccer studies have examined field tests, with mixed results. For example,
Ostojic et al. [52] had 20 adolescent male soccer players ingest 30 g/day of creatine for 7
days, which resulted in an improvement in ball dribbling skills, jump height, and power
production, whereas no improvement in kicking accuracy was observed. Similar outcomes
in kicking accuracy were reported by Cox et al. [50] after creatine supplementation.

Tennis is a sport characterized by explosive, powerful actions interspersed with
tremendous agility demands and notable exercise capacity demands. However, the im-
pact of creatine ingestion on tennis performance has not been as extensively studied as
other sports. Using a double-blind cross-over study design, Op’t Eijnde et al. (2001) had
eight well-trained tennis players consume 20 g/day of creatine or a placebo over 5 days.
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Stroke quality via the Leuven Tennis Performance Test and a 70-m shuttle run were mea-
sured at baseline and after each treatment [53]. The study included a 5-week washout
period between treatments and no significant differences in performance were recorded
after creatine supplementation for either test. Pluim et al. (2006) had 39 male tennis players
perform ball machine ground stroke drills to assess the acute (0.3 g/kg/day for 6 days)
and chronic (0.03 g/kg/day for 5 weeks) effects of creatine ingestion [54]. Performance met-
rics included the velocity of repeated ground strokes and serving velocity. No significant
differences were found in these performance measures after the acute loading phase or
following 5 weeks of creatine use in any performance measure. As a result, the authors
concluded that creatine should not be recommended to tennis players; however, the chosen
outcome measures may not have been ideal outcome variables when considering creatine’s
primary ergogenic mechanism of action.

Studies that have incorporated creatine use in combat sports have yielded conflicting
results. Kocak and Karli (2003) had 20 international-level wrestlers perform a 30-s Wingate
test before and after consuming 20 g/day of creatine or placebo for 5 days. Average power
and peak power were significantly greater when creatine supplementation was provided,
whereas no change was observed in the placebo condition [55]. However, Aedma et al. [56]
reported creatine supplementation (0.3 g/kg/day) for 5 days did not improve peak power,
mean power, or fatigue index in repeated upper-body ergometer sprint tests in 20 amateur
Brazilian Jiu Jitsu and submission wrestling athletes. Similarly, 10 taekwondo athletes failed
to show improvements in Wingate anaerobic capacity tests following the use of creatine
(50 mg/kg/day) or placebo for 6 weeks in a crossover design with a 6-week washout
period [57]. In summary, the available research in combative sport athletes suggests that
creatine supplementation may have limited potential to enhance performance in these
types of sports. These results are somewhat surprising, considering the energetic nature of
these events, and as a result, more research is encouraged to better determine the potential
for creatine to enhance performance in sports of this nature.

3.3.2. Sprint Performance

Improvements in sprint performance after creatine supplementation have been shown
in handball [58], football [59], ice hockey [60], soccer [50–52,61], swimming [62], and track
athletes [63]. Briefly, Kreider in 1998 [22] and Stout in 1999 [59] reported improvements
in sprint performance by collegiate American football players after supplementing their
diet with combinations of creatine (5.25–15.75 g) and carbohydrates (33–99 g). Similarly,
Skare et al. [63] reported faster 100-m sprint times and reduced total time of 6 × 60-m
sprints in a group of well-trained male sprinters after 5 days of creatine supplementation
(20 g/day). Not all studies, however, suggested that creatine supplementation improves
sprint performance [54,64–66]. In this respect, Glaister and colleagues [67] reported no
change in sprint running performance (30 m dash) after a standard 5-day creatine loading
phase in active college-aged men who were consistently completing activities that involved
sprinting. Similarly, Delecluse et al. [64] also reported that creatine supplementation did
not improve 40-m dash performance after a 7-day creatine loading protocol in elite college
sprinters. It was surmised from these authors that the high volume of high-intensity
training already being completed by these athletes may have underpinned creatine’s abil-
ity to promote further improvements in sprinting performance. This thesis, however,
is refuted by Skare and investigators [63], who supplemented collegiate track and field
athletes with creatine for five days (20 g/day) while also participating in a concomitant
resistance training program. In this study, performance changes in 60-m and 100-m sprint
performance were assessed and the authors found that 100-m sprint velocity was improved
and the total time to complete multiple 60-m sprints was significantly reduced. In sum-
mary, it appears that creatine’s ability to improve performance in those activities which
contain a predominant gravitational component (e.g., sprinting, vertical jump, etc.) may be
challenged. Thus, it has been suggested that the added body mass which occurs due to
creatine supplementation may offset any ergogenic outcomes, but this conclusion has not
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been universally observed. As a result, people must consider that multiple factors interact
(training status, type of athlete, sprint distance, the incorporation of other forms of training
besides sprinting, etc.) to influence the final observed outcomes. Nevertheless, a number
of studies are available that have documented the ability of creatine supplementation to
improve sprinting performance.

3.3.3. Jump Performance

The ability to jump explosively both horizontally and vertically is a key attribute
for many athletes. To jump effectively, an athlete must be able to generate high amounts of
power relative to their body mass. Due to creatine’s known ability to increase body water
and subsequently body mass, concerns have been raised about the impact of supplementing
with creatine on jumping performance. Lamontage-Lacasse et al. [68] compared the effect
of 4 weeks of creatine to that of a placebo on 1 RM spike jump (SJ) and repeated block
jump (BJ) capacity among 12 elite male volleyball players. Dosing for the study included
ingesting either a placebo or creatine at 20 g/day on days 1–4, 10 g/day on days 5–6,
and 5 g/day on days 7–28. Before and after the treatment, subjects performed the 1 RM
SJ test, followed by the repeated BJ test (10 × 10 BJs). Following supplementation, no
differences were observed in SJ between the creatine and placebo conditions. A non-
significant (p > 0.05) 1.9% improvement in BJ performance was observed for the group
supplementing with creatine compared to the placebo group. Alternatively, Izquierdo
et al. [58] found that creatine supplementation (20 g/day for 5 days) attenuated a decline
in countermovement jumping (CMJ) ability after a single set of half squats when compared
to the placebo group. Similar findings were recorded by Mujika et al. [61], who found that
5 days of creatine loading (20 g/day) limited the observed decay in jumping performance
after a maximal intermittent soccer-specific test (40 × 15-s bouts of high-intensity running
interspersed with 10-s bouts of low-intensity running). Additionally, a recent meta-analysis
in soccer suggested that creatine supplementation produces small but non-significant
improvements in single jump performance [69]. Stone et al. [11] supplemented 42 American
collegiate football players for 5 weeks and determined that creatine supplementation
led to significantly greater power output and rate of force development during static
vertical jumps. In addition, Haff et al. [70] reported greater rates of improvement in
CMJ performance for track athletes who ingested creatine (0.3 g/kg/day over the 6-week
study) compared with a placebo group. To summarize the available literature surrounding
jumping performance, the majority of studies demonstrate consistent, small improvements
in jumping performance, whereas other studies have reported improvements that did not
reach traditional levels of statistical significance.

3.3.4. Selected Competitive Athletes
American Football

Using trained collegiate athletes, Kreider et al. [22] had 25 NCAA Division IA football
players supplement in a double-blind, randomized fashion for 28 days with either 99 g
of carbohydrates or an isoenergetic amount of carbohydrate + 15.75 g of creatine as part
of their regular training and conditioning sessions. Increases in body mass and fat-free
mass were found, along with increases in bench press volume, total volume, and total work
completed during the initial bouts of a repeated sprint cycling protocol. In addition, Stout
and investigators [59] supplemented 24 collegiate football players with either carbohydrates
(35 g), creatine (5.25 g of creatine + 1 g of carbohydrates) or creatine + carbohydrates (5.25 g
of creatine + 33 g of carbohydrates). Four doses were taken per day in all groups for the first
5 days, whereas thereafter, two doses per day were consumed. The combination of creatine
+ carbohydrates led to significantly greater improvements in bench press strength, vertical
jump, and 100-yard dash when compared to the carbohydrate group, whereas the observed
changes in the creatine only group exhibited greater mean changes, but the magnitude of
these changes was not considered to be statistically significant. Stone and colleagues [11]
reported increases in upper and lower body strength and peak rates of force development
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in American football players after 5 weeks of creatine supplementation. Finally, Kreider in
1999 [33] supplemented 51 college football players in a matched, randomized fashion to
a placebo, carbohydrates + placebo, or a combination of carbohydrates + protein + creatine.
The two groups which contained creatine experienced the greatest gains in lean mass in
comparison to the groups that did not contain creatine.

Track and Field

Kirksey et al. [71] supplemented 36 male and female collegiate track and field athletes
with either a placebo or creatine (0.30 g/kg/day) for 6 weeks. Lower body power was
assessed using countermovement and static vertical jumps, whereas exercise capacity
was assessed using five consecutive 10-s bouts of cycling exercise. Improvements in
countermovement vertical jump height (7.0% vs. 2.3%), vertical jump power (6.8% vs.
3.1%), average cycling peak power (12.8% vs. 4.8%), average cycling power (10.8% vs. 3.1%),
and cycling total work (10.8% vs. 3.5%) were all greater when athletes supplemented with
creatine vs. placebo. To further extend these outcomes, Lehmkul et al. [72] supplemented
29 male and female collegiate track and field athletes for 8 weeks and assessed changes in
body composition and performance. Again, supplementation with creatine after 1 week
and also after an additional 7 weeks resulted in improvements in rates of power production
when compared to rates observed by athletes who consumed a placebo.

Swimming

Grindstaff and investigators [73] supplemented 18 male and female junior competitive
swimmers with either creatine or a placebo for 9 days during training. Before and after
supplementation, all swimmers completed three 100-m freestyle swims with 60 s of recov-
ery between each race. Those swimmers supplementing with creatine swam significantly
faster than those supplementing with a placebo after the first heat. The entire distance
covered by those supplementing with creatine over all three 100-m races tended to be
greater. This study is significant as it was one of the first to use adolescent athletes and also
incorporated female athletes. Additionally, Peyrebrune et al. [65] reported improvements
in repeat swim performance among elite swimmers following creatine supplementation
(9 g/day for 5 days). In terms of swimming, Papadimitriou reviewed the literature sur-
rounding the efficacy of several ergogenic supplements, including creatine [74]. Finally,
creatine has also been proposed as a potential ergogenic aid for other total body exercises
with similar physiological demands, such as mixed-martial arts; however, limited evidence
is currently available.

3.4. Endurance Performance

Although creatine supplementation has been quite effective in its ability to function
as an ergogenic aid for anaerobic exercise, much less evidence and discussion exists sur-
roundings its ability to benefit endurance performance [75]. When considering creatine’s
role from an energetic perspective, this is not surprising, as exercise bouts greater than
2 to 3 min in duration rely predominately on the oxidative system for the synthesis of
ATP [76]. Currently, the efficacy of creatine supplementation appears to be more limited
for endurance sports, with the magnitude of the benefit being dependent on the duration
of the event, as well as the mode of exercise. As exercise duration increases, the ergogenic
potential of creatine is diminished [49]. A vast majority of studies show that creatine
supplementation has no appreciable effect on maximal oxygen consumption (i.e., VO2Max
or VO2Peak) [7,58,77–82], submaximal oxygen consumption [83–85], or time trial perfor-
mance [82,86–90]. A few studies demonstrated improvements in time-to-exhaustion [91,92],
but a majority reported no effect [77,82,93,94].

Interestingly, a few research studies have reported small yet significant improvements
in other endurance performance variables, such as blood lactate concentration at a given
workload and ventilatory/lactate threshold following creatine supplementation [77,95,96].
For example, Chwalbinska-Monteta et al. [95] had elite male rowers perform an incremen-
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tal exercise to exhaustion on a rowing ergometer before and after consuming 20 g/day
of creatine or a placebo for 5 days. Significant reductions in blood lactate at submaxi-
mal intensities, as well as increases in lactate threshold, were reported. No differences
between groups were found in maximal power or maximal blood lactate concentration
after the all-out exercise. In addition to this study, a pair of studies conducted in the same
laboratory [77,97] used recreationally active males completing 4 weeks of high-intensity in-
terval training while supplementing with either 10 g per day of creatine citrate or a placebo.
During an incremental cycle ergometry test, significant improvements in critical power
(+6.7%) and ventilatory threshold (+6%) were observed for the creatine group compared to
the placebo group. No significant differences were recorded in VO2Peak, time to exhaus-
tion, or total work accomplished. A 2019 study by Fenandez-Landa and colleagues [96]
investigated the effects of 10 weeks of creatine on rowing performance. An incremental test
to exhaustion was performed by each subject on a rowing ergometer before and after both
the creatine and placebo treatments. Measurements included power at anaerobic threshold
(WAT), 4 mmol (W4), and 8 mmol (W8) of blood lactate concentration. Power outputs at
8 mmol blood lactate concentration in the creatine-supplemented group increased after
eight weeks, whereas no changes were observed in the placebo group, in addition to
an approximate 6%–7% increase in absolute power output, which was significantly greater
than the absolute power output in the placebo group.

In these studies, endurance performance variables were only slightly improved after
creatine supplementation and therefore should be interpreted with caution when con-
sidering the practical benefits of using creatine for endurance performance. In addition,
the mode of exercise may increase the likelihood of finding ergogenic benefits from crea-
tine. For example, the majority of support for creatine use in endurance exercise has been
observed using either an indoor rowing ergometer [95,96] or a cycle ergometer [77,97]. By
contrast, the performance of endurance activities such as running, swimming, and soccer
involves the propulsion of the body, which may be adversely affected by the gains in body
mass typically seen with creatine supplementation, a concept also discussed previously
with activities such as jumping. It is quite possible that increases in body mass may coun-
teract any beneficial effects of creatine by increasing the energy demands of exercise during
these propulsive/anti-gravity activities [98]. Finally, and as mentioned in previous sections,
Mielgo-Ayuso et al. [69] conducted a systematic review and meta-analysis of the effects
of creatine supplementation in soccer players. Although 90% of the energy used in soccer
match play comes from aerobic metabolism, results indicated that creatine did not improve
any aspect of aerobic performance.

Other outcomes of creatine supplementation have been purported to impact en-
durance training and performance. For example, studies have demonstrated that adding
creatine to carbohydrates [44] or carbohydrates + protein supplementation [99] may help
promote greater glycogen storage. In many endurance activities, the intensity and dura-
tion of training and competition cause drastic reductions in hepatic and intramuscular
glycogen levels [1], thus added glycogen storage resulting from adding creatine to carbo-
hydrate and carbohydrates + protein feeding is viewed as an essential benefit. Addition-
ally, the volume and nature of endurance training can invoke noticeable muscle damage.
Cooke and colleagues [100] have reported that creatine supplementation may reduce cir-
culating levels of muscle damage markers and help to more quickly restore the ability
of the damaged muscle to produce force, whereas other studies have also highlighted
a distinct myoprotective role for creatine [101]. Beyond these findings, Santos et al. [102]
previously reported that creatine supplementation (5 g/dose four times per day for 5 days)
in a group of runners who were monitored for 24 h after completing a 30-km running race
experienced reduced levels of soreness, muscle damage, and inflammation. Finally, athletes
participating in endurance activities must deal with high ambient temperatures and hu-
midity, which can compromise thermoregulation and subsequently performance. In this
respect, studies are available that have documented creatine’s ability to hyper-hydrate
the cell and enhance tolerance to heat [103,104]. In considering these findings, athletes may
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experience a reduction in the risk of heat-related injuries when training or competing in
these conditions [3,4,103–105]. To summarize, limited research is available that has directly
examined the ability of creatine supplementation to impact endurance exercise. Indeed,
more work is needed to explore creatine’s potential to impact performance in these types of
activities directly. Although some preliminary work suggests that creatine may not directly
support endurance performance, other studies have provided many areas of evidence
where creatine can provide support and aid the training and performance of these types of
athletes (See Table 6).

Table 6. Summary of selected studies examining the effects of creatine supplementation on endurance
performance.

Author-
Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Rossiter
et al. 1996

38 (28
male, 10
female)

competi-
tive

rowers

5 days
0.25

g/kg/day
for 5 days

time trial
perfor-
mance
during
rowing

ergometry

↓ 2.3 s in
1000-m
times

None
reported

McNaughton
et al. 1998

16 elite
male

paddlers
5 days 20 g/day

for 5 days

total work,
peak

power, BLa
during
rowing

ergometry

↑ in total
work

during
90–300 s of

rowing
ergometry

perfor-
mance

None
reported

Miura et al.
1999

8 healthy
males 5 days 20 g/day

for 5 days

critical
power test

during
cycle

ergometry

↔ critical
power

↑
anaerobic

work
capacity

None
reported

Rico-Sanz
et al. 2000

14 elite
male

cyclists
5 days 20 g/day

for 5 days

oxygen
consump-
tion, time
to exhaus-
tion, BLa
during

maximal
cycle

ergometry

↔ VO2
max

↑ time to
exhaustion
↔ BLa

None
reported

Syrotuik el
al. 2001

22 (12
male, 10
female)

competi-
tive

rowers

6 weeks

0.3
g/kg/day
for 5 days

0.03
g/kg/day
for 5 weeks

time trial
perfor-
mance
during
rowing

ergometry

↔ in
2000-m
rowing
times

None
reported
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Jones et al.
2002

9 active
males 5 days 20 g/day

for 5 days

VO2
kinetics
during

moderate
and heavy
submaxi-
mal cycle
exercise

↔ VO2
kinetics
↓ VO2
during
heavy

cycling
exercise

None
reported

Chwalbinska-
Moneta

2003

16 elite
male

rowers
5 days 20 g/day

for 5 days

maximal
power
output,

time to ex-
haustion,

Bla during
rowing

ergometry

↔
maximal
power
output
↑ time to

exhaustion
↔ BLa

None
reported

Graef et al.
2009

43 active
males 30 days

10 g/day
for 20 days;

only on
training

days (5 ×
week)

oxygen
consump-
tion, time
to exhaus-
tion, VT,

total work,
during

maximal
cycle

ergometry

↔ VO2
peak

↑ time to
exhaustion

↑
ventilatory
threshold
↔ Total

work

None
reported

Kendall
et al. 2009

43 active
males 30 days

10 g/day
for 20 days;

only on
training

days (5 ×
week)

critical
power

and anaer-
obic work
capacity
during
cycle

ergometry

↑ Critical
power
↔

Anaerobic
work

capacity

None
reported

Hickner
et al. 2010

12
endurance-

trained
males

28 days 3 g/day
for 28 days

VO2peak,
submaxi-
mal VO2,
RER, Bla,

10 s sprints
at 110%

VO2peak
during

simulated
cycling

road race

↔
VO2peak
↓ submaxi-
mal VO2
↔ RER
↔ Bla,
↔ 10-s

sprints at
110%

VO2peak

2 subjects
reported
muscle

cramping
at rest

following
supple-

mentation

De
Andrade
Nemezio
et al. 2015

24 male
amateur
cyclists

5 days 20 g/day
for 5 days

time trial
perfor-
mance

total O2
uptake,

BLa during
maximal

cycle
ergometry

↔ 1000 m
time

↓ total O2
uptake
↔ BLa

None
reported
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Fernandez-
Landa et al.

2020

28 elite
male

rowers
10 weeks

0.04
g/kg/day

for 10
weeks

+ 3 g
HMB/day

for 10
weeks

power
output at

AT, 4
mmol, 8

mmol Bla
during
rowing

ergometry

↑ power at
AT

for creatine-
HMB

and HMB
only group
↑ power at

4 mmol
BLa

for creatine-
HMB
group

↑ power at
8 mmol

BLa
for creatine
only, HMB

only,
and creatine-

HMB
groups

None
reported

BLa = blood lactate; CR or no identifier = creatine monohydrate; RER = respiratory exchange ratio; ↓
indicates decrease; ↑ indicates increase; ↔ indicates no difference.

4. Recovery

Increases in intramuscular levels of creatine phosphate secondary to creatine sup-
plementation increase the supply of a robust, energetic substrate that can be used to
resynthesize ATP. In this capacity, creatine supplementation can help increase and maintain
the delivery of ATP to working muscles, allowing for an increased ability to perform
work, resulting in the widespread display of ergogenic outcomes commonly reported in
the literature [3,9,19,22,106]. Aside from overt improvements in the performance of single
bouts of maximal efforts, creatine is able to augment performance across multiple sets of
performance and subsequently demonstrates a role in enhancing recovery. The term recov-
ery is often contextual in nature and typically pertains to either physiological, subjective,
or performance-based parameters. In this respect, creatine appears to positively influence
recovery in regard to physical performance following bouts of intense activity, and has
been shown to enhance recovery during bouts of intermittent activity, sustaining maximal
performance across multiple bouts of exercise. In addition, creatine supplementation
may also reduce the post-exercise inflammatory response, thereby attenuating markers of
muscle damage and soreness in the hours and days following bouts of exercise-induced
muscle damage. Finally, creatine may have efficacy as a therapeutic intervention following
an injury or during periods of limb immobilization.

4.1. Augmented Recovery Following Exercise
Augmented Recovery during Intermittent Activities

Creatine supplementation has consistently demonstrated the ability to augment re-
coverability between bouts of intermittent activity, such as repeated Wingate tests, high-
intensity interval training, sprint cycling, sprinting, intermittent team sports, and certain
resistance training protocols. As mentioned earlier, oral creatine supplementation is an ef-
fective means to increase the intramuscular PCr content by 10%–40% [6], a key component
of the ATP-PCr energy system, which is known to contribute a high percentage of ATP
yield during high-intensity bouts of activity lasting 0–30 s [7]. For these reasons, it is no sur-
prise that creatine supplementation has been shown to improve intermittent high-intensity
exercise performance [3,107]. In this respect, heightened physical performance is thought to
be due to a higher initial intramuscular PCr content at the beginning of the exercise and to

129



Nutrients 2021, 13, 1915

increased PCr resynthesis during recovery periods between intermittent anaerobic bouts.
As such, PCr availability is increased throughout the completion of successive bouts, which
subsequently functions to attenuate declines in power output and other indices of fatigue.
Moreover, activities characterized by a high force output are more reliant on type II muscle
fibers, which have a higher PCr content than the more oxidative type I fibers, and subse-
quently are favored during bouts of activity at or near maximal effort, with a high degree of
force output [108]. Several studies involving many different types of athletes (e.g., cycling,
running, swimming, hockey, handball, etc.) supplementing with creatine have documented
improvements in intermittent high-intensity exercise capacity [7,42,47,60,73,78,109–115].
For example, Birch et al. [42] were one of the first to note improvements in high-intensity
cycling performance (30 s) during the first two of three maximal effort bouts following
five days of creatine supplementation (4 × 5 g/day). Kreider et al. [22] reported greater
improvements in total work completed during a 12 × 6 s maximal-effort sprint proto-
col, particularly during sprints one to five, after 28 days of creatine supplementation in
collegiate football players compared to a placebo. Using repeated maximal swimming
efforts, Grindstaff and investigators [73] reported significantly faster swim times in their
first race. The entire distance covered over swimming was set in 18 male and female junior
competitive swimmers after supplementing with either creatine or a placebo for nine days
during training. Jones et al. [60] examined skating performance in 16 elite ice-hockey
players after having them consume 5 g of creatine monohydrate or placebo (glucose) four
times per day for 5 days, after which a maintenance dose of 5 g per day for ten weeks
was administered. Subjects completed six timed 80-m skating sprints, with each sprint
being initiated every 30 s with a split time taken after 47 m. Mean on-ice sprint skating
performance was significantly improved after 10 days, and this ergogenic outcome was
sustained through ten weeks of supplementation when compared to baseline performance.
Similarly, Mujika et al. [61] reported that 6 days of creatine supplementation (20 g/day)
improved repeated sprint performance (6 × 15 m sprints with 30 s recovery) in 17 highly
trained male soccer players. Other improvements in intermittent running performance
have also been reported following periods of creatine supplementation. For example,
Aaserud et al. [116] observed improvements in sprint times during successive (8×) 40-m
sprint tests following 15 g of creatine per day over 5 days in well-trained handball players.
Similarly, Deminice et al. [117] observed improvements in mean and peak power during
a running-based anaerobic sprint test (RAST) consisting of six 35-m sprints following
a 7-day creatine supplementation period (0.3 g/kg/day) in under 20 male soccer players.

Some contradictory findings have also been observed following creatine supplementa-
tion, whereby no improvements in performance were documented. For example, Green
and colleagues [118] supplemented 19 active men with either a placebo or 20 g of creatine
per day for 6 days and had them complete three upper-body and three lower-body Wingate
tests. No changes in mean power or peak power production were observed for either type
of test. However, the magnitude in the observed decrease in power was greater follow-
ing placebo use but was lesser with creatine supplementation, suggesting that a better
attainment of power may have occurred. In addition, Similar outcomes were reported
by Ahmun [119] and Deutekom [120], who also failed to observe any ability of creatine
loading at a dosage of 20 g/day for 5 and 6 days, respectively, to enhance repeated sprint
cycling performance. Similar to repeat cycling sprint performance, Ahmum [119] reported
that acute creatine supplementation did not positively impact sprint running performance
when compared to a placebo, an outcome that was also reported by Glaister et al. [67]. In
summary, several studies are available which have reported on the ability of creatine to
positively impact repeated sprint exercise performance. In general, these studies consis-
tently demonstrate an improvement in power production and performance times across
multiple bouts of exercise. These findings are not universal, as a limited number of studies
have indicated that creatine may not impact performance. Researchers are encouraged
to consider the nature of the exercise and training being completed by the study partici-
pants, as well as the dosing regimen, when fully evaluating creatine’s potential. Finally, in
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nearly all of these instances in which an ergogenic outcome was not identified, creatine
supplementation, at worst, was able to maintain exercise performance.

4.2. Loss of Force Production, Muscle Damage, Soreness, and Inflammation

Preliminary evidence indicates that creatine supplementation may improve recov-
ery from bouts of intensive exercise and subsequently improve physical performance,
particularly when a high degree of exercise-induced muscle damage may have occurred.
More specifically, and in addition to its recovery of force production potential, it is also
possible that creatine supplementation may help to attenuate muscle damage and soreness
following damaging bouts of exercise; however, the specific mechanisms underpinning this
protective effect have yet to be fully elucidated. For example, Cooke et al. [100] reported
greater isokinetic (10% higher) and isometric (21% higher) knee extension strength in
a group that supplemented with creatine (0.3 g/kg body weight × 5 days) following a bout
of eccentric-only repetitions using 120% of the subjects’ 1RM on leg press, leg extension,
and leg flexion exercise machines. The authors noted attenuated creatine kinase levels (a
common marker of muscle damage) at 48, 72, and 96 h, and 7 days, following a bout of ec-
centric exercise in the creatine supplementation group. In a similar study, Rosene et al. [121]
reported a higher level of maximal isometric force production in the days following a bout
of eccentric leg extensions, a type of exercise known to instigate muscle damage, in those
supplementing with creatine after a maintenance dosing protocol, but not after an acute
loading dose protocol. A similar attenuation of post-exercise muscle damage was noted
in a cohort of Ironman triathletes who completed a creatine (or placebo) loading protocol
(20 g/day for 5 days) prior to an Ironman competition [122]. Those supplementing with
creatine experienced blunted increases in creatine kinase, lactate dehydrogenase, and al-
dolase post-competition. The Ironman competitors also experienced an attenuation of
glutamic oxaloacetic acid transaminase and glutamic pyruvic acid transaminase following
the race, which indicates a dampened inflammatory response. Interestingly, preliminary
evidence is also available to suggest that creatine supplementation (20 g/day for 5 days)
may attenuate post-exercise increases in markers of muscle damage and soreness, while
mitigating reductions in the range of motion above that which is normally present in
instances of the “repeated bout effect” during resistance training activities [123]. For more
pronounced benefits during resistance training programs, longer periods of creatine sup-
plementation may be required to attenuate post-exercise muscle damage following bouts
of resistance-based exercise. For example, Wang et al. [124] indicated that a 4-week period
of creatine supplementation (20 g/day for 6 days followed by 2 g/day for 22 days) in
conjunction with a complex training regimen reduced the post-exercise increase in creatine
kinase compared to a placebo group. Furthermore, a review by Kin et al. [125] summarized
the role of creatine supplementation in exercise-induced muscle damage and concluded
that creatine might help to prevent muscle damage and facilitate recovery following high-
intensity exercise. However, contradictory findings have been observed following bouts
of resistance-based exercise, predominantly following shorter periods of creatine supple-
mentation. For example, Rawson et al. [106] had subjects complete 50 maximal eccentric
contractions of the elbow flexors, preceded by a creatine (or placebo) loading protocol
of 20 g/day for 5 days. Both groups experienced significant losses in maximal isometric
force production and range of motion, while experiencing increases in arm circumference,
soreness, creatine kinase, and lactate dehydrogenase. These acute physiological responses
were similar between groups, indicating that the standard creatine loading protocol used
exhibited a limited potential to attenuate markers of muscle damage and soreness following
the bout of resistance exercise inducing muscle damage. Similar findings have also been
reported in which creatine supplementation did not appear to attenuate markers of muscle
damage, soreness, strength deficits, or fatigue following exercise [121,126–129].

Various intracellular mechanisms have been discussed and proposed that outline
the potential anti-oxidant and protective properties of creatine, as first proposed by Lawler
et al. in the early 2000s [130]. Following this proposed model, researchers examined if
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creatine exerted a natural ability to act as an antioxidant against aqueous radical and reac-
tive species ions, using an in vitro model. Shortly thereafter, Sestili et al. [131] observed
creatine’s ability to exert mild antioxidant activity in living cells due to creatine acting as
a scavenger of reactive oxygen and nitrogen species. In this respect, Santos et al. [102]
observed reductions in markers of cell damage and inflammation in runners following a 30
km race who completed a creatine loading protocol prior to the race (20 g/day for 5 days)
compared to a control group. Importantly, this work was one of the first investigations
to demonstrate the ability of creatine to attenuate the inflammatory response, following
an endurance event that resulted in a high degree of muscle damage and pro-inflammatory
signaling mechanisms. Using a repeated sprint protocol, Deminice et al. [117] reported
the inhibition of TNF-α and C-reactive protein (common inflammatory markers), but not
markers of oxidative stress following a 7-day creatine loading protocol (0.3 g/kg/day).
As such, it appears that creatine may be more beneficial for endurance activities regarding
its ability to reduce indices of post-exercise muscle damage and soreness, in addition to
attenuating pro-inflammatory signaling cascades. Although potential exists for creatine
supplementation to favorably influence post-exercise indices of muscle damage, soreness,
and muscle function, more work is needed to identify the specific types of exercise models
and sports activities that may benefit the most and how an acute attenuation of post-exercise
muscle damage influences training adaptations over time. Table 7 provides a summary of
selected studies examining the effects of creatine supplementation on outcomes relating to
muscle damage, soreness, inflammation, and recovery.

Table 7. Summary of selected studies examining the effects of creatine supplementation on indices of
muscle damage, inflammation, and recovery.

Author
Year

Subjects Duration
Dosing
Protocol

Primary
Variables

Results
Adverse
Events

Oopik et al.
2002

5 well-
trained

male
wrestlers

17 hours

30 g (7.5
g/serving)

+ 320 g
glucose (80
g/serving)

over 4
doses

isokinetic
perfor-
mance
blood

glucose
blood
lactate
plasma

ammonia
plasma

urea
body mass

↑ submaxi-
mal work
↔ blood
glucose
↔ Bla

↓ plasma
ammonia
↔ plasma

urea
↔ body

mass

None
reported

Hespel
et al. 2001

22 (13
males, 9
females)

10 weeks

20 g/day
for 3 weeks
(immobi-
lization)

15 g/day
for 3 weeks

(10–8)
5 g/day

for 7 weeks
(7–1).

quadriceps
cross-

sectional
area (CSA)

knee
extension
isometric

force

↑ CSA
↑ knee
torque

↑ isometric
force

None
reported
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Tyler et al.
2004

60 ACL
reconstruc-

tion
patients

(33 males,
27 females)

6 months

20 g/day
for 7 days
5 g/day

for 12
weeks

knee
extension

knee
flexion

hip flexion
hip

abduction
hip

adduction
single leg

hop

↑ knee
outcome
measures

comparing
to baseline

None
reported

Rawson
et al. 2007

22 trained
males 10 days

0.3
g/kg/day
for 5 days

0.03
g/kg/day
for 5 days

maximal
strength
range of
Motion
muscle

Soreness
blood
lactate

↔ strength
↔ ROM

↔
soreness
↔ Bla

None
reported

Cooke et al.
2009

14
untrained

males
20 days

0.3
g/kg/day
+ glucose
(80 g/day)
for 5 days

0.1
g/kg/day

+
glucose

(0.4 g/day)
for 14 days

isokinetic
force

isometric
force

↑
isokinetic

force
↑ isometric

force

None
reported

Rosene
et al. 2009

20 healthy
males 30 days

20 g/day
for 7 days
6 g/day

for 23 days

isometric
force

knee range
of motion

muscle
soreness
creatine
kinase
blood
lactate

↑ isometric
force

None
reported

Johnston
et al. 2009

7 healthy
males 30 days

Maltodextrin
20 g/day
for 7 days
(Day 1–7)
20 g/day
for 7 days

(Day
15–21)

fat free
mass
elbow
flexor

strength
and en-
durance
elbow

extensor
strength &
endurance

↑ lean
tissue

↑ muscular
strength

↑ muscular
endurance

None
reported
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McKinnon
et al. 2012

27 (15
male, 12
female)

untrained
subjects

10 days

40 g/day +
CHO 40
g/day

for 5 days
5 g/day +

CHO 5
g/day

for 5 days.

muscle
force loss

rate of
recovery
muscle

soreness

↔ force
loss

↔ rate of
recovery
↔ muscle
soreness

None
reported

Boychuk
et al. 2016

14 healthy
males 48 hours 0.3 d/kg

maximal
voluntary
contrac-

tion
muscle

thickness
electromyo

graphy
muscle

soreness

↔ strength
↔ EMG

activation
↔ muscle
soreness

None
reported

Backx et al.
2017

30 healthy
males 12 days

20 g/day
for 5 days
5 g/day

for 7 days

quadriceps
cross-

sectional
area (CSA)
leg 1 RM

knee
extensions

↔ CSA
↔ 1 RM

None
reported

1 RM = one repetition maximum; CHO = carbohydrates; CR or no identifier = creatine monohydrate;
BLa = blood lactate; ↓ indicates decrease; ↑ indicates increase; ↔ indicates no difference.

4.3. Immobilization and Muscle Dysfunction

Periods of limb immobilization and muscle disuse appear to alter the metabolic
functioning of skeletal muscle tissue through the downregulation of metabolic pathways,
enzyme activity, and organelle function [132,133]. Furthermore, muscle disuse elicits
mitochondrial-mediated apoptosis, which is thought to contribute further to muscle atro-
phy, while concomitantly creating additional metabolic perturbations within the cell [132,134].
Previous research has identified reductions in intracellular phosphagen and glycogen con-
tent following muscle disuse [135]. More recently, it was discovered that periods of muscle
disuse also resulted in alterations in intracellular phosphagen and creatine transporter
content in human skeletal muscle, demonstrating how the cell adapts to the aforementioned
metabolic disruptions in cellular energy turnover [136]. These alterations in intracellular
phosphate and transporter protein content, coupled with mitochondrial-mediated apopto-
sis, highlight a rationale for the potential therapeutic benefit of creatine supplementation to
attenuate reductions in phosphagen levels associated with muscle disuse. Supplementation
may also concomitantly increase the capacity of the ATP-PCr energy system to resynthesize
ATP, leading to higher rates of energy turnover during tissue recovery.

Because of the greater phosphagen-mediated re-synthesis of ATP following creatine
supplementation, users are likely able to achieve a greater volume load during rehabilita-
tive activities, which may have implications in minimizing muscle atrophy and promoting
other favorable adaptations [49]. However, other plausible mechanisms have been pro-
posed for how creatine may confer anabolic properties [137,138]. For example, it has
been proposed that increased intracellular osmolarity from augmented creatine storage
may cause cell swelling and the concomitant stimulation of anabolic signaling pathways,
independently of exercise [138]. Unfortunately, studies assessing the intrinsic capacity of
creatine to stimulate hypertrophic protein remodeling are scant. Among the few studies
that have been conducted assessing the utility of creatine to ameliorate disuse-mediated
muscle atrophy, results are mixed in their findings and primary outcomes. One of the ear-
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lier works [139] demonstrated that creatine had no effect on the change in quadriceps
cross-sectional area after two weeks of cast immobilization. However, creatine augmented
the regeneration of whole muscle and fiber-type-specific cross-sectional area after a 10-week
rehabilitation program following the cast immobilization. Mechanistically, the authors
also reported that creatine supplementation elevated the myogenic transcription factors
myogenin and myogenic factor 4 (Mrf4) [139]. Other work has demonstrated that short-
term (5-day) creatine supplementation can upregulate insulin like growth factor-1 (IGF-1)
mRNA at rest and augment the phosphorylation of eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1) 24 h after an acute bout of resistance exercise [140]. Both IGF-
1 and 4E-BP1 have the potential to stimulate protein anabolism through PI3K-Akt-mTOR
signaling, thereby positively influencing the recovery of the injured tissue [141]. Beyond its
putative anabolic effects, creatine supplementation may have anti-catabolic effects as
well [142]. However, these findings are not ubiquitous. Although short term oral creatine
supplementation was found to attenuate the loss in muscle mass and strength following
a period of upper arm immobilization in healthy young men, [143] these same benefits
have not been observed following periods of lower limb immobilization [144], knee arthro-
plasty [145], or anterior cruciate ligament reconstruction [146]. Cumulatively, although
these data suggest the potential therapeutic usage of creatine to aid in recovery, more work
is needed in this area, particularly regarding whether any potential synergistic benefits may
exist when creatine is combined with other nutrients or rehabilitative strategies post-injury.

5. Other Considerations

Due to the popularity associated with creatine supplementation since the first pub-
lished reports in the early 1990s, a number of other questions have been evaluated and con-
sidered regarding its efficacy. For example, the majority of the published literature on
creatine has been completed using male athletes, leading to much less information being
available on how creatine supplementation impacts females. Previous work has highlighted
gender-specific differences in creatine production and turnover, which lays the founda-
tion for gender considerations for creatine [4]. In regard to research involving exercise
performance in females, Vandenberghe et al. [39] reported that creatine supplementation
increases intramuscular PCr levels, muscle mass, and strength when compared to those
females who took a placebo. Other research by Hamilton [147] showed improvements in
upper-body exercise capacity, and Tarnopolsky showed improvements in high-intensity
exercise performance [148], whereas Kambis et al. [149] reported improvements in knee
extension muscle performance. Similarly, excellent potential exists for creatine to support
the health and function of older populations. Although nearly all of the original research on
creatine used young, athletic populations, research in the past 10–15 years has highlighted
creatine’s ability to increase the ability to perform daily living activities, to delay fatigue,
and to improve muscle mass in older populations [150–158].

Overwhelmingly, the majority of research that has examined the potential of creatine to
impact exercise performance has been conducted using the monohydrate version. Although
several other forms of creatine have been proposed and marketed as alternatives, none
have been shown to offer benefits above and beyond those seen with monohydrate. In
this respect, a number of studies have been completed comparing various alternative
forms of creatine, and the interested reader is directed to the following papers: [3–5,30,159–
163]. In this respect, one must also realize that several studies have sought to examine
the impact of combining creatine with other ingredients, such as beta-alanine [164,165], beta-
hydroxy-beta-methylbutyrate (HMB) [96,166–171], glutamine [72], sodium bicarbonate [47],
carbohydrates [22,44,99,172,173], and protein [22,59,99] to examine the potential for any
synergistic outcomes. Furthermore, the interested reader is encouraged to read the critical
review on this topic by Jäger et al. [159].

The level of creatine uptake is a key consideration, as it relates to the potential
for health and performance outcomes. In this respect, one of the key considerations that has
been identified in the literature is the presence of ‘responders’ and ‘nonresponders’. This
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concept was discussed in a 1999 review by Demant and Rhodes, in which they summarized
the available literature and highlighted the fact that identical supplementation regimens
could lead to increases in intramuscular PCr levels, whereas the same regimen may cause
limited to no changes in other people following a similar supplementation regimen [20].
To illustrate this point, Kilduff et al. [174] identified subjects in their study as responders
and nonresponders based on the magnitude of change seen in intramuscular PCr. When
examined together, peak force was not changed due to supplementation, but when evalu-
ated separately, the responders significantly increased their peak force production after
creatine supplementation. Later, Syrotuik et al. [175] completed an analysis aiming to
build a physiological profile of responders and nonresponders. In terms of creatine uptake,
a commonly discussed factor that may dictate the extent to which intramuscular PCr levels
change in response to creatine supplementation is the level of vegetarianism observed by
the individual. In this respect, it is well known that meat-containing foods and products
contain the highest amounts of creatine, and thus people who refrain from eating meats
tend to consume the lowest amounts of creatine in their diet. Several papers are available
that have examined the impact of creatine supplementation on people who follow various
types of vegetarianism, with initial reports showing that vegetarians do, indeed, have lower
levels of intramuscular PCr [176,177]. Shomrat and colleagues [178] were some of the first
to examine this question and concluded that creatine supplementation equally impacted
the ability of vegetarian and non-vegetarian individuals to generate peak power after
an identical regimen of supplementation. Furthermore, additional studies by Watt [179]
and Lukaszuk [180] highlighted the fact that creatine supplementation in vegetarian people
can impact intramuscular and plasma levels of creatine in a similar fashion. Furthering this
aim, reviews by Venderley and Kaviani concluded that creatine supplementation could
be an effective strategy for vegetarian individuals to increase their intramuscular levels
of PCr, a key factor that may impact an individual’s ability to perform high-intensity
exercise [176,177]. Finally, interested readers are encouraged to review the following ar-
ticles by Antonio [4], as well as the International Society of Sports Nutrition’s position
on creatine [3].

6. Conclusions

Augmenting intramuscular creatine stores either by creatine loading or daily supple-
mentation over several days leads to increased concentrations of intramuscular creatine
and PCr. Increases in these substrates are associated with an attenuation of ATP degra-
dation, heightened ATP production, and an increase in energetic output during activities
involving intermittent, high-intensity, short bouts of exercise. Additionally, creatine sup-
plementation shows promise in facilitating recovery following exercise-induced muscle
damage and potentially as an aid during post-injury rehabilitation. Based on the cur-
rent literature, the following can be deduced involving creatine supplementation and its
ergogenic potential:

1. Creatine supplementation is safe during short- and long-term intervals for healthy
males and females, as well as in younger and older individuals.

2. Creatine supplementation, ingested at 0.3 g/kg/day for 3–5 consecutive days or 20
g/day for 5–7 successive days, has been shown to quickly increase intramuscular
creatine, yielding immediate ergogenic benefits. Correspondingly, a regimen of 3–
5 g/day over 4 weeks increased creatine stores, augmented muscle performance,
mitigated recovery factors, and resulted in muscle accretion.

3. Creatine supplementation intermixed with carbohydrates or carbohydrates and pro-
tein appears to be efficacious in increasing intramuscular creatine retention, although
the additional benefits in terms of performance outcomes appear to be nebulous.

4. Creatine supplementation appears to provide an ergogenic effect when assessing
isolated or individual bouts of peak or maximal force production.

5. Creatine supplementation facilitates more significant improvements in strength
and FFM.
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6. Creatine supplementation provides benefits during single and repeated sprints and may
increase agility and jumping performance.

7. Creatine supplementation appears to provide ergogenic benefits to aerobic endurance
bouts with positive physiological adaptations.

8. Creatine supplementation may enhance recovery from intense exercise and possibly
provide synergistic benefits during the post-injury rehabilitation period.

9. Creatine supplementation provides positive benefits to both males and females,
athletes and recreational fitness enthusiasts, as well as younger and older individuals.

10. Creatine supplementation provides more significant augmentations of intramuscular
creatine in vegans than omnivores, due to lower initial levels of creatine stores, with
both groups receiving comparable ergogenic benefits.
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Abstract: Numerous health conditions affecting the musculoskeletal, cardiopulmonary, and nervous
systems can result in physical dysfunction, impaired performance, muscle weakness, and disuse-
induced atrophy. Due to its well-documented anabolic potential, creatine monohydrate has been
investigated as a supplemental agent to mitigate the loss of muscle mass and function in a variety of
acute and chronic conditions. A review of the literature was conducted to assess the current state of
knowledge regarding the effects of creatine supplementation on rehabilitation from immobilization
and injury, neurodegenerative diseases, cardiopulmonary disease, and other muscular disorders.
Several of the findings are encouraging, showcasing creatine’s potential efficacy as a supplemental
agent via preservation of muscle mass, strength, and physical function; however, the results are not
consistent. For multiple diseases, only a few creatine studies with small sample sizes have been
published, making it difficult to draw definitive conclusions. Rationale for discordant findings is
further complicated by differences in disease pathologies, intervention protocols, creatine dosing
and duration, and patient population. While creatine supplementation demonstrates promise as a
therapeutic aid, more research is needed to fill gaps in knowledge within medical rehabilitation.

Keywords: supplements; muscle damage; recovery; immobilization; atrophy; muscular dystrophy;
amyotrophic lateral sclerosis; Parkinson’s Disease; cardiopulmonary disease; mitochondrial cytopathy

1. Introduction

Physical rehabilitation is beneficial for everyone, including children, adults, and older
people with a wide range of health conditions. The goal of physical rehabilitation is to
enhance, restore, or maximize functional ability to promote health and optimize quality
of life. Globally, an estimated 2.4 billion people live with a health condition that would
benefit from rehabilitation [1].

Numerous acute and chronic conditions can result in dysfunction and reduced health
due to physical manifestations directly related to the disorder, such as orthopedic injury
with subsequent disuse and post-surgical immobilization. Dysfunction also leads to inac-
tivity, altered movement, or disuse, resulting in muscle mass loss. These symptoms can
therefore also occur in association with cardiovascular disease, neurodegenerative condi-
tions, or other disease conditions such as myopathies [2,3]. Further, in older populations,
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significant loss of muscle and function has been associated with increased mortality risk [4];
thus, interventions focused on regaining muscle loss must be prioritized.

Muscle atrophy is related to metabolic and physiological changes, including decreased
sensorimotor excitability, contractile ability of muscle fibers, increased protein degradation,
and depletion of energy stores, which may promote fatigue, reduce functional capacity
and hinder activities of daily living [5–7]. More recently, there has been an increased
appreciation for nutritional and dietary supplement interventions, both independently
and combined with exercise, to maintain or enhance clinically essential outcomes and
improve rehabilitation-related adaptations in patients experiencing substantial muscle and
strength reduction [8,9]. Evidence suggests that one nutritional intervention in particular,
creatine monohydrate supplementation, may effectively attenuate and possibly enhance
rehabilitation [7,8,10].

Even though creatine was detected in skeletal muscle 189 years ago, irrespective of its
immense success as an ergogenic aid since the 1990s, much remains unknown about its bio-
logical capabilities. This is especially true for its potential of use in accordance with health
and medical conditions. Chemically known as a non-protein nitrogen compound [11],
approximately 95 percent of the body’s creatine is stored within skeletal muscle. Moreover,
small amounts of creatine are also found in the brain and testes [12,13]. Approximately
two-thirds of the creatine found in skeletal muscle is stored as phosphocreatine, while
the remaining quantity is stored as free creatine [13]. The standard concentration of total
creatine in skeletal muscle is approximately 120 mmol·kg−1 (dry mass) [14,15], whereas the
upper limit appears to be approximately 150–160 mmol·kg−1 [16–19]. It has been suggested
that creatine’s physiological and biochemical effects are mostly related to the functions of
creatine kinase and phosphocreatine (i.e., CK/PCr system) to support the maintenance
of cellular energy [17–19]. The most commonly accepted theory explaining the beneficial
effects of creatine supplementation on muscle performance is the energetic theory, that the
increase in skeletal muscle concentrations of creatine and phosphocreatine contribute to an
increase in exercise intensity and volume, thus providing a more substantial stimulus and
leading to the significantly greater adaptation to training [13].

Creatine has gained popularity as a dietary supplement because of its fundamental
role in human health and physical performance. Its metabolic contributions are many
and wide ranging, and it is one of the most frequently used and effective supplements
available for health and performance [20]. Various research studies over the last several
decades have shown that creatine supplementation has numerous positive effects on
skeletal muscle structure and metabolism, including improving training volume and
muscle mass (growth/hypertrophy) in conjunction with exercise [20]. Therefore, the
potential of creatine to augment training-induced muscle hypertrophy is not only relevant
in the context of elite sports performance but also in the context of rehabilitation of various
conditions due to its ability to prevent muscle atrophy [21]. While its role as an ergogenic
agent in sports is well supported by several studies [12], there is growing research interest
from the medical field regarding the potential for creatine to serve as a therapeutic agent
in a wide range of conditions [22,23]. Figure 1 provides an overview of the therapeutic
efficacy of creatine supplementation in a variety of conditions examined within this review.
Interestingly, Corn and colleagues [24] have suggested that creatine may be beneficial as
an adjunct to traditional physical therapy interventions. Therefore, the purpose of this
review is to examine the literature concerning the effectiveness of creatine monohydrate
supplementation as a potential strategy to enhance the rehabilitation of muscle and function
in physical inactivity (disuse) and disease-related conditions.
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Figure 1. Rationale for examination of creatine supplementation as a rehabilitative aid. Abbreviations
defined from clockwise: COPD = chronic obstructive pulmonary disease; ALS = amyotrophic
lateral sclerosis.

2. Methods

A comprehensive review of the scientific and medical literature was conducted to assess
the state of the science on creatine supplementation in medical rehabilitation. Specifically,
the National Institutes for Health National Library of Medicine PubMed.gov and Google
Scholar search engines were used to identify publications focused on the utility of crea-
tine supplementation during rehabilitation due to immobilization, muscle disuse atrophy,
neurodegenerative disorders, cardiopulmonary disease, and mitochondrial cytopathies.

3. Creatine Supplementation, Muscle Damage, and Recovery from Stressful Exercise

There have been anecdotal reports in the media that creatine supplementation is
associated with increased muscle dysfunction, including increased incidence of cramps,
injuries, and rhabdomyolysis [25–29]. However, this is not supported by the literature.
The results of several studies show no increase or decrease in muscle cramps, tightness,
strains, total injuries, missed practices, or players lost for the season in collegiate athletes
ingesting creatine supplements [30–32]. Interestingly, even though anecdotal reports claim
that creatine supplements exacerbate muscle dysfunction, several research teams have
investigated creatine supplementation as a means to enhance recovery from intense exercise
by reducing exercise-induced muscle damage [33–35]. Therefore, the potential benefit of
creatine supplementation to reduce muscle damage and enhance recovery from stressful
exercise is worthy of further investigation.

3.1. Mechanisms of Benefit

During stressful and particularly unaccustomed exercise, damage to muscle fibers
can occur. In the days following exercise, muscle force production and range of motion
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decrease, while muscle soreness, swelling, muscle serum proteins, and inflammatory com-
pounds increase [36,37]. However, creatine supplementation may offer several potentially
beneficial effects in terms of recovery from damaging exercise. Increasing muscle creatine
through supplementation may reduce muscle membrane fluidity and increase membrane
stiffness, which could decrease damage from exercise [21,33–35]. Additionally, increased
muscle creatine levels may help maintain calcium homeostasis, mitigate inflammation, and
decrease free radical-induced damage following damaging exercise [21,33–35]. Beyond
attenuating muscle damage, increased muscle creatine due to creatine supplementation
alters the intramuscular milieu, which subsequently causes several changes beneficial to
the adaptive response to resistance exercise. For example, creatine supplementation results
in increased growth factor expression (e.g., myogenin, MRF-4, insulin-like growth factor I
and II [IGF-I and IGF-II]) [38–41], increased satellite cell number and myonuclei concen-
tration [42], and expression of multiple genes associated with adaptive processes related
to exercise (e.g., osmosensing, cytoskeleton, remodeling, GLUT-4 translocation, glycogen
and protein synthesis, satellite cell proliferation, and differentiation, DNA replication and
repair, mRNA processing and transcription, and cell survival) [43]. It is possible that
the increase in intramuscular water associated with creatine supplementation modulates
some of the effects, as this is known to inhibit protein breakdown and RNA degradation
and stimulate protein, DNA, RNA, and glycogen synthesis [33,44,45]. Collectively, these
data support that creatine is not only a performance enhancing nutrient that provides
greater fuel availability prior to intense exercise, but also an adaptive nutrient which, when
supplemented, augments the adaptive response to training.

3.2. Specific Effects on Muscle Damage

Our review of the literature resulted in the examination of 16 clinical trials that de-
scribe the effects of creatine ingestion on markers of muscle damage in hard training
individuals (e.g., resistance exercise) or those subjected to an unaccustomed exercise
challenge (e.g., high-force eccentric exercise) [46–61]. The methods used in these inves-
tigations are discrepant, including differences in supplementation dosing and duration,
participant training status, and exercise challenge (e.g., resistance, high-force eccentric,
and endurance) [25,34,35]. Across these studies, improvements are noted in established
markers of exercise-induced muscle damage, including reduced post-exercise levels of
muscle serum proteins (creatine kinase, lactate dehydrogenase); reduced inflammatory
compounds (prostaglandin-E2, tumor necrosis factor-α, interferon-α, interleuikin 1-β),
reduced oxidative stress markers (glutathione peroxidase, thiobarbituric acid reaction
substances), increased recovery of strength, and reduced delayed onset muscle soreness.
However, consistent improvements were not found across studies or across the same vari-
ables. In their systematic and meta-analytic review of creatine supplementation and muscle
damage, Northeast and Clifford [35] concluded that creatine supplementation had little
practical value as a recovery aid. However, they pointed out that there were less than 10
eligible studies for each outcome and time point, limiting statistical power and contributing
to high heterogeneity for outcomes. Two important conclusions are worthy of considera-
tion. First, as several studies have shown a protective effect of creatine supplementation on
exercise-induced muscle damage, this area requires further exploration. As small sample
size prevented previous reviews from conducting sub-analyses [35], we cannot know if
creatine supplementation might benefit one population (e.g., trained vs. untrained) or
be more protective in a specific type of exercise (e.g., endurance vs. eccentric-resistance).
Secondly, despite lingering myths and anecdote, there are no data to support that creatine
supplementation increases muscle damage following severe and/or unaccustomed exer-
cise, which in some studies was quite severe (e.g., 50 maximal eccentric contractions [55];
Ironman triathlon [48]).
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4. Rehabilitation and Creatine Use for Clinical Conditions

4.1. Immobilization and Disuse-Induced Atrophy

Skeletal muscle disuse has been repeatedly demonstrated as having deleterious effects
on a variety of physiological parameters. Even short periods of disuse have caused
observable decrements in muscle cross-sectional area (CSA) [62], reduced force production
capabilities [63], increased muscle protein breakdown [64], and altered neuromuscular
function [65]. The decrements that occur during disuse can lead to longer recovery periods,
a greater chance of injury recurrence, and a decline in metabolic health [66–70]. Because
of its high clinical relevance, joint immobilization has become a frequently employed
experimental model to examine physiological changes in skeletal muscle as a consequence
of inactivity and disuse.

Due to the well-documented ability of creatine to potentiate the anabolic effects of
resistance training [71], the potential of creatine supplementation to mitigate the effects
of disuse-induced maladaptation is of exceptional interest [72,73]. Indeed, seven recent
studies have examined the effects of creatine supplementation during immobilization, with
several having demonstrated promising results. Using a single-blind, cross-over design,
Johnston et al. [74] observed the effects of creatine supplementation on the preservation of
muscle mass, strength, and endurance after a 7 day immobilization period of the upper
limb in creatine-naïve men. Compared with an isocaloric placebo, 20 g·day−1 (four doses of
5 g each) of creatine supplementation during the immobilization period better maintained
lean tissue mass, elbow flexor strength, and endurance, and elbow extensor strength and
endurance. Similarly, in a double-blind, placebo-controlled trial involving 2 weeks of
lower-limb cast immobilization during which participants ingested either creatine or a
placebo, Eijinde et al. [75] observed that 20 g·day−1 (four doses of 5 g each) of creatine
supplementation offset the observed decreases in muscle GLUT4 protein content that
occurred in the placebo group. Following a subsequent 10-week rehabilitation training
period during which creatine supplementation was reduced (15 g·day−1 during the first
3 weeks and 5 g·day−1 for the remaining 7 weeks), muscle GLUT4 protein content was
increased by ~40% in the creatine group while returning the baseline levels in the placebo
group. Given the role of muscle GLUT4 protein in providing a mechanism for glucose to
enter the cell, these results suggest that creatine supplementation may promote favorable
changes in glucoregulation during immobilization.

The efficacy of creatine supplementation during periods of inactivity has also been
observed in animal models. Hindlimb suspension, often used as a surrogate for cast immo-
bilization, causes observable muscle atrophy and strength loss in rodent models [76]. Aoki
et al. [77] investigated the effect of creatine supplementation (5 g·kg−1·body weight·day−1)
both prior to and during a period of hindlimb suspension in rats. The animals underwent
7 days of hindlimb immobilization in combination with three supplemental interventions:
creatine during the immobilization period, creatine for 7 days prior to and during immo-
bilization (i.e., 14 days of creatine supplementation), and a control condition. Regardless
of the treatment group, immobilization induced a decrease in muscle weight. However,
creatine supplementation prior to and during immobilization appeared to mitigate mus-
cle mass loss. This is an intriguing finding, as a period of creatine loading is a frequent
practice in athletic populations [20] and could easily be incorporated into pre-treatment
or preoperative protocols in patients undergoing periods of planned immobilization to
attenuate muscle atrophy.

While the aforementioned findings are promising, other works provide conflicting
results. Marzuca-Nassr et al. [78] observed inconclusive effects of short-term creatine
supplementation during hindlimb immobilization in rats. Throughout 5 days of hindlimb
immobilization, adult rats received daily creatine supplementation (5 g·kg−1 body weight
day−1) or a placebo. Despite positive changes in protein metabolism and a slight at-
tenuation of total muscle loss in the creatine group, creatine supplementation did not
prevent muscle fiber atrophy or strength loss. Three double-blind, placebo-controlled
trials in humans have also demonstrated inconsistent findings of creatine supplementation
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throughout immobilization. Fransen et al. [79] observed no effect of 20 g·day−1 creatine
supplementation on maintenance of work or power production following 7 days of wrist
cast immobilization. Similarly, throughout 7 days of lower-limb cast immobilization during
which participants received a loading dose of creatine (20 g·day−1 for 5 days prior to
immobilization) followed by a maintenance dose (5 g·day1) during the immobilization
period, Backx et al. [80] found no effect of creatine supplementation on preservation of
quadriceps CSA or knee-extension strength. While the loading dose of creatine was success-
ful in increasing muscle creatine content, this was ineffective in preservation of strength
or muscle mass. These results persisted upon the removal of creatine non-responders
(i.e., participants who did not show an increase in muscle total creatine content exceeding
10 mmol·kg−1) from the analyses and throughout a subsequent 7 day recovery period.
Similarly, during 2 weeks of lower-limb cast immobilization in healthy young men, Hespel
et al. [7] found no effect of 20 g·day−1 of daily creatine supplementation in preserving
quadriceps CSA or knee-extension power. However, throughout a subsequent 10-week
program of rehabilitation training during which creatine supplementation was reduced
(15 g·day−1 the initial 3 weeks and 5 g·day−1 during the remaining 7 weeks), quadriceps
CSA and knee-extension power recovered at a faster rate in participants supplementing
with creatine versus placebo. Further, myogenic protein expression was altered in the
creatine group during rehabilitation. In particular, MRF-4 expression was significantly
increased in the creatine group during rehabilitation and strongly correlated to changes
in muscle fiber diameter. While the anabolic potential of creatine in combination with
resistance training is well documented, its efficacy in providing strategies to increase the
rate of functional recovery during rehabilitation is a significant finding.

While the specific mechanisms involved in the maintenance of muscle mass during
immobilization are not fully known, based on the literature, it is likely that creatine
supplementation may have a protective effect on skeletal muscle at least partially due to
alterations in muscle protein expression [7,41,78] and satellite cell activity [42]. Given the
prolonged recovery time often observed after clinical immobilization [67], interventions to
enhance the rehabilitation process are sorely needed.

4.1.1. Post-Operative Orthopedic Recovery

Despite the promising results observed during rehabilitation from immobilization [7],
creatine supplementation does not appear to confer a beneficial effect during post-operative
rehabilitation. In a randomized, double-blind, placebo-controlled trial, Tyler et al. [81]
observed the effect of creatine supplementation on recovery of muscle strength following
anterior cruciate ligament (ACL) reconstruction. Creatine supplementation began with
a loading dose of 20 g·day−1 the day following reconstructive surgery. This dosage was
decreased to 5 g·day−1 at day 7 when formal rehabilitation began and continued for
12 weeks. Quadriceps and hamstrings strength and power were unaffected by creatine
supplementation. Utilizing a similar randomized, double-blind, placebo-controlled design,
Roy et al. [82] observed no effect of creatine supplementation on functional recovery
after total knee arthroplasty. In contrast to the work of Tyler et al. [81], patients in this
trial received creatine pre-surgery (10 g·day−1 for 10 days) in addition to post-surgery
(5 g·day−1 for 30 days). Despite the addition of a pre-surgery loading dose, creatine
supplementation had no effect on preserving muscle strength or enhancing recovery,
as measured by quadriceps, ankle, and handgrip strength, as well as timed walks and
step climbs.

4.1.2. Acute Injury

Like periods of immobilization, muscle and nerve damage can result in muscle atrophy
as a consequence of impaired function, mobility, and physical inactivity. While medical
and surgical interventions are available, therapies aimed at restoring function after severe
damage can still result in imperfect clinical outcomes [83]. Given the extensive recovery

150



Nutrients 2021, 13, 1825

time from muscle and nerve damage, agents that can enhance the healing process are
critically needed.

Although the literature is limited, the effects of creatine supplementation during recov-
ery from nerve damage have demonstrated promising results. Özkan et al. [83] observed a
positive effect of creatine supplementation on reinnervation of denervated muscle in the
rodent model. After severing the sciatic nerve, adult rats were fed a creatine-enhanced or
normal diet during subsequent recovery, with subgroups of animals undergoing surgical
nerve repair and others receiving no neural anastomosis. In both those with and without
surgical nerve repair, creatine supplementation significantly improved functional recovery
as measured by walking analyses, pinch strength, limb circumference, and toe contracture.
To the best of our knowledge, this has yet to be replicated in humans; however, this is
a noteworthy finding as it indicates that supplementation with creatine may enhance
recovery after denervation.

Despite the potential efficacy of creatine supplementation in recovery from nerve
damage, similar effects were not observed during recovery from muscle damage in animal
models [84]. After injecting rat soleus muscle with notexin to cause myotoxin-induced
muscle degeneration, rats were fed a creatine-enhanced or normal diet and observed for
42 days post-injury. While creatine supplementation was able to ensure faster recovery
of total muscle creatine and phosphocreatine content, it did not influence regeneration of
muscle mass to pre-injury levels and had no effects on the time course of recovery. However,
physical activity, which has previously been demonstrated to have a strong effect on the
efficacy of both creatine supplementation and muscle recovery [85], was not manipulated.
Future research should examine the effects of combined creatine supplementation and
physical activity on muscle regenerative capacity.

4.1.3. Spinal Cord Injury

Individuals with spinal cord injury (SCI) frequently suffer from extreme decondi-
tioning and muscle strength impairments due to the nature of their injuries [86]. Patients
with SCI often experience diminished upper body strength and reduced work capacity
which can lead to inactivity, further exacerbating these problems [87–89]. As such, patients
with SCI would benefit greatly from increased levels of muscular strength, power, and
endurance to improve movement for normal activities in their daily lives. Optimizing
movement for activities such as transferring body weight, propelling a wheelchair, or
navigating community obstacles would allow for more independence, increased activity,
and improved health and quality of life.

Creatine supplementation has been investigated in individuals with SCI due to its
potential as an anabolic substance. Although the literature is limited, the findings are
promising. In a randomized, double-blind placebo-controlled cross-over trial of patients
with cervical-level SCI, 20 g·day−1 of supplemental creatine enhanced upper extremity
work capacity [90]. Patients with complete cervical-level SCI were supplemented with
creatine or a placebo and performed incremental work capacity tests before and after
7 days of treatment. After creatine supplementation, participants had significantly im-
proved VO2, VCO2, and ventilatory threshold as measured during incremental upper arm
ergometry. These findings are further strengthened by the work of Amorim et al. [91], who,
supplemented SCI patients with 3 g·day−1 creatine, vitamin D, or placebo throughout a
progressive 8 week resistance training program in a randomized, double-blind, placebo-
controlled fashion. In the creatine-supplemented group, upper body strength and corrected
arm CSA significantly improved. This is particularly notable given the considerably lower
daily dose of creatine compared to other studies. The findings from these studies indi-
cate that creatine supplementation enhances the effects of exercise training in individuals
with SCI. Similar results have also been demonstrated in rats with SCI [92]. Rats fed a
creatine-enhanced diet for 4 weeks prior to surgical SCI demonstrated significantly better
post-traumatic locomotor capacity than control rats. Creatine also appeared to reduce the
effects of secondary neurotrauma as observed via reduction in lesion site scar tissue.
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4.1.4. Arthritic Diseases

Creatine supplementation may also confer a beneficial effect on physical function
in those with arthritic diseases [93]. In a randomized, double-blind, placebo-controlled
fashion, post-menopausal women with knee osteoarthritis demonstrated significantly
improved physical function and lower-limb lean mass when supplemented daily with both
a loading dose (20 g·day−1 for 7 days) and maintenance dose (5 g·day−1 for 11 weeks) of
creatine throughout a 12 week resistance training program [94]. Similar findings have been
observed in those with rheumatoid arthritis [95]. Administration of oral creatine over a
3-week period (20 g·day−1 for 5 days followed by 2 g·day−1 for 16 days) improved muscle
strength in patients with rheumatoid arthritis, despite no associated training protocol
over the course of the intervention. It should be noted, however, that although strength
did improve, total skeletal muscle creatine content did not. The authors concluded no
clear clinical benefit of creatine supplementation, as functional ability and disease activity
did not change. Still, positive associations have recently been observed between strength
and walking self-efficacy, pain reduction, and improved function in osteoarthritis, further
demonstrating the importance of maintenance of muscle strength in patients with arthritic
diseases [96].

4.1.5. Rationale for Discrepant Findings throughout the Immobilization Literature

There are a variety of methodological and physiological reasons for the inconsistent
observations of creatine supplementation during immobilization. Although it is difficult
to compare results across studies given differing protocols, durations, and dosing, it has
been suggested that the length of the immobilization protocol and muscle group involved
impact the atrophic response and functional impairments [97]. It has previously been
demonstrated that lower body muscle groups are more negatively impacted by disuse than
upper body musculature [98,99]. It is therefore possible that creatine supplementation may
have a differing effect on upper versus lower body musculature.

Further, the overall duration of creatine supplementation may significantly impact
potential findings. While short-term creatine supplementation has been shown to increase
muscle creatine content, longer-term creatine supplementation is associated with enhanced
muscular hypertrophy and strength [100]. Given the acute nature of the bulk of the liter-
ature observing the effects of creatine on disuse-induced adaptations, it is possible that
interventions utilizing creatine supplementation to counteract the effects of disuse would
demonstrate greater efficacy from longer intervention protocols. When considering the
positive effects of creatine loading in mitigating disuse-induced atrophy [77] as well as
the increased hypertrophy [7] and strength [94] observed during longer protocols of crea-
tine supplementation, increasing the duration of the supplementation seems promising.
Further, several aforementioned studies with favorable results have incorporated exer-
cise interventions in combination with creatine supplementation. As exercise has been
demonstrated to enhance the uptake of creatine [14], the role of exercise in the efficacy
of creatine supplementation is of critical importance and should be incorporated when
mobility and function allow. Additionally, differences in the presence of a loading phase
and maintenance dose alter the overall exposure to creatine supplementation. Loading
doses of creatine are routinely administered as the greatest uptake of creatine in the muscle
appears to occur in the initial phases of a heightened dose [14].

Still, it is possible that other factors are responsible for the discrepant findings in the
literature. Neural impairments, such as decreased voluntary activation, have also been
observed throughout immobilization [101] and can impact both muscular strength and
endurance [102]. Significant alterations in neuromuscular properties, such as reduced
voluntary activation [103,104], decreased H-reflex [105], and changes in motor cortex ex-
citability [103,105] have been observed to occur with disuse, with neural factors explaining
nearly 50% of initial strength loss [104,105]. If injury precedes disuse, alterations may occur
in sensory stimuli, receptor activity, and signal transduction from the injured area to the
central nervous system, further exacerbating functional impairments [106].
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Finally, the effects of anabolic resistance, which have been repeatedly observed during
periods of immobilization [107–109], must be taken into consideration. Anabolic resistance,
the inability of an anabolic stimulus such as protein ingestion, hormonal response, or
muscle contraction to stimulate muscle protein synthesis, is a hallmark characteristic of
periods of inactivity or disuse [107–109]. Substantial inactivity or disuse decreases mus-
cle protein synthesis with minimal change in muscle protein breakdown [110]. This can
result in a dampened response to hyperaminoacidemia. This is significant, as one of the
primary mechanisms postulated as responsible for creatine’s efficacy in improving mus-
cular hypertrophy and performance is its ability to enhance protein stimulus via osmotic
swelling [44,45,111]. However, if disuse-induced anabolic resistance is present, its effects
may interfere with the protein synthesis that occurs with creatine supplementation, thereby
inhibiting preservation of muscle mass and function. Similarly, the presence of satellite
cells, which have been implicated in creatine’s efficacy, has been observed to decrease with
disuse [112]. As satellite cells support regeneration of skeletal muscle following damage or
atrophy, their role in recovery from immobilization or trauma is critical.

Promising results in immobilization studies may not be able to be extrapolated to
clinical populations. While the bulk of the current disuse protocols in humans have been
performed in healthy participants, patients undergoing immobilization associated with
injury, surgery, or pain may experience accelerated atrophy and functional decrements.
These phenomena may be partially responsible for the lack of creatine’s efficacy in post-
operative observations. The physiological effects of illness or injury (e.g., inflammation,
immune response) may exacerbate the negative changes in whole-body protein balance
that occur during immobilization. Trauma, surgery, and pain may accelerate muscle
atrophy during immobilization [113], ultimately leading to longer recovery times to return
to baseline. Further, orthopedic issues severe enough to warrant surgery are likely to limit
physical activity in advance of surgical intervention, leading to greater overall impairment.
While creatine supplementation may offer enhanced outcomes from various conditions
resulting in immobilization and injury, more work is needed to determine its overall efficacy
in consideration of these factors.

4.2. Neurodegenerative Diseases

Neurodegenerative diseases are debilitating conditions caused by the progressive
deterioration and eventual apoptosis of alpha motor neurons and skeletal muscle fibers.
Given that these diseases are incurable, adjunctive therapies are needed to slow their
progression and improve quality of life by controlling symptoms. As neurodegenerative
diseases result in reduced physical activity, the theoretical basis of considering creatine
supplementation in these patients is well justified, given its ability to improve muscle
strength, mass, and endurance [20]. In other words, creatine supplementation may serve as
a general countermeasure that delays the progression of physical impairments. However,
neurodegenerative diseases adversely affect the distinct neurometabolic pathways and
pathological characteristics that creatine may precisely target.

There are a variety of clinical design issues that have made studying the effects of
creatine supplementation in patients with neurodegenerative diseases challenging. The
most obvious challenge is that these conditions are uncommon, resulting in a shallow pool
of patients that might be willing to enroll in clinical studies. In addition, the timeline and
severity by which patients with neurodegenerative diseases experience declines in function
can vary, resulting in heterogenous responses for both within and between groups. Rapid
neurodegeneration and the need for a creatine washout period [100] make implementing
a within-subjects design, which offer less error variance, more difficult. Patient care for
neurodegenerative diseases is also incredibly complex and requires considerable resources.
As such, this type of work is likely to be limited to hospital-based research centers and aca-
demic health science centers where patient care can be combined with carefully monitored
clinical trials. Given these reasons, it is not surprising that prospective studies on creatine
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supplementation in patients with neurodegenerative diseases have featured small sample
sizes and non-significant trends, highlighting the potential for type II statistical errors.

4.2.1. Muscular Dystrophies

Skeletal muscle free creatine and phosphocreatine stores are significantly reduced
in patients with certain myopathies and muscular dystrophies [114]. These observations
have been linked to a lower creatine transporter protein content and impaired creatine up-
take/release kinetics [115]. Our review of the literature shows that the potential therapeutic
benefits of creatine supplementation have been studied in patients with Duchenne mus-
cular dystrophy and Becker’s muscular dystrophy more than in other neurodegenerative
diseases. These diseases are X chromosome-linked and caused by mutations with the dys-
trophin gene, with life expectancy in the 20′s for those with Duchenne muscular dystrophy.
In most patients, shortened lifespan is mainly due to respiratory or cardiac failure [116].
It is interesting to note that the magnitude of creatine’s treatment effects has varied in
patients with dystrophinopathies versus type 1 and type 2 myotonic dystrophy [117].

Voluntary muscle strength has been considered the primary outcome variable in most
creatine studies in patients with muscular dystrophies. Three randomized, double-blind
trials in boys with dystrophinopathies have reported noteworthy improvements. Louis
et al. [118] assessed the effects of creatine supplementation in 12 boys with Duchenne
muscular dystrophy and 3 boys (mean age = 11 years) with Becker’s muscular dystrophy.
They utilized a randomized, double-blind, cross-over design, with a 2-month washout
period in between. Following supplementation with creatine, a significant improvement
in strength was observed and time to exhaustion during a submaximal contraction nearly
doubled. Louis et al. [118] also reported a 25% increase in joint stiffness during the placebo
period, but no change was observed while supplementing with creatine. Similar findings
were reported by Tarnopolsky and colleagues [119], who tested the hypothesis that creatine
supplementation would increase muscle strength and mass in boys (mean age = 10 years)
with Duchenne muscular dystrophy while utilizing a randomized, double-blind, cross-over
design. Following 4 months of creatine supplementation, significant improvements in
grip strength of the dominant hand and fat-free mass were noted. Utilizing a 6 month,
parallel-group design, Escolar et al. [120] noted strong trends for improvements in strength
and other functional tasks that may have been mitigated by the unexpected maintenance
of strength in the placebo group. Of these three studies, less variability was observed in the
two cross-over trials [118,119] than in the parallel-group trial [120]. In contrast to studies on
dystrophinopathies, creatine supplementation has not been shown to enhance strength or
other measures of physical function in patients with type 1 myotonic dystrophy [121,122]
or type 2 myotonic dystrophy/proximal myotonic myopathy [123]. This would suggest
that the effects of creatine supplementation in patients with a specific type of muscular
dystrophy may not be replicated or extrapolated to others. However, it should be noted
that studies which have demonstrated benefits of creatine supplementation have been
reported in children, whereas non-significant effects have been limited to adult patients. A
considerable gap in knowledge is whether benefits of creatine supplementation in patients
with certain myopathies and muscular dystrophies are age specific.

Beyond improvements in muscle strength, creatine supplementation in patients with
muscular dystrophies may have two other benefits. First, creatine supplementation has
generally resulted in improvements in self-reported activities of daily living or subjective
improvement in function [122–125]. Work by Banerjee et al. [125], for example, demon-
strated that 53.8% of parents whose children had been assigned to a creatine group reported
“better” outcomes. Schneider-Gold et al. [123] reported that patients assigned to a creatine
treatment group reported significant improvements in the subjective assessment of activity
in daily life using a visual analogue scale. This was observed even though muscle strength
did not improve [123]. Overall, patients with muscular dystrophies that supplement with
creatine may experience subjective improvements in activity levels or function, regardless
of changes in objective measures. Second, limited evidence suggests that creatine supple-
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mentation may enhance bone density in dystrophic children. Louis and colleagues [118]
reported that in a subgroup of boys able to walk throughout their trial, creatine supple-
mentation resulted in significant improvements in bone mineral density. The potential for
preservation of bone mineral density is consistent with studies demonstrating a decrease
in urinary N-telopeptide excretion (a marker of bone breakdown) [118,119]. Finally, no
studies have reported side effects or adverse reactions to supplementing with creatine in
patients with muscular dystrophies, many of whom have been young children. While
more research is needed, the overall body of literature suggests that creatine supplementa-
tion shows promise as a safe and cost-effective means of maintaining or even enhancing
muscle strength, functional performance, and bone density in patients with muscular
dystrophies. Smaller improvements have been observed in lean mass [119,121,122] and
with assessments of muscle strength that are not highly quantitative, such as manual
muscle testing [123]. Responses to these variables seem to differ among specific types of
dystrophies, highlighting the need for individualized treatments. It is important to further
emphasize that reductions in strength and lean mass are hallmarks of these conditions.
Small improvements or even maintenance over time may have real-world clinical value to
patients and their families.

4.2.2. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that results in the
progressive loss of motor neurons that control voluntary muscle activity. It is the most
common type of motor neuron disease and is always fatal [126]. Individuals diagnosed
with ALS suffer from muscle weakness, atrophy, and difficulty with speech, among many
other debilitating symptoms. With no cure available, most ALS medications are intended
to minimize pain and fatigue [127].

Several authors have provided a rationale for why creatine supplementation would
be a viable treatment option for individuals diagnosed with ALS [128,129]. Plausible
explanations for why creatine might enhance various aspects of quality of life in patients
with ALS include protection against neuron loss in the substantia nigra and motor cor-
tex [130], as well as decreased oxidative stress [131] and mitochondrial dysfunction [132]
commonly observed with this condition. Despite this initial enthusiasm and encouraging
animal work [133], clinical trials in humans have reported disappointing results. Only three
published trials utilizing a double-blind, randomized designed have evaluated the effects
of creatine supplementation in ALS patients, and all three showed no benefits beyond
placebo [134–136]. All three studies utilized doses of 5–10 g·day−1, measured muscle
strength, and reported that creatine was well tolerated with no major side effects. Given
that these studies included patients that were late in the disease process, it remains to be
determined if use of creatine as a therapeutic adjunct early after diagnosis would result in
better outcomes.

4.2.3. Multiple Sclerosis

Multiple sclerosis (MS) is an immune-mediated disease caused by destruction or
failure of myelin-producing cells, resulting in impaired nerve transmission. The usual
onset of MS is between 20 and 50 years of age and it is twice as prevalent in women than
men. The symptoms associated with MS are highly variable, but frequently include muscle
weakness, difficulty with balance and vision, and fatigue. There is no known cure for MS,
though physical therapy can help patients improve functionality.

There is a strong theoretical rationale as to why creatine supplementation may en-
hance outcomes in patients with MS [137]. For example, MS patients show compromised
brain creatine metabolism [138], reduced cardiac phosphocreatine concentration [139], and
elevated levels of creatine kinase in cerebrospinal fluid [140]. However, only two studies
in patients with MS have evaluated the effects of creatine supplementation, with both
reporting no improvements above placebo. Utilizing a randomized, double-blind, placebo-
controlled trial, Lambert et al. [141] examined the effects of a loading dose (20 g·day−1 for
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5 days) on isokinetic knee extension and flexion work. Vastus lateralis muscle biopsies
were taken to measure intramuscular total creatine, phosphocreatine, and free creatine, and
bioelectrical impedance analyses were used to examine body composition. The authors
concluded that creatine supplementation had no influence on muscle creatine stores or
high-intensity exercise capacity in patients with MS. These findings were supported by the
work of Malin and colleagues [142], who, utilizing a 14 day, double-blind, cross-over trial
with a three-week washout period, reported that creatine supplementation did not enhance
knee joint power. Clearly, this area is ripe with opportunities for scientific discovery, but the
results to date do not support the notion that creatine supplementation enhances physical
function in MS.

4.2.4. Parkinson’s Disease

Parkinson’s Disease (PD) is a progressive neurodegenerative disease that is charac-
terized by resting tremors, rigidity, slowness, and problems with gait and balance. In
addition to motor impairments, individuals with PD frequently report anxiety, apathy,
and depression [143]. The main pathological characteristic of PD is cell death in the basal
ganglia, leading to a reduction in brain dopamine levels. PD is typically diagnosed in
adults around the ages of 50–60 years [144]. While a variety of pharmacological drugs are
used to combat symptoms associated with PD, such as dopamine agonists, levodopa, and
monoamine oxidase inhibitors, there is no cure, though the disease itself is not lethal [145].
As such, innovative approaches for managing symptoms and improving quality of life in
those with PD are needed.

Given creatine’s well-documented ability to improve muscle function in healthy
adults [17,20] some have speculated that individuals with PD may particularly benefit
from supplementation [146]. Despite widespread interest, only five studies have compared
creatine supplementation to placebo in a randomized, double-blind fashion in adults with
PD [147–151]. Aside from one study by Bender, each of these five studies provided a dose
of 10 g·day−1 to participants assigned to the creatine group. The most common outcome
measures in these trials included the Unified Parkinson’s Disease Rating Scale and its con-
stituent parts (e.g., Mental, Motor, and Activities of Daily Living). Studies by the National
Institute of Neurological Disorders and Stroke (NINDS) [149] and Kieburtz [151] utilized
the Schwab and England Scale, which assesses the difficulties patients have completing
chores and daily activities. The findings from these studies have shown that the impact
of creatine supplementation in individuals with PD may be small. Various aspects of
these studies have demonstrated conflicting results. The NINDS study [149], for example,
demonstrated no change in any of the Unified Parkinson’s Disease Rating Scale outcomes,
but significant between-group differences for changes in the Schwab and England Scale.
Collectively, the limited studies in this area have indicated that creatine supplementation
may not be an effective therapeutic strategy for individuals with PD.

4.2.5. Charcot–Marie–Tooth Disease

Charcot–Marie–Tooth Disease (CMT) is a group of inherited motor and sensory neu-
ropathies that cause muscle atrophy and weakness in the hands and feet [152]. CMT is
slowly progressive and incurable. While it is typically not fatal, most patients experience
difficulty with muscle stiffness and gait due to foot drop and increased foot supination [153].
Therefore, patients with CMT experience a progressive decline in strength, physical activity,
and function.

Only three studies have evaluated the effects of creatine supplementation in CMT
patients. Doherty and colleagues [154] evaluated the potential benefits of one month
of creatine supplementation in patients (mean age = 43 years) with CMT disease type 1
(n = 34) and type 2 (n = 5) using a double-blind, placebo-controlled, cross-over design.
They reported no significant differences in visual analogue activities of daily living scales,
body mass, estimated percentage body fat, or fat-free mass after creatine supplementation
as compared with placebo. Shortly thereafter, the same research group published two
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studies which aimed to test the hypothesis that creatine supplementation would enhance
strength and myosin heavy chain content in patients with CMT when combined with resis-
tance training [155,156]. Utilizing a randomized, double-blind design, Chetlin et al. [155]
evaluated 20 patients (mean age = 45 years) with CMT disease who completed a 12 week
resistance exercise training program. The resistance training program was divided into
three 4-week phases and was completed at home with adjustable wrist and ankle weights
with a therapeutic squeeze ball. The authors reported that the resistance training program
resulted in improvements in most outcomes, but there were not interactive effects for crea-
tine supplementation. Given the large effects that resistance training elicits in novices [157],
it is possible that any benefits of creatine were not detectable in the treatment group. Smith
and colleagues [156] further analyzed these data to determine whether the combination of
resistance exercise and creatine supplementation would increase the percentage of type
I myosin heavy chain content composition in the vastus lateralis and whether myosin
isoform changes would correlate with improved chair rise-time in patients with CMT. Their
findings indicated that, when combined with resistance training, creatine supplementation
resulted in a decline in type 1 myosin heavy chain content and an increase in type II myosin
heavy chain content. Moreover, these changes correlated with an increase in chair rise
performance. While speculative, the work of Smith et al. [156] points to a role for creatine
supplementation altering skeletal muscle protein synthesis, activating satellite cells, and
modifying myosin heavy chain isoform in patients with CMT. Given that only three studies
have included patients with CMT [154–156], it is unclear whether creatine supplementation
is an effective treatment approach for improving clinical outcomes. Given that there are
so few therapeutic treatment options available for these patients, more work in this area
is needed.

4.3. Cardiopulmonary Disease

Patients with cardiovascular impairments, including those with chronic obstructive
pulmonary disease (COPD) and congestive heart failure, typically display similar comor-
bidities and etiological factors resulting in malnutrition and muscle dysfunction [158–160]
that may benefit from creatine supplementation during the process of physical rehabili-
tation. From a broad perspective, creatine plays a role in both cardiac function [161] and
vascular health [162] with declines in endogenous creatine a likely consequence of related
dysfunction that may be augmented with exogenous supplementation. While the current
review is focused on physical rehabilitation rather than the influence of creatine on car-
diopulmonary diseases, in-depth analysis of these topics are presented by Balestrino [161]
and Clarke et al. [162]. There is evidence to support performance benefits in the litera-
ture, with improved muscular strength and endurance, maximal aerobic power, and body
composition in patients suffering from COPD [163] and heart failure [164–166] following
creatine supplementation without exercise interventions. However, these findings are not
consistent [167,168].

When examined in combination with cardiopulmonary rehabilitation, the potential
clinical benefits of creatine supplementation for patients with COPD and congestive heart
failure have been limited [169]. Cardiopulmonary rehabilitation programs typically feature
two to three 60–90 min exercise sessions per week, completed over a 7- to 12-week period.
Each session usually includes both aerobic and resistance training components, with an
intended aim of progressive overload. Minimal improvements in physical performance,
health-related quality of life, and body composition with the addition of creatine supple-
mentation [168,170–172] have been observed. However, this may be due to the robust
physiological stimulus and positive outcomes for these measures provided by structured
exercise programming in these individuals.

Only one study [163] reported significant increases in fat-free mass, muscular strength/
endurance, and health status in COPD patients receiving supplemental creatine versus
placebo during pulmonary rehabilitation, but found similar changes in pulmonary function
and whole-body exercise capacity between groups. Notably, the creatine group in this
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study had an average body mass index (BMI) of 23.2 ± 3.6 kg·m−2, which is lower than
those examined elsewhere (25–28 kg·m−2) and the closest to the cutoff of being classified
as underweight (21 kg·m−2) with the potential of protein-energy malnutrition. Further, the
study design featured the most comprehensive creatine loading protocol (5.7 g, 3× daily
for two weeks) of the evaluated studies, which was completed prior to commencement
of the pulmonary rehabilitation program and resulted in augmented body composition
(body mass and fat-free mass) and muscle function (leg extension endurance and handgrip
strength/endurance). In comparison, Deacon et al. [168] also utilized a creatine loading
phase (~5.5 g, 4× daily for 5 days) in COPD patients before beginning a program of
rehabilitative exercise in combination with a maintenance dose of creatine. Despite this,
patients in both the creatine and placebo groups showed similar improvements after the
intervention. However, it should be noted that the creatine group in this investigation had
the highest BMI of the evaluated studies.

From a different perspective, Hemati et al. [173] reported improvements in markers
of inflammation (interleukin-6 and C-reactive protein) as well as endothelial dysfunction
(P-selectin and intercellular adhesion molecule-1) in heart failure patients undergoing an
8 week aerobic training program while supplementing with a 5 g·day−1 maintenance dose
of creatine compared to a control group receiving no treatment. Recently, Ostojic [174]
proposed that along with pulmonary rehabilitation, creatine supplementation be used as
adjuvant therapy as nutritional support for those experiencing “long-haul” symptoms of
COVID-19. Taken together with the findings in patients with cardiopulmonary impair-
ments (with and without exercise), additional research and larger clinical trials [175] are still
needed to evaluate the efficacy of creatine supplementation in these clinical populations.

4.4. Mitochondrial Cytopathies

Mitochondrial cytopathies are a heterogenous group of genetic disorders that ad-
versely change the electron transport chain (ETC) and its function [176]. The most common
mitochondrial cytopathy is mitochondrial encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS). Other types include chronic progressive external opthalmoplegia
(CPEO) and Kearns–Sayre syndrome [176]. Patients with mitochondrial cytopathies show
poor exercise tolerance, very low VO2 max values, and decreased ability to extract oxygen
peripherally [177]. Interestingly, the decrease in aerobic power results in an up-regulation
of the anaerobic pathways [177]. Further, mitochondria dysfunction results in an inability to
meet various energy needs for proper function, notably in the nervous, cardiac, endocrine,
and musculoskeletal systems [178,179]. This is especially evident within the muscular and
nervous systems due to the high energy demands of muscle and nerve [179]. Since there is
currently no known cure for these diseases, patients are managed and treated based upon
their symptoms, which typically involve muscular weakness, ataxia, and intolerance to
physical activity [180,181].

Nutritional interventions such as antioxidants have been recommended due to the
high level of oxidative stress observed in patients with mitochondrial cytopathies, but to
date have shown no efficacy. Interestingly, several investigators have shown a decrease
in phosphocreatine/inorganic phosphate ratio and phosphocreatine concentration in pa-
tients with mitochondrial cytopathy. Thus, it appears that the functional loss of the ETC
adversely alters phosphocreatine metabolism, which has been shown to delay recovery
post-exercise [114,182,183]. Increasing the concentration of phosphocreatine, with creatine
supplementation, in skeletal muscle has been shown to increase muscle function and
accelerate recovery from exercise in healthy populations [184]. Furthermore, it has been
suggested that creatine supplementation may also attenuate oxidative stress, thereby re-
ducing free radical damage to the mitochondria [185]. Therefore, creatine supplementation
would be a potentially beneficial strategy in this patient population.

Given the potential benefits of creatine supplementation in patients with mitochon-
drial cytopathies, several clinical studies have been conducted. Tarnopolsky and col-
leagues [186] administered supplemental creatine (10 g·day−1 for 14 days, followed by
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4 g·day−1 for 7 days) in a double-blind fashion to primarily MELAS variant patients with
severe mitochondrial cytopathy (VO2 max = 10.1 mL·kg−1·min−1). Creatine supplemen-
tation resulted in an 11% improvement in dorsiflexion strength endurance and a 19%
improvement in handgrip strength. Further, although not statistically significant, there
was a 0.6 kg increase in lean mass in the creatine group.

In contrast, in a randomized, placebo-controlled cross-over trial, Klopstock and col-
leagues [187] provided supplemental creatine (20 g·day−1 for 28 days) to 16 patients with
primarily CPEO variant mitochondrial cytopathy. While the large dose was well tolerated,
there were no observed significant effects on exercise performance measures or activities of
daily living. Using a similar design, Kornblum et al. [188] provided patients with CPEO
mitochondrial cytopathies with 150 mg·kg−1 of body weight per day of supplemental
creatine for six weeks. In agreement with Klopstock et al. [187], creatine supplementation
did not improve exercise performance measures. Further, intramuscular phosphocrea-
tine/adenosine triphosphate ratio did not increase, and there was no effect on post-exercise
phosphocreatine recovery.

There are several reasons for the conflicting results in examinations of creatine’s impact
on mitochondrial cytopathies. Unlike the MELAS variant, CPEO patients typically have
normal ETC enzyme activity and, more importantly, normal creatine and phosphocreatine
concentrations in skeletal muscle. Due to the pathophysiology differences between MELAS
and CPEO patients, responses to creatine supplementation may be different. For example,
it is well known that patients with low skeletal muscle creatine and phosphocreatine levels
respond to exercise performance measures to a greater extent with creatine supplemen-
tation [184]. Given that the CPEO patients in Kornblum et al. [188] had phosphocreatine
levels that were not significantly lower than those in the control group may have resulted
in a non-significant difference in response. Therefore, future studies examining the effect of
creatine supplementation in this population need to identify the mitochondrial variant to
determine the efficacy of the intervention. As indicated in a recent systematic review, sound
research designs are challenging due to the heterogeneity in disorders and physical pre-
sentation [189]. More consistent study endpoints, design, and clinically relevant outcomes
have yet to be determined, and should be considered with higher sample sizes [189].

While there is some evidence suggesting creatine supplementation combined with
rehabilitation or treatments for other pathologies involving muscular dysfunction may be
beneficial, there are very few clinical trials examining the effects of creatine for patients with
mitochondrial cytopathies. Due to the vast array of possible physical presentations and lim-
itations of patients with mitochondrial cytopathies, formal physical rehabilitation and phys-
ical therapy for patients should be individually-based on symptom presentation [181,190].
While treatment approaches for these patient populations demonstrate efficacy in the pro-
motion of physical function, to the best of our knowledge no trials exist that integrate these
physical interventions with the addition of creatine supplementation. Due to the potential
efficacy as demonstrated individually, the combination of the two interventions may be
promising for the promotion of function in patients with mitochondrial cytopathies.

5. Conclusions

Given the encouraging findings regarding the role of creatine supplementation through-
out recovery from exercise, rehabilitation from immobilization or injury, and therapeutic
support during various chronic conditions, creatine monohydrate demonstrates promise
as a rehabilitative aid. Several notable findings have been reported. Based on the literature,
creatine supplementation may:

1. Support recovery from exercise by decreasing exercise-induced damage, supporting
the adaptive response to exercise, and augmenting the physiological response to
training. However, further research is needed regarding whether creatine supplemen-
tation confers a benefit to a specific population (e.g., trained vs. untrained) or type of
exercise (e.g., endurance vs. resistance).
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2. Promote maintenance and mitigate the loss of muscle mass, muscular strength, and
endurance, as well as promote healthy glucoregulation, during periods of immobi-
lization. However, differing study protocols (e.g., muscle group involved, duration,
creatine dosing) may impact the observed findings via differences in atrophic re-
sponse, overall creatine exposure, alterations in neuromuscular mechanisms, and
metabolic adaptations to disuse.

3. Enhance recovery after nerve damage/denervation. While promising, these findings
were observed in the rodent model and have not yet been replicated in humans.

4. Improve physical function, lean mass, and muscular strength in populations with
chronic arthritic diseases. However, the sample size of available trials is small, and
more work is needed.

5. Improve work capacity, strength, and lean mass in individuals with SCI. However,
given the small number of available studies and limited sample size of participants,
more work in this area is needed.

6. Improve physical function, lean mass, muscular strength, bone density, and quality of
life in patients with muscular dystrophy. Despite the promising findings in individ-
uals with dystrophinopathies, similar findings have not been observed in patients
with myotonic dystrophies, indicating that the effects of creatine supplementation are
likely specific to dystrophy type.

7. Confer a beneficial effect in patients with CMT disease via an increase in type II
myosin heavy chain content, alterations in skeletal muscle protein synthesis, and
activation of satellite cells. However, these findings are speculative, and more work
is needed.

8. Improve lean mass, muscular strength and endurance, and health status in COPD pa-
tients. However, observed responses may be complicated by the robust physiological
response to exercise training in this population, and additional research and larger
clinical trials are needed.

9. Improve markers of inflammation and endothelial dysfunction in patients with heart
failure. However, this has only been observed in a single trial, and more work in this
area is needed.

10. Improve muscular strength and endurance in certain mitochondrial cytopathies
(MELAS variant). Due to the differences in pathophysiology of mitochondrial cy-
topathies, responses to creatine supplementation may differ between disorder, and
should be further examined.

Notably, creatine supplementation appears safe and well tolerated in virtually all
medical patient populations. Despite the positive impact of creatine supplementation
in numerous clinical conditions, various gaps in the literature may prevent clinicians
and medical professionals from strongly recommending that creatine be used to mitigate
declines in physical function or for use while rehabilitating. More work in these areas is
needed to gauge creatine’s role as a medical and rehabilitative aid.
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Abstract: Despite extensive research on creatine, evidence for use among females is understudied.
Creatine characteristics vary between males and females, with females exhibiting 70–80% lower
endogenous creatine stores compared to males. Understanding creatine metabolism pre- and post-
menopause yields important implications for creatine supplementation for performance and health
among females. Due to the hormone-related changes to creatine kinetics and phosphocreatine
resynthesis, supplementation may be particularly important during menses, pregnancy, post-partum,
during and post-menopause. Creatine supplementation among pre-menopausal females appears to
be effective for improving strength and exercise performance. Post-menopausal females may also
experience benefits in skeletal muscle size and function when consuming high doses of creatine
(0.3 g·kg−1·d−1); and favorable effects on bone when combined with resistance training. Pre-clinical
and clinical evidence indicates positive effects from creatine supplementation on mood and cognition,
possibly by restoring brain energy levels and homeostasis. Creatine supplementation may be even
more effective for females by supporting a pro-energetic environment in the brain. The purpose of
this review was to highlight the use of creatine in females across the lifespan with particular emphasis
on performance, body composition, mood, and dosing strategies.

Keywords: female; dietary supplement; menstrual cycle; hormones; exercise performance; menopause;
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1. Introduction

Dietary supplement use has repeatedly been reported to be highest among educated
women, and also appears to increase with age [1]. Creatine has been reported as one of
the most commonly used dietary sports supplements. The ergogenic potential of creatine
can be attributed to several mechanisms, and may have different effects on males and
females. Innately, creatine is an essential substrate for the creatine kinase reaction to
catalyze adenosine triphosphate (ATP) production from creatine and phosphocreatine
(PCr). This recycling also serves as an endogenous metabolic buffer helping to maintain
pH [2], and both mechanisms can support cross-bridge recycling and energy availability
during exercise. Creatine concentrations in the central nervous system are also notable,
which may support neural function in adaptations to exercise.

Despite widespread use and decades of research related to creatine, its effects in
females are not well understood. Creatine characteristics vary between males and fe-
males. For example, females have/exhibit 70–80% lower endogenous creatine stores than
males [3]. Females have also been reported to consume significantly lower amounts of
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dietary creatine compared to males [3], indicating that females may benefit from creatine
supplementation as a strategy/means to increase endogenous stores. Interestingly, females
have higher reported (~10%) resting levels of intramuscular creatine concentrations com-
pared to males [4], which could theoretically lower their responsiveness to supplementation
and require higher dosages compared to males [5]. In addition, creatine supplementation
has not been shown to effectively reduce amino acid oxidation and measures of protein
breakdown following exercise in females, which has been reported in males [6]. Therefore,
the ergogenic potential of creatine among females has been questioned.

The current body of literature that has evaluated the effect of creatine supplementation
in females suggests that the risk-to-benefit ratio is low [7], with most studies indicating that
there are numerous metabolic, hormonal, and neurological benefits. The lack of discussion
and exploration of creatine use among females across the lifespan is a disadvantage and
missed opportunity, since a better understanding of creatine metabolism pre- and post-
menopause yields important implications for improving health and exercise performance
for females across their lifetime. Therefore, the aim of this review was to highlight the use
of creatine in females from young adulthood to old age.

2. Creatine Homeostasis across the Lifespan

As a result of hormone-driven changes throughout various stages of female repro-
duction, endogenous creatine synthesis, creatine transport, creatine kinase kinetics, and
creatine bioavailability are altered over time, highlighting the potential positive implica-
tions for dietary creatine supplementation for females [8]. The implications of hormone-
related changes in creatine kinetics have been largely overlooked in performance-based
studies [8]. Specifically, creatine supplementation may be of particular importance dur-
ing menses, pregnancy, post-partum, during and post-menopause. The menstrual cycle
may influence creatine homeostasis due to the cyclical nature of sex hormone regulation
(Figure 1). Studies conducted in animal models have demonstrated that the expression of
arginine-glycine aminotransferase (AGAT), the rate limiting step of creatine synthesis, is
influenced by estrogen and testosterone levels [9]. Sex hormones, predominantly estrogen
and progesterone, have been shown to effect creatine kinase activities and the expression
of key enzymes for the endogenous synthesis of creatine [10].

Figure 1. A theoretical model for the interplay between creatine kinase and menstrual cycle hor-
mones [6,10,11]. Creatine metabolism and creatine kinase concentrations vary throughout the men-
strual cycle and lifecycle. These alterations may also influence metabolic characteristics of protein
and carbohydrate oxidation [12], which provides a physiological basis for the potential use of creatine
supplementation for females.
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Serum creatine kinase levels are significantly elevated during menstruation [11] com-
pared to non-menstruating years, with creatine kinase levels decreasing with age and
pregnancy. The lowest concentrations of creatine kinase values have been reported during
early pregnancy (20 weeks or less), equating to about half the concentration found at
peak levels (pre-menarche teenage girls) [11,13]. For a more detailed discussion related
to CK in women, see Ellery et al. [8]. It has been indicated in rodent models that creatine
kinase activity (and possibly creatine metabolism) synchronously increase and decrease
with estrogen levels [14]. During the luteal phase when estrogen levels are at their peak,
muscle damage may be reduced after eccentric exercise due to creatine kinase sparing [15].
Implications of creatine supplementation and creatine metabolism with respect to the
menstrual and reproductive cycle warrant further exploration. The interplay between
creatine metabolism and CK kinetics may be particularly important for females with low
estrogen concentrations (follicular phase), amenorrhea, during pregnancy, and with the
transition to through menopause.

Additional consideration should be given to the metabolic changes associated with a
normal menstrual cycle. Estrogen is considered a master regulator of bioenergetics, with
the highest levels occurring during the luteal phase of the cycle (begins just after ovulation
and goes through the end of the cycle). Protein catabolism and oxidation has been shown
to be elevated during this high estrogen phase (luteal); while carbohydrate storage has
been shown to be reduced during the luteal phase [16]. Mechanistic support for creatine
supplementation has been reported to involve muscle protein kinetics, growth factors,
satellite cells, myogenic transcription factors, glycogen and calcium regulation, oxidative
stress and inflammation [17,18]. Given increased protein turnover and challenges with
glycogen saturation, creatine supplementation may be even more effective in the high
estrogen/luteal phase.

3. Creatine Use among Pre-Menopausal Women

A considerable amount of evidence indicates that creatine is an effective ergogenic
aid for increasing strength, power, and athletic performance in females without marked
changes in body weight [5,19–21]. The reluctance among females to use creatine may be
due to a fear of weight gain or other adverse side effects, which are largely unfounded,
particularly in women [20]. This rapid weight gain is more prevalent among males; weight
may rapidly and temporarily increase with a loading dose which reflects an increase
in cellular hydration (i.e., water weight) [22]. This is a positive aspect for increasing
hydration [22]. Weight gain may also result if creatine is consumed with a commonly
recommended 1.0 g·kg−1 body weight of carbohydrate [17]; this is likely not the best
strategy for supplementation in females (see dosing section). When reviewing the literature
that has examined the effect of creatine supplementation on a variety of performance indices
in females, the benefits firmly outweigh any associated risks or reported adverse events.

The potential for adverse effects from creatine supplementation are largely unfounded.
An extensive recent systematic review clearly outlined the lack of adverse effect of creatine
supplementation on the gastrointestinal, renal, hepatic, or cardiovascular systems among
women supplementing with creatine [20]. The findings in women appear to be similar
for men, supporting creatine as a safe, low risk dietary supplement when consumed in
recommended doses and regimens [7,20].

Creatine supplementation is most effective for high-intensity, short duration activities
or repeated bouts of high-intensity exercise with short rest periods such as jumping, sprint-
ing, and resistance training, since increased levels PCr can more rapidly re-phosphorylate
adenosine diphosphate to ATP via the creatine kinase reaction. In addition, PCr buffers
hydrogen (H+) ions that accumulate during high-intensity exercise and may delay the onset
of fatigue. In practice, the increase in intramuscular PCr stores through creatine supplemen-
tation allows for a greater stimulus for training which results in physiological adaptations
that lead to increases in muscle mass, strength, and muscle fiber hypertrophy [23]. To
illustrate the effects of creatine monohydrate (CrM) supplement on exercise performance
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in females, its relative effects (RE) were calculated and are presented in Figures 2–4; RE
was calculated using the following equation [24,25]:

RE =

⎛
⎝

(
PostCr
PreCr

)
× 100

(
PostPL
PrePL

)
× 100

⎞
⎠× 100

where PrePL is the pre-test value in the placebo group, PostPL is the post-test value in the
placebo group, PreCr is the pre-test value in the creating group, and PostCr is the post-test
value in the creatine group. A relative effect greater than 100 represents an increase or
improvement in performance with creatine supplementation.

Figure 2. The relative effects of creatine supplementation in comparison to placebo for strength performance in females.

Figure 3. The relative effects of creatine supplementation in comparison to a placebo on exercise performance in females.

Figure 4. The relative effects of creatine supplementation in comparison to placebo on sports performance in females.
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3.1. Creatine Supplementation and Strength Performance

Although studies using physically active and highly trained females as participants
are lacking, both short- and long-term creatine supplementation has been shown to result
in significant improvements in muscular strength and power. One of the first comprehen-
sive studies to investigate the effects of creatine on strength performance in females was
conducted by Vandenberghe et al. [26]. Healthy, sedentary females ingested CrM tablets or
a maltodextrin placebo (PL) four times daily (20 g·d−1) for 4-d, followed by a maintenance
dose (5 g·d−1) while participating in a 10-wk(week) resistance training program, three
times per wk for 1-hr (5 sets, 12 repetitions @ 70% RM for leg press (LP), shoulder press,
squat, leg extension (LE), leg curl, and bench press (BP)), followed by a 10-wk detraining
and supplementation phase. The CrM group demonstrated a 6% increase (p < 0.05) in
muscle PCr following the loading period; and the increase after 5-wk and 10-wk of train-
ing was 7% and 10% higher than baseline levels, respectively. There were no significant
differences in torque output for the forearm flexors between groups following loading,
however, the CrM group demonstrated significantly greater torque values at all other time
points (5-wk, 10-wk, detraining) until the end of the study when supplementation had
stopped for 4-wk. Results also showed that the increase in 1RM for LP, LE, and squat at
10-wk were 20–25% greater (p < 0.05) in the CrM group versus PL. The results for body
composition showed that there were no significant differences between groups for BW and
% fat; however, the change in fat free mass (FFM) was greater (p < 0.05) in the CrM group
after both 5-wk (2.0 kg) and 10-wk (2.6 kg) of training compared to PL (1.1 kg and 1.6 kg,
respectively). These findings suggest that 10-wk of CrM supplementation was effective for
increasing lower-body strength and FFM beyond training alone in untrained females [26],
and helped maintain strength during detraining without any significant effects on body
weight or percent body fat.

Studies have also shown that CrM is effective for increasing strength performance in
trained females. In a study using collegiate female soccer players (n = 14), 5-d CrM loading
(15 g·d−1) followed by a 12-wk maintenance dose (5 g·d−1), during 13-wk of resistance
training led to significant increases in 1-RM strength for the BP (18%) and squat (24%)
compared to PL (9% and 12% increases for BP and squat, respectively) with both groups
demonstrating similar increases in BW and FFM [27]. In a related study, Brenner et al. [28]
reported significantly greater increases (mean difference: 3.4 kg) in 1-RM BP among NCAA
Division I female lacrosse players completing a CrM loading phase (4 × 5 g·d−1 for 7-d
(days)), followed by 2 g·d−1 for 4 wks. Both groups demonstrated a similar increase in BW
(0.50 kg; p < 0.05).

Short-term CrM supplementation has also been shown to significantly increase mus-
cular power in females. In a study by Kambis and Pizzedaz [29], 22 college-aged females
randomly received a CrM loading dose relative to FFM (0.5 g·kg−1 FFM divided into
four equal doses) or a PL for 5-d and were tested for isokinetic strength of the preferred
quadriceps group, thigh circumference, and BW. The results showed that time to peak
torque for LE significantly decreased (p < 0.05) and that average power in LE and leg
flexion significantly increased in the CrM group compared to PL. Similar to the findings of
others [26–28,30,31], there were no significant differences between groups for changes in
body weight, FFM, % fat, as well as mid-quadriceps circumference or skinfold thickness of
the measured thigh and suggest that CrM significantly improved muscular power without
associated changes in BW or muscle volume.

Not all studies conducted in pre-menopausal women report an additive effect of
CrM supplementation on strength performance in females compared to training alone.
Ferguson and Syrotuik [30] reported that 10-wk of CrM supplementation (0.3 g·kg−1 for
7-d + 0.03 g·kg−1 for 9 wk) in combination with resistance training (4 d·wk−1 for 9-wk)
had no additional effects on strength or body composition compared to training alone
in physically active females (18–35 yrs). The results showed that both the PL and CrM
groups experienced similar increases in strength and FFM without a significant change in
BW over the 10-wk study. The authors suggested that the lack of non-significant findings
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may have been due to non-responders in the CrM group, an insufficient loading dose,
insufficient training volume, or a combination of these factors [30]. Wilborn et al. [31] also
recently reported that CrM and whey protein (PRO) supplementation did not enhance
training adaptations to an 8-wk split-body strength training program compared to PRO
alone in females. The subjects trained 4-d per week and ingested either 24 g PRO (n = 9)
or 24 g PRO + 5 g Cr (n = 8) following each exercise session. The results showed that
both groups demonstrated a 2.5 kg increase FFM, with no significant differences between
groups for strength or lower body measures of power. The authors [31] acknowledged
that the lack of a PL group was a limitation of the study, and suggested that the finding of
no additive effect of CrM may have been due to higher baseline levels of intramuscular
stores of creatine in their trained subjects, since it has previously been reported that
individuals with lower endogenous levels have a greater capacity to increase creatine
following supplementation [32].

Although not all studies show that CrM supplementation has an additive effect on
adaptations to resistance training compared to training alone, there is substantial evidence
to suggest that CrM supplementation is effective for increasing strength and power in
both trained and untrained females, without large fluctuations in BW or FFM. Relative
effects of creatine supplementation on strength performance demonstrate a consistent
improvement in performance compared to placebo (Figure 2). The ergogenic effect of CrM
can be attributed to an increase in intramuscular PCr stores that facilitates an increase in
training intensity and enhanced recovery between successive bouts of training. A higher
training stimulus over time from CrM supplementation results in greater physiological
adaptations (i.e., hormonal, increased cell hydration, increased gene expression) that lead
to increases in strength and hypertrophy [23].

3.2. Effect of Creatine on Exercise Performance

The ergogenic effect of Cr observed in both anerobic and aerobic exercise performance
is largely attributed to its ability to prevent fatigue as a result of increased intramuscu-
lar stores of PCr, which increases ATP turnover and buffers endogenous H+ protons to
maintain pH. As a result, a number of studies have also examined the effects of CrM
supplementation in females on other anaerobic indices of performance with the majority
of studies showing favorable results. For example, creatine loading has been shown to
improve anaerobic working capacity (AWC) estimated from the critical power test. AWC
represents the maximal work potential associated with the phosphagen energy system
(ATP + PCr) and, therefore, provides an estimate of anaerobic power. Eckerson et al. [33]
examined the effect of 2-d and 5-d of CrM loading (20 g·d−1) on AWC in physically active
females (mean age ± SD = 22 ± 5 yrs) using a double-blind, crossover design and found
that 5-d of supplementation resulted in a 22% increase in AWC (p < 0.05), whereas the PL
trial resulted in a 5% decline in performance. In a follow-up study [34] to determine if phos-
phate salts had a synergistic effect, AWC was increased by 13.0% and 10.8% following 6-d
of loading with CrM or CrM + phosphate salts, respectively, compared to a 1.1% decline in
the PL group. These findings were consistent with other studies that used physically active
females as participants and reported increases in AWC ranging from 10–15% following CrM
loading [35,36] (Figure 3). Tarnopolsky and MacLennan [37] also showed that short-term
CrM supplementation (20 g·d−1 × 4-d) increased peak and relative peak anaerobic cycling
performance (3.7%) with no gender specific responses in 24 recreationally active males and
females. In a related study that used trained participants, Ziegenfuss et al. [23] found that
only 3-d of CrM supplementation (0.35 g·kg−1 FFM) increased sprint cycle performance
in NCAA Division I athletes and that the effect was greater in females as the sprints were
repeated. In a recent study that used amateur soccer players as subjects, Ramirez-Campillo
et al. [38] examined the effect of CrM supplementation and 6-wkof plyometric training on
jumping, maximal and repeated sprinting, and change of direction speed performance.
Females were equally and randomly assigned to one of three groups: CrM + plyometric
training; PL + plyometric training; or PL only. The CrM group ingested 20 g·d−1 for 1-wk
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in four equal doses followed by a single dose for 5-wk, and subjects in the PL groups
received glucose in an identical dosing regimen. There were no changes in performance
for the PL subjects; both plyometric training groups showed improvements in each of the
performance indices, with the CrM group demonstrating greater improvements in jump
and repeated sprint performance tests, indicating that adaptations to plyometric training
were enhanced with CrM supplementation. Aoki et al. [39] examined the ergogenic effect
of CrM on concurrent exercise performance in 14 females (21 ± 2 yrs) who were randomly
assigned to receive either CrM (20 g·d−1 × 5-d followed by 3 g·d−1 × 7-d) or PL. Following
the 12-d intervention, there were no differences between groups in running performance or
1RM LP following supplementation; however, there was a significant decline in the number
of maximal repetitions performed during the last two sets of the repetition max test in the
PL group compared to CrM. It was suggested that an increase in intramuscular stores of
PCr experienced by the CrM group may have enhanced their recovery from aerobic exercise
and improved resistance exercise performance during the repetition max test. The true
effect of creatine on recovery has largely been unexplored. Due to sex-based differences in
fatigue resistance and recovery, this would be an important area for future research.

Although creatine has not been widely investigated for its effects on endurance
exercise performance, there is some evidence to suggest that it may have some ergogenic
benefits. Nelson et al. [40] showed that CrM loading for 7 d resulted in a lower oxygen
consumption (VO2) at submaximal workloads, and reduced the work performed by the
cardiovascular system in a study that examined the effects of CrM on cardiorespiratory
responses during a graded exercise test (GXT). The results showed that CrM significantly
increased total test time (20.3 ± 4 min to 21.5 ± 3.5 min) compared to PL (17.3 ± 3 min to
17.4 min ± 3 min), and that VO2 and heart rate at the end of first five stages of the GXT
were significantly lower for CrM versus no change for PL. In addition, the ventilatory
threshold (VT) increased significantly from pre- to post-testing for the Cr group (66% to
78% peak VO2), whereas the PL group demonstrated no change (70% to 68% peak VO2).
The authors [40] speculated that the decreases in sub-maximal VO2 and heart rate were due
to increased stores of PCr in muscle, which may have ultimately delayed mitochondrial
respiration and lowered VO2. In a related study, Smith et al. [41] examined the effect of CrM
loading (20 g·d−1 × 5 d) on aerobic power (VO2 max) and critical velocity (CV), which is a
theoretical velocity that can be maintained for an extended period of time using only aerobic
energy stores, and was calculated in their study by having subjects complete four high
speed runs to exhaustion at 90, 100, 105, and 110% of peak velocity. The results showed that
CrM loading neither positively or negatively influenced VO2 max, CV, time to exhaustion,
or BW, since there were no significant differences in any of these parameters between the
CrM or PL groups. It has also been shown that an increase in PCr levels following CrM
supplementation delays the onset of neuromuscular fatigue (NMF), which is characterized
by an increase in the electrical activity of the working muscles over time and reflects
the progressive recruitment of additional motor units and/or an increase in the firing
frequency of motor units that have already been recruited [42,43]. In two separate studies,
Stout et al. [43] and Smith et al. [42] showed that 5-d of CrM loading significantly delayed
the onset of NMF during incremental cycling exercise compared to PL using both physically
active and highly trained female athletes. Both authors suggested that the delay in NMF
was due to an increase in intramuscular levels of PCr levels, which may have resulted in
a greater capacity to delay anaerobic glycolysis and, in turn, decreased the accumulation
of lactic acid and ammonia in the working muscles and the blood. Previous studies
using physically active males as subjects have shown that CrM supplementation during
4-wk of high-intensity interval training (HIIT) significantly improved VT [44] and critical
power [45] compared to training alone. In contrast, Forbes et al. [46] recently reported
that CrM did not augment improvements in cardiorespiratory fitness, performance, or
body composition in recreationally active females following a 4-wk HIIT program. In their
study [46], 17 females were randomly assigned to receive either CrM (0.3 g·kg·d−1 × 5-d
followed by 0.1 g·kg·d−1 for 23-d, n = 9) or PL (n = 8) and completed three HIIT sessions
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per week for 4-wk with 48-hr between each exercise session. HIIT improved VO2peak
(CrM = 10.2%; PL = 8.8%), VT (CrM = 12.7%; PL = 9.9%) and time-trial performance
(CrM = −11.5%; PLA = −11.6%) with no significant differences between groups. The
authors [46] suggested that the differences between their findings and those of Graef
et al. [44] and Kendall et al. [45] could be associated with CrM dose, methods to assess
endurance performance, and/or sex-based differences.

The studies described above suggest that females with varying levels of training and
fitness may experience improvements in both anaerobic and aerobic exercise performance
from both short-term and long-term creatine supplementation. Therefore, it seems likely
that the ergogenic effects observed in the laboratory would carry-over to competition and
allow athletes who must compete in more than one event or game on the same day, or who
must compete on successive days, to recover faster and, in turn, optimize performance and
improve their probability of winning. Current research suggests creatine is an effective way
to improve sport performance in females (Figure 4). Given the difficulty of designing these
types of studies, very few investigations have determined how CrM supplementation may
influence win-loss records and the execution of skills during competition. Cox et al. [47] ex-
amined the effects of short-term CrM supplementation (4 × 5 g·d−1 × 6 d) on performance
during a field test that simulated soccer match play using elite female soccer players from
the Australian National Team and found that the athletes in the CrM group significantly
improved repeated sprint performance and some agility tasks that mimicked soccer play
compared to the PL group. Many studies have examined the effect of CrM supplementation
on swim performance, since it is a sport that allows investigators to more closely mimic
competition. While most studies show that supplementation is ineffective for improving
single sprint swim performance [48–50] in a few studies that required swimmers to perform
repeated sprints, improvements in the time to complete the series [51,52] and increases in
work and power output [52] were reported.

4. Creatine Considerations during Pregnancy

Increased metabolic demand from growth and development during gestation, par-
ticularly from the placenta, has been associated with a reduced creatine pool [53]. Recent
human data suggests a dramatic alteration in creatine homeostasis during pregnancy [54]
and a reduction in creatine stores during pregnancy have been linked with low birth weight
and pre-term birth [54,55].

To date, there is growing evidence in animal models that creatine supplementation
during pregnancy enhances/augments neuronal cell uptake of creatine and supports
mitochondrial integrity in animal offspring, thereby reducing brain injury induced by intra-
partum asphyxia [55,56]. Although there are no human studies to date that have evaluated
the effect of CrM supplementation during pregnancy, CrM supplementation could provide
a safe, low-cost nutritional strategy for reducing intra- and post-partum complications
associated with cellular energy depletion [57]. Further details for the mechanisms and
implications for creatine use during pregnancy are described in this special [58].

5. Creatine Considerations for Post-Menopausal Women

The menopausal related decrease in estrogen is a main contributing factor to the
age-related loss in muscle and bone mass [59] and strength (i.e., dynapenia) [60]. While
the mechanisms explaining the link between estrogen levels, muscle mass, and strength
remain to be determined, there is evidence to suggest that insufficient estrogen levels are
associated with increased inflammation and oxidative stress [59,60] and may contribute
to the blunted muscle protein synthetic and satellite cell response to anabolic stimuli
(i.e., resistance training).

Creatine supplementation has been shown to act as a possible countermeasure to the
menopausal related decrease in muscle, bone, and strength by reducing inflammation,
oxidative stress, and serum markers of bone resorption, while also resulting in a concomi-
tant increase in osteoblast cell activity (i.e., bone formation) [61,62]. Muscle integrity has
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also been upregulated with creatine use, resulting in an increase in satellite cell activity,
growth factors (i.e., IGF-1), protein kinases downstream in mammalian target of rapamycin
pathway, and myogenic transcription factors (for reviews see [7,18,61]). These effects
have recently been explored in females, often combined with resistance training. As a
result of the unique cyclical and long-term changes in estrogen across the lifespan, creatine
supplementation poses an interesting therapeutic strategy for post-menopausal females.

5.1. Supplementation Only

Among post-menopausal females (65 ± 2 yrs), a short-term, high dose creatine
loading period (0.3 g·kg−1·d−1 or ~20 g·d−1 for 7 days) augmented whole-body FFM
(0.52 ± 0.05 kg), muscle strength (LP: 5.2 ± 1.8 kg, BP: 1.7 ± 0.4 kg), and sit-stand and
tandem gait test performance [63]. Similar functional improvements were reported in
sit-to-stand performance among post-menopausal females (60–80 years) supplementing
with a similar creatine dose (0.3 g·kg−1·d−1 or ~17 g·d−1 for 7 days) [64]. Another re-
lated study using a similar dose (20 g·d−1 loading for 5 days, followed by 5 g·d−1 for
23 weeks) reported no differences between CrM and PL on measures of muscle mass, bone
mineral, upper- and lower-body strength, or functionality in post-menopausal females
(<60 years). Additionally, low-dose chronic supplementation with creatine (1 g·d−1 for
52 weeks) among post-menopausal females (58 ± 5 years) failed to have on effect on
FFM, bone density, bone turnover, or muscle function, compared to PL [65]. Increasing
the dosage of creatine to 3 g·d−1 (1 g dose in the morning, afternoon and evening) for
an additional 52 weeks (104 weeks in total) also had no effect on the same muscle and
bone measures. Furthermore, CrM had no effect on handgrip strength or the number of
falls or fractures experienced among older females [66]. Collectively, it appears that a
short-term high dose of creatine may have minor effects on muscle and strength among
post-menopausal females.

5.2. Combined with Resistance Training

The vast majority of research involving creatine supplementation in post-menopausal
females has included resistance training as part of the study design, possibly because
muscle contractions (i.e., resistance training) lead to greater intramuscular creatine up-
take from supplementation [67], which could augment muscle mass and performance. In
post-menopausal females (>60 years), Gualano et al. [68] reported that CrM supplemen-
tation (n = 15; loading phase of 20 g·d−1 for 5 days + maintenance phase of 5 g·d−1 for
161 days) during supervised whole-body resistance training (7 exercises; 3 sets of 8–12 rep-
etitions) produced greater gains (relative) in appendicular lean tissue mass and BP strength
compared to PL (n = 15). However, CrM and resistance training had no greater effect
on measures of LP strength, bone mineral density or content or serum markers of bone
turnover compared to PL and resistance training. No adverse effects were reported from
CrM, PL or the resistance training program. Furthermore, when compared to the creatine
alone group, the combination of CrM and resistance training resulted in greater muscle
accretion and strength (LP and BP) in post-menopausal females [66]. In the longest study to
date, Chilibeck et al. [69] showed that CrM supplementation (0.1 g·kg−1·d−1 or ~7 g·d−1)
during supervised whole-body resistance training (17 exercises, 3 sets of 10 repetitions,
3 days per week for 52 weeks) reduced the rate of bone mineral density loss in the hip
region and increased femoral shaft sub-periosteal width (indicator or bone strength) and
upper-body strength in postmenopausal females. Additional supporting work in post-
menopausal females (65 ± 5.0 yrs) showed that CrM supplementation (5 g·d−1) during
12 weeks of supervised resistance training (8 exercises, 2 sets of 15 repetitions; 3 days/week)
significantly increased FFM, strength (BP, leg extension, elbow flexion), and tasks of func-
tionality (30-second chair stand, arm curl test, lying prone-to-stand test) compared to
PL [70]. From a clinical perspective, Neves et al. [71] found a beneficial effect from CrM
(loading phase: 20 g·d−1 for 7 days + maintenance phase: 5 g·d−1 for 79 days) during
12 weeks of lower-limb supervised resistance training on lower-limb muscle accretion
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and physical performance (timed-stand test) in post-menopausal females (55–65 yrs) with
knee osteoarthritis compared to PL. In contrast to these studies showing some favorable
effects from CrM and resistance training, Candow et al. [62,72] found no greater effect
from CrM supplementation (0.1 g·kg−1·d−1) during 32 weeks of supervised resistance
training (11 exercises, 3 sets of 10 repetitions to volitional fatigue; 3 days per week) on
measures of muscle mass, bone mineral, or strength in postmenopausal females (<50 years)
compared to PL. Furthermore, Pinto et al. [73] failed to show greater effects from CrM
supplementation (5 g·d−1) and 12 weeks of supervised whole-body resistance training
(3 sets of 13–15 repetitions) on measures of bone mineral and muscle strength. However,
CrM did augment FFM more than PL over time.

Collectively, these findings suggest that post-menopausal females may experience in-
creases in muscle mass and function when consuming high-dosage creatine (0.3 g·kg−1·d−1)
for at least 7 consecutive days. Creatine supplementation alone or in combination with
resistance training appears to provide no benefits in bone physiology in post-menopausal
females. However, when combined with resistance training, the vast majority of research
supports the efficacy of CrM supplementation (≥5 g·d−1) for improving measures of
muscle accretion, strength and tasks of physical performance in post-menopausal females.
From a safety perspective, creatine poses no greater adverse effects compared to placebo.
Future longer-term randomized PL controlled trials with large sample sizes are needed
to fully determine whether creatine, with and without resistance training, can positively
influence musculoskeletal parameters in post-menopausal females.

6. Depression and Mood

Depression rates are two times higher among females compared to males [74]. The
increased prevalence of depression among females has been directly linked with hormonal
milestones; major depression rates increase during puberty, during the luteal (high estro-
gen) phase, following pregnancy, and during perimenopause [75]. Despite the hormonal
pattern, evidence suggests that this trajectory is not solely dependent on the amount of
estrogen and progesterone, but rather how sensitive the brain is to these hormones [76].

Early research examining the role of dysfunctional creatine metabolism in the neuro-
chemical foundations of depression in adults demonstrated a positive relationship between
cerebral spinal fluid levels of creatine and dopamine and serotonin metabolites [77,78].
These data suggest that efficient neurotransmission of metabolites affecting mood depends
upon the creatine-PCr system functioning properly. The severity of a depressive episode has
been inversely linked to white matter creatine and PCr concentrations within the brain sug-
gesting that there is a relationship between brain creatine metabolism and depression [79].
This pattern has been shown to be beneficial for anti-depressant treatment [80], suggesting
dietary creatine supplementation may provide a pro-energetic effect in brain chemistry [81]
through efficient regeneration of intracellular high-energy phosphates in females.

Previous research has shown that dietary creatine supplementation can promote cell
survival and influence the production and usage of energy in the brain [3,82]. Clinical
and pre-clinical evidence has reported positive effects of creatine supplementation on
mood by restoring brain energy levels and homeostasis. Altered brain bioenergetics and
mitochondrial dysfunction have been linked with depression, particularly as it relates to
CK, ATP, and inorganic phosphate (Pi). In terms of energy usage, in vivo measurements of
the female adult brains with a major depressive disorder, demonstrate a distinctive pattern
of energy-related metabolites, specifically, a decrease in beta-nucleoside triphosphate and
increased PCr level resulting from an increased use of ATP [83]. Supplementation with
CrM has also been shown to significantly augment cerebral PCr and Pi [84]. Females have
been reported to have lower levels of creatine in the brain, particularly the frontal lobe [85],
which controls mood, cognition, memory, and emotion. As a result of sex-differences in
brain creatine concentrations, supplementation may be even more effective for females
for supporting a pro-energetic environment in the brain. When combined with regular
antidepressant use, 8-weeks of CrM supplementation reduced depressive symptoms in
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female adolescents and adults with major depression [86–88]. In healthy adolescent females
taking anti-depressant medication, the mean Children’s Depression Rating Scale-Revised
(CDRS-R) score declined from 69 to 30.6, a 56% decrease, in those consuming 4 g of CrM
daily for 8 weeks [81]. Similar results were demonstrated in healthy adult females taking
anti-depressant medication. There were significantly greater improvements in Hamilton
Depression Rating Scale (HAM-D) score, with improvements observed after 2 weeks in
females consuming 5 g·d−1 of creatine for 8 weeks [84]. This response time accelerates the
effectiveness of antidepressant medications compared to the typical 4–5 weeks acclima-
tization to detect/identify effects with these therapeutics alone [88,89]. Dietary creatine
intake is inversely proportional with depression occurrence; with a 31% greater incidence
of depression in adults in the lowest quartile of creatine intake [90]. Increasing creatine
concentrations in the brain as a result of increased animal protein consumption and, more
effectively, through CrM supplementation, has strong evidence to support mood and
depression, particularly in females. This has important relevance through various stages
across the lifespan that demonstrate increased prevalence in depression as a result of
cyclical hormones, including puberty, post-partum, and menopause.

7. Cognition and Sleep

Brain activity results in a rapid reduction in PCr levels to maintain ATP levels [91].
Therefore, during periods of high mental stress, which require a higher PCr demand,
ATP turnover may be impaired. Creatine supplementation has been shown to support
greater neural ATP resynthesis, which provides a cognitive advantage for tasks that rely
on the frontal cortex (i.e., cognition, attention, memory) [92]. Brain creatine concentrations
appear to be variable based/depending upon age, lifestyle choices, diet, and other fac-
tors [93], which is relevant when considering creatine supplementation for females across
the lifespan.

Creatine supplementation in humans has consistently demonstrated improved cogni-
tive performance and brain function and reduces mental fatigue during stressful mental
tasks in healthy adults [94]. Greater cognitive improvements as a result of creatine sup-
plementation have also been reported in individuals with cognitive impairments [95,96].
Creatine supplementation also appears to improve cognitive function in vegetarians due
to lower brain creatine concentrations. Females process stress different than males [97],
often practicing more frequent habits of multi-tasking [98] and are also more often suscep-
tible to sleep deprivation due to pregnancy, post-partum demands, and menopausal sleep
disturbances. Creatine supplementation has been shown to support these exact scenarios
by augmenting mental capacity under sleep deprivation [96]. Additionally, acute and
chronic sleep deprivation appear to be more detrimental to females compared to males;
with lower levels of alertness and increased sleepiness-related risks [99]. Sleep deprivation
has been reported to result in lower cognition, as well as a reduction in sleep quality for
females during the follicular phase (low estrogen), which is also when creatine kinase levels
appear to be lowest [100]. As a result of this promising research, creatine supplementation
throughout the menstrual cycle may aid in attenuating its adverse effects on cognition
and sleep. Cognitive and sleep benefits of creatine supplementation may be most helpful
during periods of high stress and sleep deprivation.

8. Dosing Strategies

Supplementing with CrM can be accomplished using two strategies, both resulting
in similar increases in intramuscular PCr levels (Table 1) [7]. A loading phase in females
results in a 19% increase in total muscle creatine concentrations [67,101], which is similar
to the response for males. A daily dose of 5 g is also equally effective for increasing muscle
creatine stores, however this approach requires more time (~3–4 weeks) compared to
a traditional loading approach (5 days) [2]. When practicing a loading phase, creatine
remains elevated for about 30 days following completion of supplementation, which
appears to be the same for both males and females. Based on available evidence, it appears
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that females can practice the same dosing strategy that is recommended for males. With
creatine supplementation, there is an individual variability with the response to creatine
saturation with responders, quasi-responders, and non-responders [102]. This has not yet
been explored in females, but it is assumed that all individuals may respond differently.

Table 1. Dosing guidelines for creatine supplementation in females [2,67,84,101].

Dose Maintenance

Loading Dose 5 g 4 × daily (20 g/day; 0.3 g/kg/day) every 4 h for 5 days 3–5 g (0.03 g/kg/day) daily

Example: 150 lb female (68.2 kg)

8:00 am: 5 g

3–5 g (2.0 g/kg) daily12:00 pm: 5 g
4:00 pm: 5 g
8:00 pm: 5 g

Routine-Consistent Dose 5 g daily 5 g daily

Brain Saturation 15–20 g daily for 3–7 days (in divided dose) 5–10 g daily

Menstrual Cycle Notes: Due to elevated protein turnover in the luteal phase, creatine supplementation/loading may support muscle
protein preservation.

Skeletal muscle creatine uptake can also be influenced by insulin availability, which
may enhance creatine retention [103,104]. Consuming creatine with carbohydrate (~50 g)
and protein (~50 g) [105], or with 1 g·kg−1 of glucose, may increase total muscle creatine
concentrations compared to creatine supplementation alone [106]. However, in females,
the additional calories from CHO/PRO to enhance ingestion, particularly during a loading
phase, may not be warranted. Specifically, for women who tend to burn fewer calories
than men, if additional calories are not needed to meet training needs, the benefit from
enhanced absorption, does not outweigh the potential enhanced absorptive effect; creatine
monohydrate has extremely high bioavailability [107]. Additionally, due to the menstrual
cycle, the lower CHO oxidation in the follicular phase may suggest the added macronu-
trients are not needed. One strategy is to ingest creatine with a usual meal or add it to a
protein shake due to the insulin properties of amino acids.

Brain concentrations of creatine and PCr are elevated as a result of 0.13–0.80 g/kg/day
for 14 days [84]. To maximize brain uptake, a loading phase (15–20 g·day−1 for 3–7 days)
followed by a consistent regular daily 5–10 g dose is optimal for tissue saturation. Peak
absorption of creatine from supplementation is optimized when ingested as a solution vs.
capsule, lozenge, or solid meat [108].

9. Conclusions and Application

As a result of changes in creatine homeostasis across the lifecycle, particularly as it
relates to estrogen, creatine supplementation appears to provide many potential benefits
for females. Creatine use has consistently demonstrated improvements in muscle and
brain PCr levels, which has been shown to result in improvements in strength and exer-
cise capacity. When combined with resistance training, creatine further augments body
composition and bone mineral density, particularly in post-menopausal females. Creatine
supplementation has also been shown to improve mood and cognition. A traditional
loading dose (0.3 g·day−1 5–7 days) or a routine daily dose (5 g) for 4 weeks can be effective
for females. For brain saturation, higher doses (15–20 g·day−1 for 3–7 days, followed by
5–10 g·day−1) of creatine are warranted. Future data evaluating more specific effects of
creatine across the menstrual cycle will help to more clearly understand the varied benefits
at different phases of the menstrual cycle and potential for use across the lifespan.
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Abstract: Sarcopenia, defined as age-related reduction in muscle mass, strength, and physical perfor-
mance, is associated with other age-related health conditions such as osteoporosis, osteosarcopenia,
sarcopenic obesity, physical frailty, and cachexia. From a healthy aging perspective, lifestyle in-
terventions that may help overcome characteristics and associated comorbidities of sarcopenia are
clinically important. One possible intervention is creatine supplementation (CR). Accumulating
research over the past few decades shows that CR, primarily when combined with resistance training
(RT), has favourable effects on aging muscle, bone and fat mass, muscle and bone strength, and tasks
of physical performance in healthy older adults. However, research is very limited regarding the
efficacy of CR in older adults with sarcopenia or osteoporosis and no research exists in older adults
with osteosarcopenia, sarcopenic obesity, physical frailty, or cachexia. Therefore, the purpose of this
narrative review is (1) to evaluate and summarize current research involving CR, with and without
RT, on properties of muscle and bone in older adults and (2) to provide a rationale and justification
for future research involving CR in older adults with osteosarcopenia, sarcopenic obesity, physical
frailty, or cachexia.

Keywords: sarcopenia; osteoporosis; osteosarcopenia; frailty; cachexia

1. Introduction

Sarcopenia refers to age-related reductions in muscle strength (dynapenia), muscle mass
(quantity), relative strength (strength per unit of muscle mass), muscle quality (architecture
and composition), and/or physical performance (i.e., tasks of functionality) [1]. Sarcopenia
typically occurs in 8–13% of adults ≥60 years of age [2] and is associated with other age-
related health conditions such as osteoporosis, osteosarcopenia, sarcopenic obesity, physical
frailty, and cachexia. Annually, muscle mass decreases by 0.45% in men and by 0.37% in
women, but these decrements climb to 0.9% for men and to 0.7% for women starting in their
seventh decade [3]. The age-related decrease in muscle strength, which is a strong predictor
of poor health outcomes (mobility disability, falls, fractures, and mortality) in older adults [1],
occurs more rapidly (2–5 fold faster) than the reduction in lean (muscle) mass [4].

From a global health perspective, the World Health Organization established a code
(ICD-10-CM; M62.84) for sarcopenia as a means for better diagnosis, assessment, and
treatment of the condition. While several definitions and subcategories of sarcopenia
exist, the European Working Group on Sarcopenia in Older People (EWGSOP) defines
individuals with low muscle strength (as assessed by grip-strength or chair-stand test)
as having probable sarcopenia; those with low muscle strength and low muscle quan-
tity (as assessed by dual energy X-ray absorptiometry, magnetic resonance imaging and
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spectroscopy, computed tomography, bioelectrical impedance, creatine dilution, and/or
muscle biopsy) as having confirmed sarcopenia; and those with low muscle strength, low
muscle quantity, and poor physical performance (as assessed by gait speed, short physical
performance battery test, timed-up-and-go test, or 400 m walk test) as having severe sar-
copenia [1]. Sarcopenia is classified as primary when its etiology is age dependent whereas
secondary sarcopenia is influenced by age and/or other factors such as physical inactivity
and undernutrition [1]. Contributing factors to the pathophysiology of sarcopenia include
changes in neuromuscular function, skeletal muscle morphology and architecture, protein
kinetics, hormonal regulation, growth factors and satellite cells, vascularization, inflam-
mation, mitochondrial function, nutrition, and physical activity [1,3,4]. From a healthy
aging perspective, interventions that may help overcome characteristics and associated
comorbidities of sarcopenia (i.e., osteoporosis, osteosarcopenia, sarcopenic obesity, physical
frailty, and cachexia) are clinically important.

Accumulating research over the past few decades shows that creatine supplementa-
tion (CR), primarily when combined with resistance training (RT), has some favourable
effects on muscle accretion and bone mineral density, bone and muscle strength, and tasks
of functionality in older adults (for reviews, see Candow et al. [5], Chilibeck et al. [6],
Forbes et al. [7], Gualano et al. [8], and Kreider et al. [9]). However, research is very limited
regarding the efficacy of CR in older adults with sarcopenia or osteoporosis and no research
exists in older adults with osteosarcopenia, sarcopenic obesity, physical frailty, or cachexia.
Therefore, the purpose of this narrative review is (1) to evaluate and summarize current
research involving CR, with and without RT, on properties of muscle and bone in older
adults and (2) to provide a rationale and justification for future research involving CR in
older adults with osteosarcopenia, sarcopenic obesity, physical frailty, or cachexia.

2. Creatine

Creatine is an organic acid endogenously synthesized from reactions involving the
amino acids arginine, glycine, and methionine in the kidneys and liver [10]. Alterna-
tively, creatine can be exogenously consumed from meat [9] and commercially manufac-
tured products. The vast majority (≈95%) of creatine resides in skeletal muscle, with
approximately 66% being stored as phosphocreatine (PCr) [9]. It is estimated that 2% of
endogenous creatine stores are degraded daily to creatinine, a metabolic by-product of
creatine metabolism [10]. For most individuals, excluding vegans and vegetarians, ≈3 g
of exogenous creatine per day may help maintain creatine stores [9]. Metabolically, crea-
tine combines with inorganic phosphate (Pi) to form PCr, which helps resynthesize and
maintain adenosine triphosphate (ATP) levels [9].

3. Potential of Creatine Supplementation for Sarcopenia

The majority of aging research involving CR has focused on measures of muscle
accretion and strength in response to RT. Studies published to date involving >600 older
adults (>48 years of age) show divergent results, possibly because of methodological
differences across studies (Table 1). We have previously reviewed the majority of these
studies in detail elsewhere [5,8,11–14]. Most studies (n = 16) involved healthy older
adults, whereas 4 studies involved older adults with knee osteoarthritis, osteopenia or
osteoporosis, type II diabetes, or chronic obstructive pulmonary disease (COPD). The
results are equivocal regarding the efficacy of CR on measures of muscle accretion and
strength, with half of the studies showing greater gains from CR vs. placebo (PLA) and the
other half showing similar effects between the two interventions during an RT program.
Individual studies typically lack adequate statistical power to detect small changes in
muscle accretion and strength from CR over time, and the responsiveness to CR in older
adults may be influenced by initial resting PCr levels in different muscle regions, changes
in type II muscle fibre size and quantity, and habitual dietary intake of creatine [13].
To overcome the limitations of low statistical power and high variability amongst older
adult populations, three meta-analyses have been performed to determine the efficacy of CR
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(≥3 g/day) vs. PLA during an RT program (≥7 weeks) on measures of muscle accretion and
strength [6,15,16]. Collectively, these meta-analyses showed that the combination of CR and
RT augmented muscle accretion (≈1.2 kg), and upper- and lower-body strength more than
PLA and RT in older adults. Mechanistically, the greater increase in muscle accretion and
strength from CR may be related to its ability to influence phosphate metabolism, calcium
and glycogen regulation, cellular swelling, muscle protein signaling and breakdown,
myogenic transcription factors and satellite cells, growth factors (i.e., IGF-1 and myostatin),
inflammation, and oxidative stress (for reviews, see Candow et al. [5], Chilibeck et al. [6],
Gualano et al. [8], and Kreider et al. [9]). Upon CR cessation, the gains in muscle accretion
and strength seem to persist for up to 12 weeks when RT is maintained in older adults [17].

Table 1. Summary of studies examining creatine and resistance training on muscle outcomes in older adults.

First Author, Year Population Supplement Dose Resistance Training Duration Outcomes

Aguiar et al.
2013 [18]

N = 18; healthy women;
Mean age = 65 y CR (5 g/day), PLA RT = 3 x/wk 12 wks

CR ↑ gains in fat-free mass
(+3.2%), muscle mass (+2.8%), 1
RM bench press, knee extension,

and biceps curl compared to PLA

Alves et al.
2013 [19]

N = 47; healthy women,
Mean age = 66.8 y (range:

60–80 y)

CR (20 g/day for 5 days,
followed by 5 g/day
thereafter), PLA with

and without RT

RT = 2 x/wk 24 wks ↔1 RM strength compared to
RT + PLA

Bemben et al. 2010
and Eliot et al.

2008 [20,21]

N = 42; healthy men;
age = 48–72 y

CR (5 g/day), PRO
(35 g/day),

CR + PRO, PLA
RT = 3 x/wk 14 wks ↔lean tissue mass, 1 RM strength

Bermon et al.
1998 [22]

N = 32 (16 men,
16 women); healthy;

age = 67–80 y

CR (20 g/day for 5 days
followed by

3 g/day), PLA
RT = 3 x/wk 7.4 wks (52 days)

↔lower limb muscular volume,
1- and 12-repetitions maxima,

and isometric
intermittent endurance

Bernat et al.
2019 [23]

N = 24 healthy men;
age = 59 ± 6 y CR (0.1 g/kg/day), PLA High-velocity

RT = 2 x/wk 8 wks

↔muscle thickness, physical
performance, upper-body muscle
strength; CR ↑ leg press strength,

total lower body strength

Brose et al.
2003 [24]

N = 28 (15 men, 13
women); healthy; age:

men = 68.7,
women = 70.8 y

CR (5 g/day), PLA RT = 3 x/wk 14 wks

CR ↑ gains in lean tissue mass
and isometric knee extension

strength; ↔ type 1, 2 a, 2 x
muscle fibre area

Candow et al.
2008 [25]

N = 35; healthy men;
age = 59–77 y

CR (0.1 g/kg/day), CR
+ PRO (PRO:

0.3 g/kg/day), PLA
RT = 3 x/wk 10 wks

CR ↑ muscle thickness compared
to PLA. CR ↑1 RM bench press ↔

1 RM leg press

Candow et al.
2015 [26]

N = 39 (17 men,
22 women); healthy;

age = 50–71 y

CR (0.1 g/kg) before RT,
CR (0.1 g/kg) after

RT, PLA
RT = 3 x/wk 32 wks

CR after RT ↑ lean tissue mass, 1
RM leg press, 1 RM chest press

compared to PLA

Candow et al.
2020 [27]

N = 38; healthy men;
age = 49–67 y

CR (On training days:
0.05 g/kg before and

0.05 g/kg after exercise)
+ 0.1 g/kg/day on
non-train-ing days

(2 equal doses) or PLA

RT = 3 x/wk 12 months ↔lean tissue mass, muscle
thickness, or muscle strength

Chilibeck et al.
2015 [28]

N = 33; healthy women;
Mean age = 57 y CR (0.1 g/kg/day), PLA RT = 3 x/wk 52 wks

↔lean tissue mass and muscle
thickness gains between groups;
↑ relative bench press strength

compared to PLA.

Chrusch et al.
2001 [29]

N = 30; healthy men;
age = 60–84 y

CR (0.3 g/kg/d for
5 days followed by

0.07 g/kg/day), PLA
RT = 3 x/wk 12 wks

CR ↑ gains in lean tissue mass;
CR ↑1 RM leg press, 1 RM knee
extension, leg press endurance,
and knee extension endurance;
↔ 1 RM bench press or bench

press endurance.

Cooke et al.
2014 [30]

N = 20; healthy men;
age = 55–70 y

CR (20 g/day for 7 days
followed by

0.1 g/kg/day on
training days)

RT = 3 x/wk 12 wks ↔lean tissue mass, 1 RM bench
press, 1 RM leg press

Deacon et al.
2008 [31]

N = 80 (50 men,
30 women); COPD;

age = 68.2 y

CR (22 g/day for 5 day
followed by

3.76 g/day), PLA
RT = 3 x/wk 7 wks ↔lean tissue mass or

muscle strength

Eijnde et al.
2003 [32]

N = 46; healthy men;
age = 55–75 y CR (5 g/day), PLA Cardiorespiratory + RT

= 2–3 x/wk 26 wks ↔lean tissue mass or isometric
maximal strength

Gualano et al.
2011 [33]

N = 25 (9 men, 16 women);
type 2 diabetes; age = 57 y CR (5 g/day), PLA RT = 3 x/wk 12 wks ↔lean tissue mass

Gualano et al.
2014 [34]

N = 30; "vulnera-ble"
women; Mean age = 65.4 y

CR (20 g/day for 5 days;
5 g/day thereafter),

PLA with and
without RT

RT = 2 x/wk 24 wks
CR + RT ↑ gains in 1RM bench

press and appendicular lean mass
compared to PLA + RT
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Table 1. Cont.

First Author, Year Population Supplement Dose Resistance Training Duration Outcomes

Johannsmeyer et al.
2016 [35]

N = 31 (17 men,
14 women); healthy;

age = 58 y
CR (0.1 g/kg/day), PLA RT = 3 x/wk 12 wks

CR ↑ gains in lean tissue mass; ↔
1RM strength and endurance; CR
attenuated magnitude increase in

time to complete balance test
compared to PLA

Neves et al.
2011 [36]

N = 24 (postmen-opausal
women with Knee

osteo-arthritis);
Age = 55–65 y

CR (20 g/day for
1 week, followed by

5 g/day), PLA
RT = 3 x/wk 12 wks CR ↑ gains in limb lean mass. ↔

1RM leg press

Pinto et al.
2016 [37]

N = 27 (men and women);
healthy; age = 60–80 y CR (5 g/day), PLA RT = 3 x/wk 12 wks

CR ↑ gains in lean tissue mass; ↔
10 RM bench press or leg

press strength

Smolarek et al.
2020 [38]

N = 26 (5 men, 21 women);
long-term care residence;

age = 68.9 ± 6.8 y
CR (5 g/day), PLA RT = 2 x/wk 16 wks CR ↑ dominant and

non-dominant handgrip strength

CR = creatine; PRO = protein; RM = repetition maximum; ↑ = significant greater; ↔ no difference between conditions; wk = weeks;
y = years; g = grams; kg = kilograms.

Only three studies have determined the effects of CR and RT in older adults with
different classifications of sarcopenia. Pinto et al. [37] showed that, in older adults with
either probable sarcopenia (n = 3; skeletal muscle mass index (SMI): appendicular skeletal
muscle mass/height2 <7.26 kg/m2 for men and <5.45 kg/m2 for women), sarcopenia (n = 1;
SMI + handgrip strength <30 kg and <20 kg for women or gait speed <0.8 m/s), or severe
sarcopenia (n = 1; SMI + handgrip strength <30 kg and <20 kg for women and gait speed
<0.8 m/s), 12 weeks of CR (5 g/day) and supervised RT eliminated the probable and severe
sarcopenia designations in 3 participants. However, creatine had no effect on the individual
with sarcopenia. Furthermore, it is unknown whether creatine and RT reduced the level of
severe sarcopenia to sarcopenia or probable sarcopenia. In seven older adults considered
to be pre-sarcopenic (defined as relative skeletal muscle index >7.26 kg/m2 for men and
>5.5 kg/m2 for women [39]), 8 months of CR (0.1 g/kg/day or ≈8 g/day) and supervised
whole-body RT eliminated the pre-sarcopenic designation in 5 of the participants [26].

Finally, in four postmenopausal women (>60 years) who were sarcopenic (defined by
appendicular lean mass, adjusted for height and weight [40]), CR (20 g/day for 5 days +
5 g/day for 23 weeks) during supervised whole-body RT (3 sets of 8–12 repetitions, 2 days
per week) eliminated the sarcopenia classification in two of the women [34]. While limited by
very low sample sizes, these preliminary results across studies suggest that CR (≥5 g/day)
and supervised RT (>12 weeks) has some potential to mitigate sarcopenia in older adults.

Regarding physical performance (functionality), two meta-analyses of older adults
demonstrated that CR in conjunction with RT resulted in greater improvements in sit-to-
stand performance when compared to RT (plus PLA) alone [5,16]. These findings are of
clinical relevance given that improving sit-to-stand performance may reduce the risk of
falls in older adults [41].

Independent of RT, research is mixed regarding the effectiveness of CR on aging
muscle, with 5 studies showing greater effects from CR vs. PLA and 5 studies showing
similar effects between the two interventions (for review, see Forbes et al. [42]). While it is
difficult to compare results across studies, these inconsistent findings may be related to
the CR protocol and/or dosage used. The majority of studies that found beneficial effects
from CR incorporated a CR loading phase (20 g/day) or used a high relative daily dosage
of creatine (0.3 g/kg/day), whereas several of the studies that failed to observe beneficial
effects did not use these strategies.

In summary, CR (≥3 g/day) and RT (≥7 weeks; primarily whole-body routines)
can improve some measures of muscle accretion, strength, and physical performance in
older adults. Independent of RT, a CR loading phase and/or high relative daily dosage
of creatine (≥0.3 g/kg/day) may be required to produce some muscle benefits in older
adults. It is unknown whether the combination of CR and RT provides greater fitness
benefits compared to CR alone. Furthermore, the effects of CR in sarcopenic older adults
is relatively unknown. No research exists regarding the efficacy of CR in older adults
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with inborn creatine synthesis deficiencies involving arginine–glycine amidinotransferase
(AGAT), guanidinoacetate methyl transferase (GAMT), solute carrier 6 (SLC6AB), or CT1
(creatine transporter). Future research should investigate the effects of CR, with and
without RT, in older clinical populations with possible musculoskeletal disorders and
creatine synthesis/transporter deficiencies.

4. Potential of Creatine Supplementation for Osteoporosis

Osteoporosis refers to age-related loss of bone mineral density (BMD) and architec-
ture [43] that increases bone fragility and the risks of falls and fractures [44]. There are
8 published studies that have examined the combined effects of CR and RT on properties
of bone in older adults, with only 3 of these studies showing greater effects from crea-
tine compared to PLA (Table 2). In healthy older men, 12 weeks of CR (loading phase:
0.3 g/kg/day for 5 days; maintenance phase: 0.07 g/kg/day for an additional 79 days) and
supervised whole-body RT increased upper-limb bone mineral content (assessed by dual
energy X-ray absorptiometry [DXA]) compared to PLA [45]. Additional work in healthy
older men showed that 10 weeks of CR (0.1 g/kg/day) and supervised whole-body RT
decreased the urinary excretion of cross-linked N-telopeptides of type I collagen (indicator
of bone resorption) compared to PLA [25]). Most recently, Chilibeck et al. [28] showed that
CR (0.1 g/kg/day) and supervised whole-body RT for 52 weeks attenuated the rate of
bone mineral loss in the femoral neck (assessed by DXA) (Figure 1) and increased femoral
shaft subperiosteal width (indicator of bone bending strength) in postmenopausal women
compared to PLA.

Table 2. Study characteristics and outcomes of research examining the influence of creatine with a resistance training
program on bone.

First Author, Year Study Population Intervention Duration Outcomes

Brose et al. 2003 [24]
N = 28; healthy (15 men,
13 women); age ≥ 65 y

(men = 68.7 y, women = 70.8 y)

RCT; CR + RT, PLA + RT. CR =
5 g/day; RT = 3 x/wk 14 wks ↔on osteocalcin

Candow et al. 2008 [25] N = 35; older men (age: 59–77 y)
RCT; CR + PRO + RT; CR + RT,
PLA + RT; CR = 0.1 g/kg/day;

RT = 3 x/wk
10 wks CR ↓ NTx

Candow et al. 2019 [5]
N = 39; healthy (17 men;
22 women); age ≥ 50 y

(mean ~55 y)

RCT; CR-Before + RT, CR-After +
RT, PLA + RT; CR = 0.1 g/kg/day;

RT = 3 x/wk
8 mths

↔BMD and BMC of the whole-body,
limbs, femoral neck, lumbar spine,

and total hip

Candow et al. 2020 [27] N = 38; healthy men; age = 49–67 y RCT; CR + RT, PLA + RT; CR =
0.1 g/kg/day; RT = 3 x/wk 12 mths

↔ BMD and geometry, bone speed
of sound; CR ↑ (p = 0.06) section

modulus of the narrow part of the
femoral neck

Chilibeck et al. 2005 [45] N = 29; older men (71 y).

RCT; CR + RT, PLA + RT; CR =
0.3 g/kg/day for 5 days followed

by 0.07 g/kg/day for the
remaining; RT = 3 x/wk

12 wks
↑ arm BMC greater in the CR group

com-pared to PLA; ↔ between
groups for whole-body and leg BMD

Chilibeck et al. 2015 [28] N = 33; postmenopausal women;
age: 57 ± 6 y

RCT; PLA + RT, CR + RT; CR =
0.1 g/kg/day (0.05 g/kg provided
immediately before and 0.05 g/kg
after training on training days and

with two meals on non-training
days); RT = 3 x/wk

12 mths

CR attenuated rate of femoral neck
BMD loss compared to PLA and CR
↑ femoral shaft subperiosteal width;

↔ between groups on all other
outcome measures

Gualano et al. 2014 [34] N = 60; older vulnerable women
(age: 66 y)

RCT; PLA, CR, PLA + RT, CR + RT;
CR = 20 g/day for 5 days followed
by 5 g/day for the remaining; RT

= 2 x/wk

24 wks ↔bone mineral and serum bone
markers between groups

Pinto et al. 2016 [37] N = 32; healthy, non-athletic men
and women between 60–80 y

RCT; PLA + RT, CR + RT; CR =
5 g/day; RT = 3 x/wk. Muscle
groups (i.e., upper and lower

body) alternated between training
days, 1.5 x/wk per muscle group

12 wks ↔BMD and BMC of all assessed
sites between groups

RCT = randomized controlled trial; PLA = placebo; RT = resistance training; CR = creatine; PRO = protein; RM = repetition maximum;
NTx = cross-linked N-telopeptides of type I collagen; BMD = bone mineral density; BMC = bone mineral content; ↑ = significant greater;
↔ no difference be-tween conditions; wk = weeks; mth = months; y = years; g = grams; kg = kilograms.
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Figure 1. Relative changes in femoral neck bone mineral density (BMD). “Closed diamonds” repre-
sent changes for individual creatine group participants, and “open circles” represent placebo group
participants. The “horizontal bars” represent the group means, and the “vertical bars” represent the
SD. * Creatine participants lost significantly less BMD at the femoral neck compared with placebo
participants (p < 0.05). (Reproduced with permission from Chilibeck et al. 2015 [28]).

In contrast to these studies, Brose et al. [24] was unable to find a beneficial effect from
14 weeks of CR (5 g/day) and whole-body RT on serum osteocalcin (indicator of bone
formation) compared to PLA in healthy older adults. Furthermore, Gualano et al. [34]
found no effect from CR (loading phase: 20 g/day for 5 days; maintenance phase: 5 g/day
for an additional 24 weeks) and supervised whole-body RT on changes in bone mineral
(density and content; assessed by DXA) or serum concentrations of procollagen type 1
N-propeptide (P1NP; indicator of bone formation) and type 1 collagen C-telopeptide (CTX;
indicator of bone resorption) compared to PLA in older women. In addition, 12 weeks of
CR (5 g/day) and supervised whole-body RT had no greater effect on measures of BMD
or content (assessed by DXA) compared to PLA in healthy older adults [37]. Similarly,
Candow et al. [46] was unable to find greater effects from CR (0.1 g/kg/day) and 32 weeks
of supervised whole-body RT on measures of bone mineral (density and content; assessed
by DXA) compared to PLA in healthy older adults. Most recently, Candow et al. [27] failed
to show a beneficial effect from 52 weeks of CR (0.1 g/kg/day) and supervised whole-body
RT on measures of BMD or bone geometric properties (assessed by DXA and ultrasound)
in older men compared to PLA.

There are only three studies that have investigated the effects of CR alone (no exercise
training stimulus) on properties of aging bone. In postmenopausal women with osteopenia
or osteoporosis, 24 weeks of CR (loading phase: 20 g/day for 5 days; maintenance phase:
5 g/day for an additional 23 weeks) had no effect on measures of BMD (whole-body, lumbar,
total femur, and femoral neck; assessed by DXA) or serum markers of bone turnover
(CTX, P1NP) compared to PLA [34]. In two additional studies involving postmenopausal
women, CR (1 g/day for 52 weeks) had no effect on measures of BMD (assessed by DXA),
bone microarchitecture (assessed by high-resolution peripheral quantitative computed
tomography (HR-pQCT)), CTX, or P1NP compared to PLA [47]. Increasing the dosage of
creatine to 3 g/day for an additional 52 weeks (104 weeks in total) also had no effect on the
same bone measures in postmenopausal women. Furthermore, creatine had no effect on
the number of falls or fractures experienced [48].

Collectively, the vast majority of studies show no greater effect from CR, with and
without RT, on properties of bone in older adults. In the few studies that did show beneficial
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effects, CR was combined with supervised whole-body RT. Importantly, no study showed
any detrimental effect from CR on bone mineral or geometry. The combined effects of CR
and RT on reducing the risk and incidence of falls and fractures in older adults is largely
unknown. Bone tissue typically takes a long time (i.e., several months) to turnover [49],
especially in older adults [50]. Future research should investigate the longer-term effects
(i.e., ≥2 years) of CR, with and without RT, on properties of bone mineral and geometry
and risk of falls and fractures in older adults.

5. Potential of Creatine Supplementation for Osteosarcopenia

Osteosarcopenia is a musculoskeletal syndrome characterized by low BMD (osteope-
nia/osteoporosis) and muscle mass and function (sarcopenia) and is predictive of functional
impairments, falls, fractures, and premature mortality in older adults [51]. Despite recent
commentary proposing the use of CR to combat age-related muscle and bone loss [52,53],
no randomized controlled trial (RCT) has tested the effects of creatine versus PLA (control)
in osteosarcopenic adults [54]. Nevertheless, there is potential for CR, with and without RT,
to be used as an upstream prevention or downstream treatment strategy for this age-related
debilitating syndrome.

Creatine may directly or indirectly impact components of osteosarcopenia (muscle
mass, bone density, and function) via its actions on muscle and bone metabolism. In skele-
tal muscle, creatine is capable of upregulating anabolic signaling pathways, increasing
satellite cell number/content and growth factors, as well as downregulating markers of
inflammation and oxidative stress [5,6,8,9]. Creatine’s role is not exclusive to muscle tissue,
with preclinical studies showing that creatine may promote the differentiation of osteoblast
cells involved in bone formation [55,56]. Despite this, in the absence of RT, findings from
mechanistic studies involving CR have largely failed to translate into clinical improve-
ments in musculoskeletal outcomes in healthy older adults. As highlighted previously,
experimental trials have shown significant heterogeneity in study methodology, which
likely relates to the inconsistent findings (see Tables 1 and 2).

Of note, 2 years of CR (3 g/day) without RT did not influence bone density/micro
architecture, bone turnover markers, lean mass and muscle strength/function, or falls and
fractures in postmenopausal women with osteopenia [48]. However, these participants
were not sarcopenic or osteosarcopenic and the RCT was not powered to detect the effects
of creatine on falls and fractures, which were considerably low throughout the trial [48].
Importantly, the authors did not rule out the possible benefits of CR in conjunction with RT.

It is somewhat surprising that no RCT exists in osteosarcopenic individuals despite the
well-established biomechanical and biochemical connection between muscle and bone [57].
Indeed, skeletal muscle acts as a pulley and bone as a lever during human movement and
the forces applied to myofibres during RT are transmitted to bone to initiate osteocyte-
induced bone formation [57], and during inactivity, the opposite occurs, leading to degen-
eration of both tissues. This biomechanical interaction during activity (or lack of during
inactivity) occurs alongside biochemical cross-talk via hormones and other growth factors
secreted by muscle and bone cells [57]. Given that lean (muscle) mass is a major predictor of
BMD [58] that and osteopenia/osteoporosis increases the risk of sarcopenia (the opposite is
also true) [59], it is possible that creatine’s anabolic effect on skeletal muscle may indirectly
promote bone accretion and geometry. For instance, CR increases insulin-like growth
factor I (IGF-1) content [60] and downregulates myostatin levels [61,62], and the former
initiates osteoblastogenesis (bone formation) while the latter initiates osteoclastogenesis
(bone resorption) [57]. Thus, aside from the mechanical interaction, cross-talk between
muscle and bone cells represents another feasible avenue by which CR has the potential to
combat osteosarcopenia. To test this hypothesis, future mechanistic studies should examine
the effects of CR on hormonal factors released by the endocrine system in addition to
growth factors (osteokines and myokines) secreted by muscle and bone cells. Furthermore,
in order to determine the efficacy and safety of CR in older osteosarcopenic adults, future
RCTs should include measures of both muscle and bone (muscle mass, strength, physical
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function, bone structure, and bone biomarkers) as well as clinically relevant outcomes
on activities of daily living, falls, and fractures. It is also important that vital signs and
adverse events are recorded in future RCTs involving creatine dosages, both of which are
not consistently monitored or reported on in exercise/nutritional trials [63]. Given that
adaptions in muscle mass and cortical/trabecular bone may take at least 6 months to be
radiographically detected following anabolic stimuli (i.e., RT) in older osteosarcopenic
adults [54], CR protocols should at least match or exceed this duration. Finally, as poor
nutritional status is a risk factor for osteosarcopenia [52,53,64], the possible interaction of
creatine with other essential nutrients capable of modulating muscle and bone metabolism
such protein, vitamin D, and calcium [64] should be explored. Providing this information
is of clinical relevance as creatine, with or without RT, may be a cost-effective strategy to
treat older adults with or at risk of osteosarcopenia.

6. Potential of Creatine Supplementation for Sarcopenic Obesity

Sarcopenia has a negative effect on mobility, energy expenditure, and metabolic health,
which subsequently increases adipose tissue accumulation (i.e., obesity [65]), especially
in and around skeletal muscle [66]. Sarcopenic obesity (SO) occurs in approximately
20% of older adult populations [67] and increases the risk of cardiometabolic diseases,
osteoporosis, disability, and premature mortality (for review, see Roh and Choi [68]).
Similar to sarcopenia, there is no unanimous definition of SO. The WHO classifies obesity
as a body mass index (BMI) ≥30 kg/m2. However, individuals of east Asian descent have
elevated body fat% compared to non-Asians with an equivalent BMI [69]; thus, east Asian’s
have a lower BMI cutoff point for obesity (≥25 kg/m2). Beyond BMI, body fat distribution
(i.e., waist circumference) enhances the ability to predict the development of metabolic
syndrome and risk of cardiovascular disease [70], with the WHO indicating cutoff values
of ≥102 cm for men and ≥88 cm for women, which differ for Asian populations [71,72].
Further, the American Association of Clinical Endocrinology [73] classifies obesity using
body fat thresholds of >25% in men and >35% in women. Due to the lack of a universally
accepted definition, the prevalence of SO varies. For example, in a prospective study of
older adults (n = 4652; >60 years of age), the prevalence of sarcopenic obesity was 18.1% in
women and 42.9% in men [74].

A recent systematic review and meta-analysis of 19 studies involving older adults
(n = 609 participants; ≥50 years of age) showed that the combination of CR and RT re-
sulted in a greater reduction in fat mass (0.5 kg, p = 0.13) and body fat% (0.55%, p = 0.04)
compared to PLA and RT [75]. Mechanistically, creatine appears to also influence adi-
pose tissue biology. In multiple adipogenic cell culture models, creatine attenuated the
accumulation of cytoplasmic triglycerides in a dose-dependent manner through inhibition
of phosphatidylinositol 3-kinase activation [76]. There is also evidence that creatine can
alter whole-body energetics and expenditure [77]. In rodents, diminishing creatine content
impaired thermal homeostasis [78] and deletion of glycine amidinotransferase (the rate
limiting enzyme of creatine synthesis) attenuated creatine content in brown adipose and
impaired thermoregulation [77,79], which subsequently attenuated the capacity to activate
diet-induced thermogenesis, resulting in increased adiposity [79]. Furthermore, global crea-
tine transporter (Slc6a8) knockout mice presented with greater body fat stores compared to
controls [80] possibly due to lower whole-body energy expenditure, a decrease in oxidative
metabolism in beige and brown adipose tissue, and an increase in feed efficiency [81].

Collectively, CR and RT appear to be an effective intervention for decreasing body
fat% in older adults. However, the effects of CR alone on adipose tissue biology in older
adults are unknown. Furthermore, it remains to be determined whether CR, with and
without RT or other exercise-training modalities (i.e., aerobic), can overcome SO. Based
on the potential interaction of muscle and fat tissue and mechanistic actions of creatine on
adipogenesis and whole-body energy expenditure, future research is warranted and may
be of clinical importance for older adults.

194



Nutrients 2021, 13, 745

7. Potential of Creatine Supplementation for Physical Frailty

Frailty is defined as a syndrome of physiological decline in later life, characterized
by vulnerability to adverse health outcomes (i.e., hospitalization, falls, social isolation,
and reduced quality of life (QoL)) [82–84]. Frailty is commonly defined according to the
phenotype of physical frailty proposed by Fried et al. [82], which consists of weakness,
slowness, low levels of physical activity, shrinking, and exhaustion, with one or two criteria
indicating a prefrailty stage and three or more marking frailty. A recent study in a combined
cohort of 8804 Australian adults aged ≥65 years (women 86%, median age 80 years) found
that, while 21% of participants were frail, a staggering 48% were prefrail [85]. With the
aging population and growing incidence of prefrail older adults progressing to frailty every
year (at a rate of 11%), the incidence of adverse health outcomes represents a substantial
burden on total healthcare costs worldwide.

Due to the predominantly musculoskeletal and physical components of the frailty
phenotype, there is an unavoidable overlap between sarcopenia, osteosarcopenia, and
physical frailty [86]. Regarding their common pathophysiology, these conditions share
immune, endocrine, and inflammatory mechanisms, which could be targeted via nonphar-
macological interventions such as exercise and nutrition (i.e., creatine) [64,87]. However,
research is very limited regarding CR and physical frailty. Although some studies testing
CR have involved older adults that could fulfil the clinical phenotype, those participants
are usually labelled as healthy or non-sarcopenic. In the only clinical trial to directly assess
the effects of CR in mildly frail older adults (defined as those with limited dependence on
others for instrumental activities of daily living according to the Canadian Study of Health
and Aging clinical frailty scale [88], Collins et al. [89] found no additive effect from CR
(5 g/day) to whey protein (20 g) and RT (14 weeks) on measures of muscle strength and
functionality compared to whey protein and training alone. However, the small sample
size (n = 16) and lack of PLA and non-training control group limits the clinical application
of these preliminary findings. In addition to the effects of CR on muscle and bone as
previously described, there is evidence that creatine may have beneficial effects on the
other components of the frailty syndrome (summarized in [90]). Creatine exhibits an
anti-inflammatory effect via regulation of the cyclo-oxygenase pathway and reduction of
serum levels of inflammatory cytokines (i.e., tumor necrosis factor-α (TNF-α) and IL-6),
which have been associated with sarcopenia, osteoporosis, and frailty [91,92]. The small
number of studies that have examined the efficacy of CR on immune system response
have shown an alteration in soluble mediator production and expression of molecules
involved in recognizing infections, specifically toll-like receptors. Creatine has also been
proposed to be neuroprotective, an effect that could have a potential role in the treatment
of the neuromuscular components of frailty [93]. Finally, creatine may act as an antioxidant,
which would also benefit frail older adults susceptible to increased oxidative stress and
damage [94].

In summary, despite the preclinical and clinical evidence demonstrating an effect from
creatine on multiple pathophysiological mechanisms associated with frailty, no RCT has
been performed examining the effects of CR (alone or in combination with exercise) in frail
older adults. A major challenge in this line of research relates to the identification of frailty,
which could lead to significant variability across studies. In the case of physical frailty, we
propose that the adoption of Fried’s criteria be used to facilitate and identify the condition
through a well-accepted phenotype in which the quantification of any therapeutic effect(s)
from CR can be made.

8. Potential of Creatine Supplementation for Cachexia

Cachexia can be defined as a tissue loss syndrome that involves severe weight loss and
muscle wasting [95]. Cachexia is usually secondary to conditions such as cancer, COPD,
chronic kidney disease, and heart failure, and therefore, therapeutic interventions should
involve not only the prevention of muscle wasting but also appropriate treatment of the
secondary cause.
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Muscle loss in cachexia is due to both reduced protein synthesis and increased
catabolism (proteolysis) due to multiple factors including reduced oral intake, high lev-
els of inflammation, tumor-mediated effects, low physical activity, and endocrine and
metabolic disturbances [96]. Some studies have demonstrated that CR can have an effect
on the majority of these mechanisms; however, PLA-controlled studies have shown mixed
results. Most of the studies involving CR and cachexia have been performed in cancer pa-
tients (summarized in Table 3). Overall, CR failed to produce significant effects on muscle
accretion, muscle performance, or functionality. However, creatine had no detrimental
effect on muscle, bone, performance, or functionality and no major adverse events were
reported from those taking creatine. The inconsistent findings across studies are possibly
explained by low sample sizes, multifactorial nature of the condition, deleterious effect of
chemotherapy on muscle, lack of exercise intervention, length and dosage of creatine used,
and heterogeneity of secondary causes of cachexia.

There may be potential for cachexia patients to experience some benefits from CR
and RT. For example, some subsets of cancer are characterized by high rates of weight and
muscle loss (i.e., head and neck, pancreatic, lung, colorectal, and gastric cancer) [97], which
may be counteracted by creatine. Additionally, CR may also be beneficial for older adults
with cachexia and/or cancer undergoing treatments that negatively affect muscle and bone
mass, performance, and function (i.e., androgen deprivation therapies).

In summary, cachexia is a debilitating condition associated with multiple chronic
diseases, especially cancer. Creatine has the potential to target several of the mecha-
nisms associated with cachexia; however, research investigating the effects of creatine and
cachexia is very limited. Future large-scale RCT’s examining the effects of creatine, with
and without exercise and pharmacological therapies, are warranted and needed.
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9. Conclusions

Sarcopenia refers to age-related reduction in muscle mass, strength, and/or physical
performance and has a negative effect on the ability to perform activities of daily living
and overall quality of life. Comorbidities associated with sarcopenia include osteoporosis,
osteosarcopenia, sarcopenic obesity, physical frailty, and cachexia. As a possible counter-
measure to sarcopenia and its age-related co-morbidities, CR (especially when combined
with RT) has some favourable effects on aging muscle, bone and fat mass, muscle and
bone strength, and physical performance, primarily in healthy populations (Figure 2).
Independent of RT, a CR loading phase and/or high relative daily dosage of creatine
(≥0.3 g/kg) may be required to produce some muscle benefits in older adults. CR (indepen-
dent of resistance training) for up to 2 years appears to provide no bone benefits in older
females. The effects of CR alone on bone measures in older males is unknown. Despite its
potential, the effects of CR in older adults with sarcopenia, osteoporosis, osteosarcopenia,
sarcopenic obesity, physical frailty, and cachexia remain largely unknown and warrant
future long-term clinical trials involving large sample sizes.

Figure 2. Potential effect of creatine, with and without resistance training.
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Abstract: There is a robust and compelling body of evidence supporting the ergogenic and therapeutic
role of creatine supplementation in muscle. Beyond these well-described effects and mechanisms,
there is literature to suggest that creatine may also be beneficial to brain health (e.g., cognitive
processing, brain function, and recovery from trauma). This is a growing field of research, and
the purpose of this short review is to provide an update on the effects of creatine supplementation
on brain health in humans. There is a potential for creatine supplementation to improve cognitive
processing, especially in conditions characterized by brain creatine deficits, which could be induced
by acute stressors (e.g., exercise, sleep deprivation) or chronic, pathologic conditions (e.g., creatine
synthesis enzyme deficiencies, mild traumatic brain injury, aging, Alzheimer’s disease, depression).
Despite this, the optimal creatine protocol able to increase brain creatine levels is still to be determined.
Similarly, supplementation studies concomitantly assessing brain creatine and cognitive function are
needed. Collectively, data available are promising and future research in the area is warranted.

Keywords: phosphorylcreatine; dietary supplement; cognition; brain injury; concussion

1. Introduction

The ergogenic effects of creatine supplementation are well documented, with evi-
dence supporting its efficacy in increasing muscle strength, lean mass, and exercise perfor-
mance/muscle function, particularly when combined with exercise in different populations,
from athletes to a wide spectrum of patient populations [1–3].

Creatine mechanisms of action involve rapid energy provision by transferring the
N-phosphoryl group from phosphorylcreatine (PCr) to adenosine diphosphate (ADP),
thus resynthesizing adenosine triphosphate (ATP) and spatial energy buffering, transfer-
ring energy from the mitochondria to the cytosol. These mechanisms are responsible for
facilitating ATP homeostasis during high energy turnover, maintaining a low ADP con-
centration and reducing Ca2+ leakage from the sarcoplasmic reticulum and impairment of
force output of the muscle [4–6]. Additionally, creatine could also attenuate the formation
of reactive oxygen species by its coupling with ATP into the mitochondria or by scavenging
radical species in an acellular setting [7]. Its direct and indirect antioxidant effects have
been suggested to have therapeutic effects in neurodegenerative diseases [8].

Although most of the total body’s creatine is found in skeletal muscle, the brain is
also a very metabolically active tissue, accounting for up to 20% of the body’s energy
consumption [9,10]. Creatine kinase (CK), a main enzyme involved in the ATP/CK/PCr
system, is also expressed in a brain-specific isoform (BB-CK) [4–6], suggesting that creatine
may also be relevant for energy provision to the central nervous system (CNS). In fact,
creatine-deficient syndromes involving brain creatine depletion are characterized by major
mental and developmental disorders (e.g., mental retardation, learning delays, autism, and
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seizures), which may be partially reversed by creatine supplementation [11–14]. Cognitive
processing may also be affected by creatine metabolism, as it may facilitate ATP homeostasis
during periods of rapid or altered brain ATP turnover, such as during complex cognitive
tasks, hypoxia, sleep deprivation, and some neurological conditions [3,15,16]. Additionally,
creatine supplementation might be beneficial for mild traumatic brain injury (mTBI),
which is also associated with changes in brain energy needs. The effects of creatine
supplementation on brain creatine levels, cognitive processing, and mTBI have been
previously reviewed [3,17,18]. As this is a growing field, the purpose of this short review is
to provide an update regarding the effects of creatine supplementation on brain health in
humans beyond what is discussed in Dolan et al. [3].

2. The Effects of Creatine Supplementation on Brain Creatine Levels

While muscle exclusively relies on dietary ingestion and endogenous synthesis from
the liver, kidneys, and pancreas [19], the brain can synthesize creatine. The enzymatic
apparatus necessary for endogenous creatine synthesis is found in the nervous system and
creatine transporters are found at the blood–brain barrier, neurons and oligodendrocytes
cells, indicating that brain creatine may not solely dependent on endogenous production
from other organs or dietary sources [20]. Furthermore, brain creatine seems not to be
influenced by habitual dietary intake from food, as similar brain PCr is found between
vegetarians and omnivores [21]. Still, if the intracerebral synthesis is limited due to
inherited disorders of creatine-catalyzing enzyme(s) machinery, dietary provision of the
compound can positively affect brain creatine concentrations [22]. Figure 1 illustrates
endogenous creatine synthesis in the brain and its transport across the blood–brain barrier.

Figure 1. Dietary creatine is transported through the blood–brain barrier via a creatine transporter. Astrocytes cells
can also endogenously produce creatine, which is taken up by the neurons expressing the creatine transporter. Cr:
creatine; PCr: phosphocreatine; Gly: glycine; Arg: arginine; AGAT: L-ariginine: glycine amidinotransferase; GAA:
guanidinoacetate; GAMT: guanidinoacetate methyltransferase, SAM: S-adenosylmethionine; CreaT: Cr transporter. Created
with BioRender.com.
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Brain creatine content has been suggested to be affected by other factors, such as
aging [23]; however, comparable levels of brain PCr have also been found between ap-
parently healthy elderly and young individuals [24]. Other factors related to aging that
may influence brain creatine concentrations include reduced brain and/or physical activity,
depression, schizophrenia, and panic disorder. The overlap between these factors may be
misleading as to what might be identified as an age-related decline (reviewed in Rawson
and Venezia [25]).

While consistent information is available on supplementation protocols aimed at
increasing muscle creatine content [26], much less is known regarding the optimal sup-
plementation strategy to increase brain creatine levels. A large heterogeneity in respect
to brain creatine assessment technique (i.e., total brain creatine as assessed by H1-NMR
vs. brain PCr as assessed by P31-NMR), supplement dose and duration (range 2 to 20 g/d
for 1 to 8 weeks), and population characteristics (including habitual dietary creatine in-
take, health status, etc.) hampers direct comparison between the few studies on the topic.
Further confusion is introduced by the fact that creatine content may differ regionally
within the brain [25,27]. Nevertheless, collectively, the available literature suggests pos-
sible increases in both creatine and PCr in the brain following supplementation, though
smaller than that seen in muscle (~half the increase) [3]. As reviewed in detail by Dolan
et al. [3], there are currently 12 studies of the effects of creatine supplementation on brain
creatine or PCr concentrations. Nine of these studies showed a significant increase in
brain creatine, averaging about 5 to 10%, which is less than the increase in muscle creatine
or PCr resulting from similar supplementation protocols. Some of these studies focused
on patient populations who have altered brain energetics, including females with major
depressive disorder, depression and amphetamine use, and selective serotonin uptake
inhibitor resistant depression. Other groups investigated the effects of creatine ingestion
on brain creatine levels in apparently healthy individuals. There is no clear indication why
a small number of studies were ineffective at increasing brain creatine despite using similar
supplementation protocols, but differences in baseline brain creatine levels, brain creatine
assessment, population characteristics, and dosing strategies likely play a role.

The explanation for these differences in creatine uptake between muscle and brain
remains speculative. As discussed, brain creatine content may rely less on exogenous
creatine than muscle [20,21,24,28], which could theoretically involve a down-regulated
response in brain creatine synthesis upon supplementation. Alternative to this hypothesis
is the demonstration that the brain lacks the expression of creatine transporter in the
astrocytes involved in the blood–brain barrier, thus implying a limited permeability of
the brain to the circulating creatine [29], which is in line with the lack of increase in
brain creatine following supplementation reported by some studies [24,28,30]. It is also
plausible to speculate that if the brain is, in fact, resistant to exogenous creatine, a high-
dose, long duration protocol would be needed, such as those used in the study by Dechent
et al. [27] (i.e., 20 g/day for 4 weeks). The need for a higher supplementation dose in
order to increase brain creatine level, as compared to the supplementation dose required
for muscle, is further corroborated by data available from the only study assessing both
muscle and brain creatine levels in response to supplementation, with increases found in
the former, but not the latter [24]. Of interest, supplementing guanidinoacetic acid (GAA),
a creatine precursor, was found superior to an equimolar dose of creatine in increasing
brain creatine content [31]. While creatine is mainly transported via a specific transporter
(SLC6A8 or CT1; also used for GAA transport), dietary GAA could be imported to the
brain through additional delivery transporters and routes (including SLC6A6, GAT2, and
passive diffusion) [32] and become readily available for methylation to creatine. Although
preliminary, these data are of relevance considering the inherent capacity of the brain to
synthesize creatine and its theoretical impaired ability to transport creatine through the
blood–brain barrier, thus warranting further research on alternative strategies to increase
brain creatine.

205



Nutrients 2021, 13, 586

3. Creatine Supplementation and Cognition

The interest in the effects of creatine supplementation on cognition is not new. Despite
the number of positive studies available on the subject (Summarized in Table 1), differences
between investigations including study populations, cognitive function testing, and supple-
mentation dosing and duration precludes direct comparison; however, some conclusions
can be made. Although controversial [28,33,34], creatine supplementation may positively
influence some aspects of cognition in different experimental paradigms [10,35–40]. Im-
portantly, its effects seem more pronounced in stressful conditions such as hypoxia [8]
and sleep deprivation combined with exercise [10,37,38]. Despite the suggestion that more
complex or demanding cognitive processes are more prone to respond to supplementation
(as they are more energy demanding), inconsistencies regarding cognitive test response to
supplementation hampers further conclusions [37,38]), which may be attributed to differ-
ences in experimental design such as the sleep deprivation period and exercise intensity
employed between studies.

Table 1. Effects of creatine supplementation on cognitive performance.

Population
Creatine Supplementation

Protocol
Cognitive Tests (CT)

Outcomes (O)
Reference

Healthy older women 20 g/day + 5 g/day for
24 weeks

CT: Mini-mental state examination, stroop, trail making,
digit span, delay recall test and the short version of the
geriatric depression scale
O: No change

Alves et al. (2013)
[33]

Semiprofessional,
non-vegetarian, male
mountain bikers

20 g/day for 7 days

CT: Simple and choice reaction time, differentiation task
test, Eiksen flanker test and Corsi block test
O: Creatine increased performance in choice reaction time,
Eiksen flanker test and Corsi block test.

Borchio et al. (2020)
[41]

Healthy young women
(vegetarian and
meat-eaters)

20 g/day for 5 days

CT: Word recall, simple and choice reaction time, rapid
visual information processing and controlled oral word
association test
O: Word recall test performance was reduced in meat-eater
after creatine supplementation (within-group comparison).
Post supplementation performance was higher in
vegetarians than in meat-eaters.

Benton and Donohoe
(2011) [15]

Professional male rugby
players who were
sleep-deprived (3–5 h)

0.05 or 0.1 g/kg/bw for
1 day

CT: Rugby passing skill test
O: Sleep deprivation reduced passing accuracy and
creatine reversed this effect (trend for greater effect with
larger dose).

Cook et al. (2011) [42]

Healthy young adults 20 g/day for 5 days +
5 g/day for 2 days

CT: Backward digit span test and ravens advanced
progressive matrices.
O: Backward digit span performance was increased after
creatine.

Hammett et al. (2010)
[35]

Healthy young men and
women 5 g/day for 15 days

CT: Memory scanning, number-pair matching, sustained
attention, arrow flankers and IQ test
O: Aspect of improvement was reported in all the cognitive
tests performed in the creatine group.

Ling et al. (2009) [36]

Healthy young men and
women who were
sleep-deprived (24 h)

20 g/day for 7 days

CT: Random number generation, forward and backward
recall, visual reaction time, static balance and mood state
O: Performance reduction was attenuated in the creatine
group for random movement generation, choice reaction
time, balance and mood.

McMorris et al. (2006)
[38]

Healthy elderly men and
women 20 g/day for 7 days

CT: Random number generation, forward and backward
recall and long-term memory tests
O: Forward number recall, forward and backward spatial
recall and long-term memory performance were enhanced
after creatine supplementation.

McMorris et al.
(2007a) [16]

Healthy young men who
were sleep-deprived (36 h) 20 g/day for 7 days

CT: Random number generation, short-term number recall,
visual reaction time, cognitive effort, dynamic balance test
and mood state
O: Performance on the random number generation test was
improved following creatine.

McMorris et al.
(2007b) [37]
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Table 1. Cont.

Population
Creatine Supplementation

Protocol
Cognitive Tests (CT)

Outcomes (O)
Reference

Healthy male and female
children 0.3 g/kg/day for 7 days

CT: Stroop, Rey auditory verbal learning test, Raven
progressive matrices and trail making test
O: No change

Merege-Filho et al.
(2017) [28]

Vegan and vegetarian
healthy male and female
young adults

5 g/day for 6 weeks

CT: Ravens advanced progressive matrices and Wechsler
auditory backward digit span task
O: Creatine improved performance on the Raven’s test and
the backward digit span task.

Rae and Broer (2015)
[17]

Healthy male and female
young adults 0.03 g/kg/day for 6 weeks CT: Automated neuropsychological assessment metrics

O: No change
Rawson et al. (2008)

[34]

Male and female
institutionalized older
adults (with full physical
and mental capacities
preserved)

5 g/day for 16 weeks
CT: Montreal Cognitive Assessment (MoCA) questionnaire
O: Creatine (plus resistance training) improved MoCA
scores.

Smolarek et al. (2020)
[43]

Healthy male and female
young adults exposed to
experimental hypoxia

20 g/day for 7 days

CT: Neuropsychological test comprising verbal and visual
memory, finger tapping, symbol digit coding stroop test,
test of shifting attention, continuous performance test,
alertness and peripheral and corticomotor excitability
O: Creatine supplementation offset hypoxia-induced
decrements in a number of cognitive tests.

Turner et al. (2015)
[10]

Healthy male and female
young adults exposed to
mental fatigue (90 min
Stoop task)

20 g/day for 7 days

CT: Psychomotor performance (visuomotor task with
Fitlight-hardware and software), strength endurance task,
Flanker test, heart rate, blood glucose, success motivation
and intrinsic motivation, mood, session ratings of
perceived exertion and mental fatigue
O: Accuracy throughout the 90 min Stroop task and
strength endurance (in the non-dominant hand) were
improved with creatine. No other effects of creatine
supplementation were observed.

Van Cutsem et al.
(2020) [44]

Healthy male and female
young adults 8 g/day for 5 days

CT: Serial calculation task (Uchida-Kraeplin)
O: Both groups increased mean performance. Mental
fatigue, assessed during the second half of the test, was
increased in the creatine group only.

Watanabe et al. (2002)
[40]

In elderly individuals, specifically, literature is conflicting on the effects of creatine
supplementation on cognitive performance. While McMorris et al. [16] showed improved
cognitive performance, Alves et al. [33] found creatine (alone or associated with exercise
training) ineffective. Both studies are limited by the lack of brain creatine concentration
assessments, casting doubt on whether aging-related reduction in cognitive processing
may arise from the presence of, for instance, neurodegenerative diseases or whether the
supplementation protocol employed (designed for increasing muscle creatine content) may
have been insufficient to significantly increase brain PCr. Recently, Smolarek et al. [43]
found increased cognitive performance (and handgrip strength) after a 16 week interven-
tion combining resistance training and creatine supplementation (5 g/day) in a pilot study
including older adults. The results are, however, limited by the absence of an exercising
control group and inconsistent cognitive performance in the control group across time,
thus hampering further conclusion on the effects of supplementation alone.

It has been contended that vegetarians may differentially respond to creatine sup-
plementation when compared to meat-eaters. In this respect, cognitive function has been
shown to be improved in vegetarians after creatine supplementation [39]. Another study
found greater effects on memory in vegetarians as compared to omnivores following crea-
tine supplementation [15]. Importantly, the lack of a control group (meat-eaters) and the
fact that between-group differences were due to decreased performance in the omnivores,
rather than an improvement in the vegetarians, limits the conclusions of this study. Addi-
tionally, comparable brain creatine concentrations have been shown between meat-eaters
and vegetarians [21], which undermines the theory that vegetarians should respond better
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than meat-eaters due to lower pre-supplementation brain creatine. More research should be
conducted on the differential responses to creatine supplementation between vegetarians
and omnivores.

Improvements in cognitive processing capability is also of interest to athletes. Several
sports include motor control, decision making, coordination, reaction time, and other
cognitive tasks as key aspects of performance, which may be affected by mental fatigue [45].
In this respect, creatine may play an ergogenic role, as, theoretically, it may mitigate
mental fatigue, thus favouring performance. Indeed, creatine has been shown effective in
attenuating the effects of sleep deprivation on throwing accuracy in rugby players [42],
while no effect was observed on passing accuracy in non-stressed soccer players [46,47].
Brain creatine content was not assessed in these studies, raising uncertainty as to whether
the results observed result from changes in brain creatine. Nonetheless, the discrepancy in
the results may, at least partially, relate to the suggestion that creatine supplementation is
most effective under stressed cognitive processes conditions such as sleep deprivation.

More recently, two studies revisited the subject, with interesting results. Borchio
et al. [41] found improved performance in selected indexes of cognitive function after
a time-trial track test in semi-professional mountain bikers supplemented with creatine.
Interestingly, no prior cognitive deficit-inducing condition, such as sleep deprivation, was
imposed, suggesting that creatine could potentially attenuate mental fatigue even in non-
stressed situations. Van Cutsem et al. [44] studied the effects of creatine supplementation
on mental fatigue and its negative effects on psychomotor skills in a non-athlete population
and found that creatine was able to improve Stroop accuracy during a 90 min Stroop
task and to increase strength endurance (assessed by a handgrip strength test) pre-to-post
Stroop task. Importantly, no effects of supplementation were observed on the mental-
fatigue-induced impairments in psychomotor and cognitive performance. Collectively,
although these results suggest a potential role of creatine on mental fatigue, whether and
to what extent this could affect specific sports performance remains to be elucidated.

4. Creatine Supplementation and Brain Injury, Concussion, and Hypoxia

One of the characteristics of traumatic brain injury is the alteration of ATP demand due
to reduced blood flow and hypoxia [48]. Importantly, brain creatine is reduced following a
mild traumatic brain injury (mTBI) [49], making creatine supplementation, and subsequent
increase in brain creatine, a potentially valuable strategy to reduce severity of, or enhance
recovery from, mTBI or concussion by offsetting negative changes in energy status. The
duration of the dysregulation in brain energy metabolism is not clearly defined, but could
remain for weeks if not years. Alosco et al. [50] reported on retired players from the National
Football League (aged 40 to 69) who had experienced repetitive head impacts during
their career and many years later had complaints of cognitive and/or behavioral/mood
symptoms. In this cohort, there was a relationship between greater exposure to repetitive
head impacts and decreased brain creatine in the parietal white matter. This indicates that
there could be later-life derangements in brain energy metabolism subsequent to mTBI, and
lends support to the concept that creatine supplementation could be valuable in enhancing
recovery from mTBI, even years after the injury. In addition to its potential role in aiding
the cellular energy crisis induced by injury, creatine may lessen other features of mTBI,
such as membrane disruption leading to calcium influx, nerve damage, mitochondrial
dysfunction, oxidative stress, and inflammation (reviewed in [48,51]).

In an experimental model mimicking the effects of mTBI, Turner et al. [10] found
that supplementation was able to increase brain creatine and cognitive processing during
oxygen deprivation. Animal models have also been employed to investigate the effects of
creatine supplementation on traumatic brain injury. Sullivan et al. [52] found significant
reduction in brain damage following traumatic brain injury in both mice (36%) and rats
(50%). These large effects are compelling, but as humans only increase brain creatine
about 10% in response to supplementation and some animals increase brain creatine 30
to 50%, it is difficult to generalize these data to the general population or athletes [53].
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Despite its potential, experimental data in humans are still scarce; however, results from
the few studies available are promising. Creatine supplementation has been shown able to
improve cognition, communication, self-care, personality, and behavior, and reductions in
headaches, dizziness, and fatigue in children with mTBI [54,55].

Collectively, despite limited data, creatine supplementation seems potentially benefi-
cial in reducing severity of or enhancing recovery from mTBI, warranting further studies
on its role not only as a post-injury therapy but also as a neuroprotective agent in popula-
tions at high risk of mTBI. As has been described elsewhere, creatine supplements have
documented muscular performance benefits, are inexpensive, widely available, and have
a strong safety profile [26,56–63]. Encouraging supplementation to reduce damage from
or enhance recovery from mTBI based primarily on animal and theoretical data in lieu
of clinical trials would ordinarily be considered premature. However, in this instance,
given the devastating effects of mTBI, combined with the large body of safety and efficacy
creatine supplementation data, encouraging supplementation for populations who are at
high risk for mTBI might be considered more prudent.

5. Conclusions and Future Directions

There is a potential for creatine supplementation to improve cognitive processing,
especially in conditions characterized by brain creatine deficits, which could be induced
by acute stressors (e.g., exercise, sleep deprivation) or chronic, pathologic conditions (e.g.,
creatine synthesis enzyme deficiencies, mTBI, aging, Alzheimer’s disease, depression).

However, at least three main gaps remain. First, it is important to determine the
optimal creatine protocol able to increase brain creatine levels. So far, dose-response
studies are lacking and protocols are heterogenous. Second, supplementation studies
concomitantly assessing brain creatine levels and cognitive function are needed, as it may
help establish causation for the effect of creatine supplementation on cognition. Third, the
identification of novel conditions in which creatine supplementation may be more effective
in improving cognitive function is warranted as creatine in a rested healthy brain has been
shown to have a lessened effect.
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Abstract: Creatine is one of the most popular supplements worldwide, and it is frequently used by
both athletic and non-athletic populations to improve power, strength, muscle mass and performance.
A growing body of evidence has been identified potential therapeutic effects of creatine in a wide
variety of clinical conditions, such as cancer, muscle dystrophy and neurodegenerative disorders.
Evidence has suggested that creatine supplementation alone, and mainly in combination with exercise
training, may improve glucose metabolism in health individuals and insulin-resistant individuals,
such as in those with type 2 diabetes mellitus. Creatine itself may stimulate insulin secretion in vitro,
improve muscle glycogen stores and ameliorate hyperglycemia in animals. In addition, exercise
induces numerous metabolic benefits, including increases in insulin-independent muscle glucose
uptake and insulin sensitivity. It has been speculated that creatine supplementation combined with
exercise training could result in additional improvements in glucose metabolism when compared
with each intervention separately. The possible mechanism underlying the effects of combined
exercise and creatine supplementation is an enhanced glucose transport into muscle cell by type
4 glucose transporter (GLUT-4) translocation to sarcolemma. Although preliminary findings from
small-scale trials involving patients with type 2 diabetes mellitus are promising, the efficacy of
creatine for improving glycemic control is yet to be confirmed. In this review, we aim to explore the
possible therapeutic role of creatine supplementation on glucose management and as a potential
anti-diabetic intervention, summarizing the current knowledge and highlighting the research gaps.

Keywords: dietary supplements; exercise; skeletal muscle; glycemic control; type 2 diabetes mellitus

1. Introduction

Type 2 diabetes mellitus (T2DM) is a major public health concern worldwide, imposing
high health costs for public and private health systems. According to the Global Burden
of Disease Study, diabetes incidence increased from 11.3 million in 1990 to 22.9 million in
2017, whilst prevalence increased from 211.2 million in 1990 to 476.0 million in 2017 [1].
In 2017, the International Diabetes Federation estimated that 451 million adults live with
diabetes, and by 2045, this number could increase to 693 million if no preventive measures
are adopted [2].

T2DM is a metabolic disorder characterized by sustained hyperglycemia resulting
from impaired insulin production by pancreatic β cells, impaired insulin action (i.e., insulin
resistance), or both [3]. Chronic hyperglycemia in diabetes is associated with several
cardiometabolic disorders, such as hypertension, dyslipidemia, atherosclerosis and visceral
obesity. Moreover, T2DM is considered one of the top 10 causes of premature deaths from
noncommunicable diseases, and is associated with increased mortality from infections,
cardiovascular disease, stroke, chronic kidney disease, chronic liver disease, and cancer. In
fact, all-cause mortality risk increases by 2- to 3-fold in individuals with diabetes [1].

T2DM can be managed with non-pharmacological treatment (i.e., weight reduction,
dietary intervention, and physical activity) and/or pharmacological treatment [4]. There
have been several dietary candidates to help control glycemia, so far with little or no
clinical support from large, controlled trials. In the past two decades, creatine (α-methyl
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guanidine-acetic acid) supplementation has also been speculated as a dietary supplement
potentially able to improve glucose control and insulin resistance.

Creatine is a naturally occurring amine, which is endogenously synthesized (~1 g·d−1)
in the liver, kidneys and pancreas from the amino acid glycine, methionine and arginine.
Creatine can also be exogenously obtained from food sources (~1–5 g·d−1), especially by
the ingestion of beef, pork, chicken and fish. In humans, creatine is found in its free (60
to 70%) and phosphorylated (30 to 40%) forms. Approximately 95% of the total bodily
creatine store is found in skeletal muscle, with the remaining 5% being found in cells with
rapid energy demands, such as cardiac myocytes, retina, neurons and testicles. Creatine
excretion occurs through its irreversible and non-enzymatic conversion to creatinine, which
is then eliminated by the kidneys [5].

Creatine supplementation is a popular strategy to improve exercise performance in
healthy individuals and athletes due to its efficacy of increasing muscle free creatine and
phosphorylcreatine contents [6]. Strong evidence indicates that creatine supplementation
increases muscle strength, lean mass and improve performance in high-intensity, short-
duration exercise [7]. Moreover, new applications for creatine have been proposed, as
creatine seems to have potential therapeutic properties in a wide variety of clinical condi-
tions, such as muscle disorders, neurodegenerative conditions and, metabolic dysfunctions,
including insulin resistance and T2DM [8].

There is preliminary evidence showing that creatine supplementation could affect
glucose metabolism. Studies have demonstrated that creatine ingestion combined with
carbohydrate promote greater total muscle glycogen accumulation in animals [9,10] and in
humans [11]. Additionally, creatine supplementation along with carbohydrate promotes
greater muscle creatine retention than creatine alone [12]. These effects may be partially
explained by the fact that both muscle glucose and creatine uptake are influenced by
insulin-dependent transporters. In vitro studies showed that creatine increases insulin
secretion [13,14]; human studies, however, did not demonstrate the same effects [15,16]. In
addition, creatine supplementation was shown to ameliorate hyperglycemia in transgenic
Huntington mice and delay diabetes offset [17]. In humans, creatine supplementation asso-
ciated with exercise training improved glycemia in sedentary [18] and T2DM adults [19].
Altogether, these findings provide the rationale for exploring the application of creatine as
a potential anti-diabetic intervention. In this short, narrative review, we will describe the ef-
fects of creatine supplementation on glycemic control, summarizing the current knowledge
and highlighting the research gaps.

2. Insulin resistance in the Context of the Interplay between Creatine and
Glucose Metabolism

Under normal conditions, insulin is secreted by pancreatic β cells in response to the
presence of energy substrates (e.g., glucose, fatty acids and amino acids), hormones and
changes in energetic demands (e.g., fasting–feeding cycle, exercise and stress) in order
to maintain normal blood glucose levels [3]. Insulin binds to its tyrosine kinase-type
receptor and activates phosphorylation of a family of insulin receptor substrates (IRSs),
especially IRS1 and IRS2 [20]. IRS-phosphorylated proteins bind and activate intracellular
signaling molecules, such as phosphatidylinositol 3 kinase (PI3K), which in turn, promotes
the translocation of the type 4 glucose transporter (GLUT-4) to the plasma membrane,
ultimately resulting in the uptake of bloodstream glucose into the muscle skeletal [3].
Additionally, insulin stimulates the mitogen-activated protein kinase (MAPK) pathway, a
necessary step in cell proliferation and nuclear activation [21].

Insulin resistance is a condition that precedes T2DM and, together with genetic and
environmental factors, such as obesity and physical inactivity, may lead to the failure
of β-cell function and, hence, a progressive decline in insulin secretion [22,23]. Insulin
resistance is generally associated with suppressed PI3K pathway, with increased serine
phosphorylation of IRS proteins and inhibited tyrosine phosphorylation [24]; IRS protein
degradation also seems to occur in some conditions [25]. Additionally, insulin resistance in
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T2DM could display a suboptimal GLUT-4 translocation, irrespective of decreased muscle
GLUT-4 content [19].

Recent evidence has suggested that T2DM individuals display altered creatine
metabolism [26,27]. In a prospective cohort study including more than 4700 participants,
Post et al. [27] observed that higher plasma creatine concentration was associated with
increased incidence of T2DM. According to the authors, higher extracellular creatine con-
centration and lower intracellular phosphorylcreatine/creatine content may be related to an
impaired intracellular energy state that suggests mitochondrial dysfunction, a postulated
mechanism involved in T2DM pathophysiology [27]. Whether creatine is either a marker
or maker in this process remains to be addressed.

The potential basis for creatine supplementation to improve glycemic control involves:
(1) creatine-induced increased insulin secretion; (2) creatine-induced changes in osmoreg-
ulation, and (3) creatine-induced increased glucose uptake via an augment in GLUT-4
content and/or translocation. In addition, exercise training has been suggested to have
synergistic effects to creatine, leading to the assumption that these combined interventions
could foster greater benefits in glycemic control vs. creatine or exercise alone [28]. The
potential mechanisms that could explain the potential benefits of creatine, associated or
not with exercise, on glucose control are illustrated in Figure 1.

Figure 1. Possible creatine-related mechanisms on glycemic control. Potential mechanisms underpinning the role of creatine
on glucose metabolism involve: (1) increased beta-cell insulin secretion; (2) improved water retention and osmosensing
genes and (3) increased glucose uptake via type 4 glucose transporter (GLUT-4) content and activity. Additionally, (4)
creatine supplementation could enhance the known benefits of exercise on glucose uptake/insulin sensitivity. There are
currently insufficient clinical data to support all of these mechanisms. Note: Cr: creatine; CreaT: creatine transporter; IR:
insulin receptor; GLUT-4: glucose transporter; PKBa/Akt1: protein kinase Bα; AMPK: Adenosine Monophosphate-activated
protein kinase.

In relation to the effects of creatine on insulin secretion, Hill et al. [29] were the first to
show, in dogs, that an acute dose of creatine resulted in hypoglycemia. Later, in vitro stud-
ies confirmed that supraphysiological creatine concentrations elicited a modest stimulation
of insulin secretion in isolated rat pancreas [14]. Similar results were shown in ex vivo
experiments with mouse islets [13] and with insulinoma cells [30]. In pre-clinical studies
involving different animal models, creatine supplementation increased circulating insulin
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levels [31] and improved insulinogenic index in T2DM rats [32]. However, human studies
involving healthy [18] and T2DM adults [19] did not show increased insulin secretion
either when creatine was provided alone or in combination with exercise training [19,33].

Creatine is also able to promote muscle water retention, thereby leading to changes
in cell osmolarity [34]. Increased intracellular osmolarity induces cellular swelling, which
may activate cell-volume sensitive signaling cascades capable of inducing adaptive changes
in intra- and extracellular osmolarity. It is well documented that cell swelling is a potent
stimulus to glycogen synthesis in muscle [35] and liver [36]. Thus, creatine-induced cell
swelling could improve muscle glycogen stores. In fact, 10 days of creatine supplementation
in health adults was able to increase glycogen stores and modulate mRNA content of genes
and protein content involved in osmosensing, which could stimulate anabolic signal
transduction, such as myogenin and, consequently, satellite cell activation [34]. In addition,
increased intracellular osmolarity were associated with increases in circulating IGF-1,
which promotes insulin-like effects and decreases counterregulatory hormones [37], which
are involved in glycogen catabolism.

Some studies have suggested that oral creatine supplementation holds potential to
promote muscle glucose uptake [9,19,38]. GLUT-4 is a key protein involved in transmem-
brane glucose transport and glucose uptake by skeletal muscle cells [39]. Increases in
membrane GLUT-4 content could ultimately result in improved insulin sensitivity and
glucose tolerance [9]. In rodents, creatine has been shown to increase SLC2A4 (GLUT-4)
gene expression and to enhance GLUT-4 protein content in muscle [10]. Similar effects have
also been reported in humans after creatine supplementation accompanied by an exercise
training program following limb immobilization [9], although not all studies have found
the same outcomes [33,34]. Interestingly, creatine-induced improvements on glycemic
control in T2DM patients were linked to increased GLUT-4 translocation to the sarcolemma,
but not to changes in total muscle GLUT-4 content [19]. Increased GLUT-4 translocation
was also associated with increased Adenosine Monophosphate-activated protein kinase
(AMPK-α) expression, a protein involved in GLUT-4 translocation [38]. Likewise, among
healthy young men, short-term creatine supplementation upregulated protein kinase Bα
(PKBa/Akt1), a protein that plays a role in the insulin-stimulated GLUT-4 translocation
and in glycogen synthesis [34].

Exercise knowingly modulates muscle glucose uptake by increasing (1) extracellular
glucose delivery, from blood to muscle, (2) muscle membrane glucose transport, and (3)
intracellular glucose phosphorylation and insulin sensitivity [40]. Importantly, T2DM
patients retain the capacity of GLUT4 translocation to the sarcolemma in response to
exercise [41], which makes exercise a potent means to improve glucose uptake. Exercise-
induced GLUT-4 translocation seems to occur via AMPK pathway in an insulin-independent
manner [42]. Thus, irrespective of circulating insulin levels or peripheral insulin action
(which is facilitated trough muscle contraction via improvements in insulin signaling),
exercise can directly induce a substantive GLUT-4 translocation to sarcolemma, thereby
improving glycemic control [43]. Of relevance, preliminary evidence suggests that creatine
has the potential to enhance the well-known beneficial effects of exercise on glucose control.
The role of creatine supplementation, alone or in combination with exercise, on glucose
metabolism is compressively covered in the next two subsections.

3. Effects of Creatine Supplementation Alone on Glycemic Control

Creatine supplementation increases intermuscular total creatine content by 10 to 30%
in children, adults and older individuals [6,44]. Clinical evidence indicates that creatine
supplementation improves fat-free mass [34], delays fatigue, increases muscle strength
and, particularly in older adults, improves performance in activities of daily living [45–47].
Additionally, creatine supplementation upregulates genes and protein content of kinases
involved in osmosensing and signal transduction, cytoskeleton remodeling, protein and
glycogen synthesis regulation, satellite cell proliferation and differentiation [34]. Therefore,
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even without exercise, creatine alone seems to modulate skeletal muscle signaling, leading
to potential short-term, physiological adaptations.

A study with animals revealed that 3 weeks of creatine administration (2% of the diet)
significantly increased muscle glycogen stores possibly due to upregulation of GLUT-4
expression and AMPK phosphorylation in female Wistar rats [10]. Moreover, Rooney
et al. [31] showed increased plasma insulin concentrations in Wistar male rats supple-
mented with creatine (2% of the body weight) for eight weeks. The authors attributed this
result to increased pancreatic total creatine content, which may have altered insulin secre-
tion. In contrast, Op’t Eijnde et al. [9] reported that creatine intake (5 g·kg−1·d−1 of creatine
for 5 days) in Wistar male rats did not increase GLUT-4 expression or enhance the sensi-
tivity and the responsiveness of rat muscles to insulin. Similarly, Young and Young [48]
did not find changes in glucose metabolism following creatine intake (300 mg·kg−1·d−1 of
creatine over 5 weeks) in Sprague Dawley rats.

Creatine supplementation has been tested in different experimental paradigms of
insulin resistance. Ferrante et al. [17] studied the effects of creatine ingestion in transgenic
mice model of Huntington’s disease. Different doses of creatine (1, 2, or 3%) resulted in
a substantial neuroprotective effect, improvement in the rotarod test performance and
a significant reduction in hyperglycemia that typically accompanies this experimental
model. Interestingly, the administration of creatine also delayed the onset of diabetes in
these mice. In addition, Op’t Eijnde et al. [32] supplemented Goto-Kakizaki rats, a T2DM
model, with creatine (2% of the diet) for eight weeks, and showed an improvement in
the insulinogenic index (plasma glucose and insulin ratio), which was mostly attributed
to a reduction in insulinemia. The authors concluded that creatine supplementation was
able to improve insulin sensitivity in skeletal muscle of insulin-resistant rats. In contrast,
using an animal model of severe muscle wasting and insulin resistance induced by high-
dose dexamethasone, Nicastro et al. [49] showed that 7 days of creatine supplementation
(5 g·Kg−1·d−1 of creatine) aggravated hyperglycemia and hyperinsulinemia in male Wistar
rats. These findings highlight the complexities in interpreting and generalizing data
obtained from creatine studies involving animal models, since there is a large specie-
specific variability in response to creatine supplementation. This makes it difficult to
reconcile pre-clinical data involving creatine [50]. The studies assessing the effect of
creatine supplementation alone on glycemic control in animal models are summarized in
Table 1.

Table 1. Effect of creatine supplementation alone in glucose metabolism in animals.

Reference Model Creatine Protocol Main Findings

Ferrante et al. [17] Transgenic mice model
of Huntington’s disease

Diet supplemented with 1,
2, or 3% of Cr for 21 d

↑ glucose tolerance;
↑ neuroprotective effect;

↑ body weight;
↑ motor performance on the rotarod test.

Op’t Eijnde et al. [9] Male Wistar rats Powdered rat chow with
5% of Cr for 5 d

↑ Cr and PCr muscle content;
↔ muscle GLUT-4 content;
↔ glucose transport rate;

↔ plasma insulin;
↔ blood glucose.

Young and Young, [48] Male Sprague
Dawley rats 300 mg·kg−1·d−1 for 5 wk

↑ Cr and PCr muscle content;
↔ basal rates of glucose uptake;

↔ insulin-stimulated rates of glucose uptake.

Rooney et al. [31] Male Wister rats Chow containing 2% of Cr
for 2, 4, or 8 wk

↔ fasting plasma glucose;
↔ plasma glucose after oral glucose load;

↑ fasting plasma insulin levels;
↑ pancreatic TCr content.
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Table 1. Cont.

Reference Model Creatine Protocol Main Findings

Ju et al. [10] Female Wistar rats Chow containing 2% of Cr
for 3 wk

↑ glycogen content;
↑ muscle GLUT-4 content;

↑ GLUT-4 mRNA;
↑ AMPK phosphorylation;

↑ Acetyl-Coa carboxylase phosphorylation.

Op’t Eijnde et al. [32] Male Goto-Kakizaki rats Pallets enriched with 2%
of Cr for 8 wk

↑ muscle Cr content only in young rats (but not
in older rats);

↓ plasma insulin concentration;
↔ Blood D-glucose concentration after OGTT;

↓ insulinogenic index.

Nicastro et al. [49] Male Wistar rats
5 g·Kg−1·d−1 of Cr for 7 d

+
5 mg·kg−1·d−1 of DXM

↑ serum glucose and insulin after Cr + DXM;
↑ HOMA-IR after Cr + DXM;

↓ GLUT-4 translocation after Cr + DXM

Notes: ↑: increase; ↓: decrease; ↔: no change; Cr: Creatine; PCr: phosphorylcreatine; TCr: total creatine; OGTT: oral glucose tolerance test;
GLUT-4: glucose transporter; AMPK: AMP-activated protein kinase; HOMA-IR: Homeostatic Model Assessment for Insulin Resistance (a
surrogate of insulin resistance); DXM: dexamethasone.

In humans, creatine supplementation (5 g·d−1 of creatine for 42 days) induced an
increase in plasma glucose in response to an oral glucose load in health vegetarians
adults [51]. Van Loon et al. [33] demonstrated that creatine supplementation alone (20 g·d−1

for 5 days followed by 2 g·d−1 for 6 weeks) increased glycogen content (+18%) in young,
non-vegetarian adults. In contrast, Newman et al. [16] showed that creatine supplementa-
tion (20 g·d−1 for 5 days followed by 3 g·d−1 for 28 days) did not influence muscle glycogen
content, plasma glucose and insulin responses during an oral glucose tolerance test in
healthy, active, male adults. Additionally, insulin sensitivity surrogates (i.e., glucose-insulin
index and index of insulin sensitivity) did not change with creatine ingestion, indicating
that insulin action and secretion remained unaltered [16].

Van Loon et al. [33] showed no effect of creatine on GLUT-4 mRNA and GLUT-4
protein content. Similarly, Safdar et al. [34] conducted a microarray analysis and did
not observe changes in GLUT-4 mRNA after creatine supplementation (20 g·kg−1·d−1

for 3 days followed by 5 mg·kg−1·d−1 for 7 days) in young, healthy men. Nevertheless,
they observed an increase in PKBa/Akt1 mRNA, which participates in glycogen synthesis
via increasing glycogen synthase activity. The authors also showed a 21% decrease in
skeletal muscle phosphofructokinase and glycogen phosphorylase mRNA, suggesting that
creatine supplementation in the absence of exercise could eventually increase muscle
glycogen stores by increasing the cascade signaling leading to GLUT-4 recruitment to the
sarcolemma, despite the lack of changes in GLUT-4 [34]. In a significant different model,
however, creatine supplementation (20 g·d−1 for 2 weeks) was shown to prevent the drop
in GLUT-4 protein expression induced by leg immobilization in healthy young men (+9%
in the creatine group vs. −20% in the placebo group) [9]. In an open-label, cross-over
study (with a 2-day washout period) involving a small sample of T2DM patients, creatine
supplementation (6 g·d−1 for 5 days) was as effective as metformin (2 × 500 mg·d−1), a
widely used anti-diabetic drug, in lowering blood glucose concentrations [52]. The human
studies assessing the effect of creatine supplementation alone on glycemic control are
summarized in Table 2.
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Table 2. Effect of creatine supplementation alone in glucose metabolism in humans.

Reference Sample (n) Study Design Creatine Protocol Main Findings

Newman et al. [16]
Healthy, active,
untrained, male

adults (17)

Sigle-blind,
placebo-controlled trial

Loading phase:
20 g·d−1 (4 × 5 g) of

Cr for 5 d
+

Maintenance phase:
3 g·d−1 for 28 d

↑ muscle TCr;
↔ muscle glycogen content;
↔ plasma glucose and insulin

during OGTT;
↔ glucose-insulin index;

↔ index of insulin sensitivity.

Rooney et al. [51] Healthy, vegetarian
adults (14) Controlled-trial 5 g·d−1 of Cr for 42 d

↑ plasma total Cr
concentration;

↑ plasma glucose response;
↔ plasma insulin.

Van Loon et al. [33]
Young,

nonvegetarians
adults (20)

Double-blind
placebo-controlled trial

Loading phase:
20 g·d−1 (4 × 5 g) of

Cr for 5 d
+

Maintenance phase:
2 g·d−1 for 6 wk

↑ muscle glycogen, Cr and PCr
after loading phase, with a

decline in maintenance phase;
↔ GLUT-4

mRNA;
↔ total muscle GLUT-4

protein content.

Safdar et al. [34] Young, healthy,
nonobese men (12)

Double-blind,
crossover, randomized,
placebo-controlled trial

Loading phase:
20 g·d−1 (4 × 5 g) of

Cr for 3 d
+

Maintenance phase:
5 g·d−1 for 7 d

↑ muscle total Cr
↑ PKB/Akt1 expression and

protein;
↑ MAPK expression;

↔ GLUT-4
mRNA

Rocic et al. [52]

Recently diagnosed
T2DM patients,

without anti-diabetic
treatment (30)

Open-label, cross-over
6 g·d−1 of Cr or
1000 mg·d−1 of

metformin for 5 d

↓ glucose concentration in both
groups;

↔ insulin, C-peptide and,
HbA1c.

Notes: ↑: increase; ↓: decrease; ↔: no change; Cr: Creatine; PCr: phosphorylcreatine; TCr: total creatine; GLUT-4: glucose transporter;
OGTT: oral glucose tolerance test; HbA1c: glycosylated hemoglobin; Akt1: protein kinase B; MAPK: mitogen-activated protein kinases.

4. Effects of Creatine Supplementation Combined with Exercise on Glycemic Control

Exercise has been recognized as a cornerstone in diabetes management, in addition
to diet and hypoglycemic/antihyperglycemic agents. Regular physical activity induces
beneficial metabolic and hemodynamic changes, resulting in improvements in insulin-
independent muscle glucose uptake and in insulin sensitivity, as well as increased glycogen
content [39,53]. The benefits of exercise as regard to glucose metabolism are widely re-
ported in trained and untrained healthy [54], obese [55], insulin-resistant [56] and T2DM
individuals [57]. Creatine supplementation has emerged as a strategy capable of enhancing
the physiological and metabolic adaptations to exercise, which could confer protection
in insulin resistance conditions [19,28,58]. Data supporting this hypothesis are so far
inconclusive, however.

Souza et al. [59] showed that oral creatine administration (5 g·kg−1·d−1 for 7 days
followed by 1 g·kg−1·d−1 for 8 weeks), associated or not with high-intensity swimming
training, reduced plasma glucose levels in Wistar rats. Similarly, Araujo et al. [60] demon-
strated that Wistar rats receiving creatine supplementation (diet supplemented with 13%
for 7 days followed by 2% for 55 days) plus high-intensity exercise training exhibited a
smaller area under the curve for glucose in response to an oral glucose challenge. On the
other hand, Freire et al. [61] did not show any effect of creatine (2% of creatine in drinking
water for 8 weeks) plus swimming training on plasma glucose responses to an oral glucose
tolerance test in Wistar rats. Likewise, Vaisy et al. [62] did not demonstrate any benefits
of creatine supplementation (diet enriched with 2.5% of creatine for 12 weeks) alone or in
combination with exercise training on glucose homeostasis and muscular insulin sensitivity
in Wistar rats with insulin resistance induced by a sucrose-rich cafeteria diet.

These conflicting results could be partially explained by the differences in creatine
supplementation regimen and exercise types. For instance, both Freire et al. [61] and
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Vaisy et al. [62] used a single-phase creatine protocol throughout the entire intervention
period, whereas others opted for a loading dose followed by a maintenance phase [62,63].
Training models also varied considerably with the use of treadmill [59,61,62] and swimming
exercises [60], which precludes more direct comparisons concerning the exercise stimuli
to which the animals were subjected. Therefore, the overall conclusions from pre-clinical
studies are equivocal. The studies assessing the effects of creatine supplementation along
exercise on glycemic control in animals are summarized in Table 3.

Table 3. Effect of creatine supplementation along with exercise in glucose metabolism in animals.

Reference Model Creatine and Training Protocol Main Findings

Souza et al. [59] Male Wistar rats

Loading phase:
5 g·kg−1 body weight of Cr for 7 d

+
Maintenance phase: 1 g·d−1 for 8 wk

Training: swimming

↓ plasma glucose levels during 1–4 wk
after Cr alone;

↓ plasma glucose levels during 1–8 wk
after Cr and exercise protocol.

Freire et al. [61] Male Wistar rats
Pallets enriched with 2% of Cr for 4 or 8

wk
Training: swimming

↔ glucose uptake;
↔ glucose AUC during OGTT;

↔ liver and quadriceps glycogen content.

Vaisy et al. [62] Male Wistar rats
Cafeteria diet enriched with 2.5% of Cr

for 12 wk
Training: swimming

↔ fasting blood glucose concentration;
↓ fasting plasma insulin level after training

and training + creatine;
↓ whole body insulin level.

Araújo et al. [60] Male Wistar rats

Loading phase: Chow containing 13% of
Cr for 7d

+
Maintenance phase: Chow containing 2%

of Cr for 55 d
Training: high intensity treadmill running

↔ glucose uptake;
↓ glucose AUC during OGTT after Cr and

exercise protocol.

Note: ↑: increase; ↓: decrease; ↔: no change; Cr: Creatine; PCr: phosphorylcreatine; TCr: total creatine; OGTT: oral glucose tolerance test;
AUC: area under the curve.

Op’t Eijnde et al. [9] provided new insights on the potential benefits of creatine plus
exercise on glucose metabolism in humans. In this study, healthy individuals had one
of their legs immobilized for two weeks, while they received either creatine (20 g·d−1)
or placebo supplementation. After the immobilization period, participants underwent a
10-week knee extension training (3 times a week). The immobilization period caused a
significant reduction in GLUT-4 protein expression (−20%) in the control group, but not in
the creatine supplemented group. The rehabilitation period promoted a normalization of
the GLUT-4 content in the control group and a ~40% increase in GLUT-4 expression in the
creatine group. Additionally, rehabilitation training per se did not increase muscle GLUT4
content above the baseline levels, but creatine along with training led to a substantial
increase in this protein (+40%). Of relevance, the authors also reported that muscle glycogen
was significantly augmented only when exercise training was undertaken in conjunction
with creatine supplementation [9]. Using a similar experimental design, Derave et al. [63]
showed that creatine (15 g·d−1 during immobilization followed by 2.5 g·d−1 for 6 weeks
during rehabilitation) combined or not with protein supplementation was able to increase
GLUT-4 protein expression and improve oral glucose tolerance following a 6-week exercise
rehabilitation program that started two weeks after a single-leg immobilization protocol.

Gualano et al. [18] demonstrated that a 12-week creatine supplementation protocol
(20 g·d−1 for 10 days followed by 10 g·d−1 throughout the remaining period) associated
with moderate-intensity, aerobic exercise training (3 times a week) resulted in a greater
decrease in plasma glucose in response to oral glucose tolerance test, compared to exercise
alone, in sedentary but apparently healthy men. These data suggested a synergistic effect
of exercise and creatine on glucose tolerance; however, in this and other studies [16,33],
creatine did not change fasting insulin and Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR), a surrogate of insulin resistance.
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Next to this preliminary study involving healthy participants, Gualano et al. [19]
conducted a small-scale, double-blind, placebo-controlled trial involving T2DM patients,
who underwent exercise training and received either creatine supplementation (5 g·d−1

for 12 weeks) or placebo. In this study, creatine supplementation along with exercise
training significantly reduced glycated hemoglobin (HbA1c) and glycemia in response to
a meal tolerance test. No significant differences were observed for insulin and C-peptide
concentrations. The beneficial effect on glycemic control was partially explained by an
improvement in GLUT-4 translocation to sarcolemma, rather than in total muscle GLUT-4
content [19]. In an ancillary analysis from this study, decreased HbA1c levels and increased
GLUT-4 translocation were associated with increased AMPK protein expression [38], pro-
viding new insights on the molecular mechanisms underlying the effects of combined
creatine and exercise interventions on glucose metabolism. Of clinical relevance, creatine
supplementation as an adjuvant therapy appeared to be safe, as no adverse events were
reported and no alterations in health-related laboratory markers were seen [19,38].

However, the efficacy of creatine supplementation was not confirmed by a subsequent
randomized, double-blind, placebo-controlled, pilot trial involving community-dwelling
older adults [64]. After a 12-week follow-up period, creatine supplementation (5 g·d−1)
and resistance training (3 times a week) did not improve insulin resistance (assessed by
fasting blood glucose and insulin, and HOMA-IR). It is possible to speculate that the better
glycemic control exhibited by the participants in this study, compared to those of Gualano
et al.’s study, may partially explain the null findings on the basis of a “ceiling effect”. The
studies assessing the effect of creatine supplementation along exercise on glycemic control
in humans are summarized in Table 4.

Table 4. Effect of creatine supplementation along with exercise on glucose metabolism in humans.

Reference Sample (n) Study Design
Creatine and Training

Protocol
Main Findings

Op’t Eijnde et al. [9] Young, healthy
subjects (22)

Double-blind
placebo-controlled trial

Loading phase:
20 g·d−1 during

immobilization period
(2 wk)

+
Maintenance phase:
15 g·d−1 for 3 wk

followed by 5 g·d−1 for
7 wk during

rehabilitation training
Program training:

knee-extensor
resistance training

(3 times·wk−1)

Immobilization period:
↓ 20% GLUT-4 in placebo

group, but not in Cr group;
↔ glycogen and Cr muscle

content in both groups.
Rehabilitation period:

↑ 40% GLUT-4 in Cr group;
↑ glycogen and Cr muscle

content after Cr.

Derave et al. [63] Young, healthy
subjects (22)

Double-blind,
placebo-controlled

trial

Loading phase:
15 g·d−1 during

immobilization period
(2 wk) combined or not

with protein
supplementation

+
Maintenance phase:
2.5 g·d−1 for 6 wk

during rehabilitation
training

Program training:
knee-extensor

resistance training
(3 times·wk−1)

Immobilization period:
↓ GLUT-4 in placebo and Cr

group, but not in Cr + protein
group;

↔ glycogen and Cr muscle
content in all groups.

Rehabilitation period:
↑ 24% GLUT-4 in Cr group and
↑ 33% in Cr + protein group;
↑ glycogen and Cr muscle
content after Cr and Cr +
protein supplementation.
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Table 4. Cont.

Reference Sample (n) Study Design
Creatine and Training

Protocol
Main Findings

Gualano et al. [18]
Healthy,

sedentary male
(22)

Double-blind,
randomized-placebo-

controlled
trial

Loading phase:
0.3 g·kg−1·d−1 of Cr

for 1 wk
+

Maintenance phase:
0.15 g·kg−1·d−1 for

11 wk
Program training:

aerobic training at 70%
of the VO2max

↓ glucose AUC after OGTT;
↔ fasting insulin;
↔ HOMA-IR.

Gualano et al. [19] T2DM patients
(25)

Double-blind,
randomized-placebo-

controlled
trial

5 g·d−1 of Cr for 12 wk
Program training:

Aerobic training and
resistance training

↓ HbA1c in Cr group;
↓ glycemia during MTT (0, 30

and 60 min) in Cr group;
↑ muscle PCr content in Cr

group;
↑ muscle strength and function

in Cr group

Alves et al. [38] T2DM patients
(25)

Double-blind,
randomized-placebo-

controlled
trial

5 g·d−1 of Cr for 12 wk
Program training:

Aerobic training and
resistance training

↑ AMPK protein expression;
↔ IR-β, Akt1 and MAPK.

Oliveira et al. [64] Healthy, older
adults (32)

randomized,
double-blind,

placebo-controlled,
parallel-group

clinical trial

5 g·d−1 of Cr for 12 wk
Program training:
resistance training

↔ inflammatory biomarkers
↔ fasting blood glucose;

↔ fasting insulin;
↔ HOMA-IR.

Note: ↑: increase; ↓: decrease; ↔: no change; Cr: Creatine; PCr: phosphorylcreatine; TCr: total creatine; OGTT: oral glucose tolerance test;
GLUT-4: glucose transporter; T2DM: type 2 diabetes mellitus; AUC: area under the curve; HOMA-IR: Homeostatic Model Assessment for
Insulin Resistance; HbA1c: glycosylated hemoglobin; IR-β: insulin receptor; Akt1: protein kinase B; MAPK: AMP-activated protein kinase.

5. Conclusions and Future Directions

Creatine supplementation has the potential to promote changes in glucose metabolism
that may favor a healthier metabolic profile. This may be particularly true when exer-
cise training is provided along with this supplement, as creatine seems to enhance the
training adaptations.

Evidence supporting the role of creatine on glucose metabolism remains speculative.
As discussed, pre-clinical data are difficult to interpret as creatine responses are highly
dependent on the experimental model adopted. The few existing clinical trials are small-
scale, short-term and, therefore, exploratory. Despite the fact that a few of them have
revealed promising benefits of creatine on glucose control, especially when exercise as
co-prescribed, further large, longer-term, controlled trials involving T2DM with variable
disease severity and under different pharmacological treatments are necessary to drawn
firm conclusions on the efficacy and safety of creatine as an anti-diabetic intervention. It
is equally important to develop new investigations aimed at unraveling the mechanisms
by which creatine, aligned or not with training, could regulate glucose control, as basic
research is indeed useful to better target potentially most benefited populations for testing
creatine in next clinical trials.
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Abstract: The use of dietary supplements has become increasingly common over the past 20 years.
Whereas supplements were formerly used mainly by elite athletes, age and fitness status no longer
dictates who uses these substances. Indeed, many nutritional supplements are recommended by
health care professionals to their patients. Creatine (CR) is a widely used dietary supplement that
has been well-studied for its effects on performance and health. CR also aids in recovery from
strenuous bouts of exercise by reducing inflammation. Although CR is considered to be very safe in
recommended doses, a caveat is that a preponderance of the studies have focused upon young athletic
individuals; thus there is limited knowledge regarding the effects of CR on children or the elderly. In
this review, we examine the potential of CR to impact the host outside of the musculoskeletal system,
specifically, the immune system, and discuss the available data demonstrating that CR can impact
both innate and adaptive immune responses, together with how the effects on the immune system
might be exploited to enhance human health.

Keywords: innate immunity; adaptive immunity; nutritional supplements; inflammation; macrophage
polarization; cytotoxic T cells; toll-like receptors

1. Introduction

Creatine (CR) synthesis occurs in vertebrates in the liver, kidney, and pancreas, requir-
ing arginine, methionine, and glycine as its building blocks via the arginine biosynthesis
pathway. Creatine eventually metabolizes to form creatinine (CRN) [1,2], classically con-
sidered to be an inert waste product that is excreted in the urine [2,3]. However, there
is evidence that suggests that CRN can have similar activity to CR in vitro [4,5]. Crea-
tine, derived from the Greek word for flesh (kreas), was discovered by the French chemist
Michel-Eugene Chevreul in 1832 as an integral component of meat, a finding subsequently
confirmed by von Liebig in 1847. The first CR supplementation studies began in animals
and humans in the early 1900s, but it was not until the 1990s that CR use became main-
stream, gaining widespread research attention after two gold medalists from the 1992
Barcelona Olympics credited CR as part of their success [6]. Creatine is primarily stored
in skeletal muscle as either free CR (~40%) or as phosphocreatine (~60%), which plays
a critical role in the phosphagen energy system. Because of this, CR supplementation
is most effective for high-intensity, short-duration activities, or repeated bouts of high-
intensity exercise with short rest periods, since increased levels of phosphocreatine can
rapidly re-phosphorylate adenosine diphosphate (ADP) to adenosine triphosphate (ATP)
through the CR kinase reaction [2,7,8]. The increase in ATP turnover is achieved when CR
is transported into the muscles via the CR transporter (Slc6a8), which is both sodium- and
chloride-dependent [2,9,10]. Upon entry into the muscles, creatine kinase is responsible
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for catalyzing CR into phosphocreatine, which provides an available phosphate group to
donate to ADP to form ATP in a reversible reaction [1,2] (Figure 1).

 

Figure 1. The creatine transporter. The creatine transporter (green) shuttles creatine from the
extracellular space into the cytoplasm of the cell and is comprised of 12 transmembrane domains.
Creatine kinase catalyzes a reversible reaction between creatine and phosphocreatine, resulting in the
generation of ATP. NH2 = amine terminus, COOH = carboxy terminus.

While CR is naturally synthesized by vertebrates in the liver, pancreas, and kidneys,
it is also consumed in a diet containing meat, fish, and other animal products [7]. For
example, beef, tuna, salmon, and pork all contain approximately 4–5 g of CR per kilogram.
However, the average CR pool for a 70 kg individual ranges from 120 to 40 g, and ap-
proximately 2 g d−1 is lost in the form of CRN [8]. This loss is replaced by both dietary
and endogenous CR synthesis, which is approximately 1 g d−1. Therefore, many athletes
utilize CR supplementation (most often in the form of CR monohydrate [11–13]) to increase
intramuscular stores of CR and phosphocreatine [8,11–23]. Many different CR loading
paradigms have been used [24], but the most commonly used dosing strategy occurs in two
phases. The first phase is a loading phase in which an individual ingests 20 g d−1 in four 5 g
doses for five to seven days, followed by a maintenance dose of 3–5 g d−1 of CR for at least
a month, and often much longer [2,17,24–26]. During the loading phase, total muscular
CR stores have been reported to increase between 20 and 40% [27,28], with reported side
effects limited to cramping and bloating during the loading phase [29]. It is important to
note that approximately 20–30% of individuals are non-responders to CR supplementation,
which has been defined by Greenhaff et al. as individuals with changes in CR stores of
<10 mmol kg−1 dry weight (dw) following the loading phase [30]. Syrotuik and Bell [31]
reported that responders (increased total CR by >20 mmol kg−1 dw) had lower initial levels
of free CR and phosphocreatine, a greater percentage and cross-sectional area of type II
muscle fibers, and a larger fat-free mass compared to non-responders [31]. Other factors
influencing an individual’s response to creatine supplementation include hydration status,
dietary factors, caffeine use, and the dose of creatine ingested [24,26,32–35].Until recently,
most studies on the effects of CR supplementation have focused upon its ability to enhance
athletic performance and recovery [8,14–19]. In this review, we will examine evidence to
determine how CR impacts both the innate and adaptive arms of the immune system, and
what effect this may have on individuals using CR as an ergogenic aid. In each section,
we will first discuss the general immunological processes that occur in the host, and then
delve into the available evidence regarding the influence of CR on these events.
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2. Creatine and the Innate Immune System

2.1. Toll-Like Receptors Are Downregulated in Response to Exposure to Creatine

The innate immune system represents the first line of defense against microbial and
viral assault for the host. It is apparent that to function properly, the host must first be
able to differentiate between self and non-self molecules. The host accomplishes this by
utilizing a class of molecules known as pattern recognition receptors (PRRs) that bind
with moieties that are unique to classes of pathogens, known as pathogen-associated
molecular patterns (PAMPs). Found only in pathogens, PAMPs are stable (not subject to
genetic drift), and are expressed at all stages of the pathogen’s life cycle [36]. Examples
of PAMPs include substances such as bacterial lipopolysaccharide (LPS), flagellin, and
single-stranded RNA [37,38].

A major class of PRRs include the toll-like receptor (TLR) family. TLRs are widely
expressed in the host and, upon interaction with a PAMP ligand, initiate a cascade of events
inducing an inflammatory response that results in the generation of cytokines, reactive
oxygen species, and ultimately the recruitment of cells of both the innate and adaptive
immune system to the site of infection [37]. Some TLRs (TLR-3, -7, -8, and -9) will also
induce the production of type I interferons (IFN α/β), which are critical in inducing an
anti-viral state in the cells, thereby aiding in containing the spread of a viral infection [38].

To initiate investigation into how CR may impact the host immune system, Leland and
colleagues examined the effects of treating a mouse macrophage cell line with either CR or
CRN hydrochloride (CRN-HCl) on the expression of four TLRs (TLR-2, TLR-3, TLR-4, and
TLR-7), using both qRT-PCR and immunostaining [5]. Because PRR/PAMP interactions
rapidly occur after infection [37], we examined the expression of the TLRs over the course
of an hour. These TLRs were chosen for examination as they are the PRRs that represent
distinct classes of pathogens based on their ligands, viz. Gram-positive bacteria (TLR-2;
lipoteichoic acid), double-stranded (ds) RNA viruses (TLR-3; dsRNA), Gram-negative
bacteria (TLR-4; LPS), and single-stranded (ss) RNA viruses (TLR-7; ssRNA) [37]. The
authors observed that both CR and CRN-HCl downregulated the expression of all the
TLRs studied, although the kinetics of the downregulation varied over the time course [5]
(Figure 2). We postulate that the downregulation is related either directly to the reduced
expression of proinflammatory mediators [4,39], or indirectly to the altered microRNA
expression. Despite being carried out in vitro, these studies suggested the intriguing
possibility that CR supplementation might serve to decrease the ability of the host to detect
infections.

 

Figure 2. TLR expression under control and creatine-stimulated conditions. (A) Under normal
conditions, TLRs are highly expressed on the cell surface or within the endosome. The sensing domain
(green) of the TLR is located outside the cell or within the endosome. There is a transmembrane
domain that spans the cell membrane (red) and the signaling domain (maroon) is located within the
cytoplasm. (B) In the presence of creatine, TLR expression is downregulated by the cells.
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A recent study [40] examined the impact of oral CR supplementation prior to lung
transplantation on ischemia-reperfusion injury in rats. In this model, pathologic inflam-
mation, perivascular edema, and alveolar damage were assessed [41]. Rats with lungs
from donors which had been pretreated with CR had higher levels of serum CRN than
control-treated animals [40], indicating the uptake of CR and shedding of the end product
CRN into blood. Consistent with our in vitro studies [5], lungs from rats with higher serum
CRN levels also had lower levels of TLR-4 expressed in the lung parenchyma, in addition to
having fewer infiltrating mononuclear cells compared to control rats [40]. Unlike what was
observed in vitro [5], however, no changes in TLR-7 expression were observed following
CR treatment [40]. The reduction in pathology observed in the rats is likely due to two
distinct mechanisms: the antioxidant properties of CR and a reduced level of inflammatory
mediators [40]. The finding that CR administration reduced pathologic damage resulting
from ischemia-reperfusion injury is potentially of clinical significance, as there is currently
no treatment for this condition in humans [41].

Although more work is needed to fully understand this topic, the aforementioned
studies demonstrate that the CR-induced modulation of TLR expression can be observed
both in vitro and in vivo. The downregulation of these sensing molecules of the innate
immune system by CR could have implications in a small subset of individuals who use
CR as a supplement, by potentially slowing the host response to certain infections. It
is unlikely that this downregulation in TLRs would negatively affect relatively healthy
individuals. On the other hand, CR-induced TLR downregulation might potentially be
exploited for a patient’s health. For example, consider a disease such as septic shock [42] in
which bacterial LPS activates the innate immune system and induces a suite of symptoms
rapidly leading to severe illness and death. In such cases, CR supplementation to suppress
TLR-4 activation might be a potential clinical adjunct to be used as an aid in controlling a
particular disease state.

2.2. Macrophages Undergo Changes in Phenotype Following Exposure to Creatine In Vitro and
In Vivo

Macrophages are multi-faceted white blood cells that, among other things, engulf
pathogens and cellular debris, aid in activating the adaptive immune system, and present
antigens to T cells. Macrophages can develop into one of two forms, termed M1 and M2 [43].
M1 macrophages are critical in anti-microbial defenses and inflammatory responses, while
M2 macrophages are involved in tissue remodeling and anti-worm defenses [44–46]. M2
macrophages can be further subdivided [47–51], but this is beyond the scope of this review.
These phenotypic divisions are akin to those observed in CD4+ T helper 1 (Th1) and T
helper 2 (Th2) cells [52]. Cytokines, including tumor necrosis factor-α (TNF-α), IFN-γ and
granulocyte macrophage stimulating factor (GM-CSF), and bacterial components such
as LPS can drive the development of the macrophages toward an M1 cell phenotype,
while interleukin (IL)-4 can drive development toward an M2 cell phenotype [44–46,53].
Somewhat like Janus, the Roman god with two faces looking in opposite directions, the
phenotype of these macrophages is fluid, depending on the microenvironment [53], and this
phenotypic plasticity is important for occasions when an infection occurs: it is desirable to
have macrophages that produce large amounts of proinflammatory mediators such as IL-12,
tumor necrosis factor alpha (TNF-α), IL-23, IL-1β, and IL-6 [54,55], and then, as the infection
begins to resolve, it is advantageous to have macrophages produce mediators that help to
repair the tissue damage caused by the acute or chronic inflammatory process [54,55]. The
polarization towards the M2 phenotype will downregulate the inflammatory response and
the production of the above-mentioned proinflammatory mediators [55–57]. The disruption
of the balance of M1 versus M2 macrophages in the host has been implicated in the
pathogenesis of both infectious and autoimmune diseases, including rheumatoid arthritis,
irritable bowel disease, Sjogren’s syndrome, and systemic lupus erythematosus [58–63].
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The differential metabolism of L-arginine is observed in M1 and M2 macrophages [64,65].
Due to macrophages’ dependence on transcription factors associated with the macrophage
phenotype, inducible nitric oxide synthase (iNOS) is a feature of M1 macrophages, while
arginase 1 is associated with M2 macrophages; these associations provide valuable ex-
perimental markers. iNOS production requires the signal transducer and activator of
transcription 1 (STAT1), while arginase 1 is dependent on the activation of STAT6 [64,65].

Recent research by the Chen and Hu groups [66] studied the impact of CR metabolism
on the polarization of macrophages. In a series of studies, the authors cultured peritoneal
macrophages obtained from wild type mice treated with CR, and demonstrated an increase
in the intracellular concentration of CR concordant with an inhibition of M1 development
and a polarization towards the M2 phenotype. This finding was consistent with our earlier
work, which found in both murine and human macrophage lines, co-cultured with CRN,
a downregulated product of M1 macrophages, TNF-α [4], although to date, the authors
have not examined whether there is a polarization towards the M2 phenotype. These
groups performed a similar experiment, culturing murine macrophages containing a defect
in the CR transporter (Slc6a8-/y mice) with CR or CRN. There was a polarization of the
cells towards an M1 phenotype, dominated by the production of iNOS and the chemokine
CXCL9 [60]. Creatine hydrolyzes to CRN in an aqueous environment and CRN does not
require the CR transporter (it diffuses through the cell membrane) to enter the cell [2,7].
Because the Slc6a8 -/y mice did not acquire a M2 phenotype, it supports the hypothesis
that CR drove the polarization of the cells toward the M2 phenotype, not CRN.

Using the fact that Listeria monocytogenes infections are controlled by highly activated
macrophages [67], Ji et al. [66] designed an elegant experiment using cre-lox technology [68]
to specifically knock out the CR transporter gene Slc6a8 in macrophages in order to examine
the outcome of an L. monocytogenes infection in a mouse model of infection. When mice
with the macrophage-specific deletion of Slc6a8 were infected with L. monocytogenes, they
showed enhanced survival and increased body weights relative to infected wild type
(Slc6a8 normal) control mice. The authors showed that the knocked-out Slc6a8 gene did
not interfere with other functions that may be relevant to host defense by administering CR
to L. monocytogenes-infected wild type mice. The result showed that the infected CR-treated
mice experienced a poorer outcome compared to infected control mice, which were not
provided CR [66].

To demonstrate that polarization towards a M2 phenotype was functionally rele-
vant in pathogenesis, an experiment was performed using in an in vivo model of carbon
tetrachloride-induced liver fibrosis [66]. In this model, carbon-tetrachloride was injected
intraperitoneally into mice twice weekly for four weeks, a procedure which induces fibrosis
and increased levels of liver enzymes, specifically aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) [69]. These results showed that mice with a macrophage-
specific deficiency in the creatine transporter gene Slc6a8 (and which thus would be
CR-depleted) exhibited increased levels of fibrosis compared to wild type mice [66].

While this series of experiments strongly supports the concept that CR can influ-
ence the development of activated macrophage function (Figure 3), other factors such as
microRNA (miRNA) expression [70–72] may also be involved in macrophage polariza-
tion, particularly in complex physiological settings. Though the mechanisms by which
CR or CRN influence macrophage plasticity remain as yet incompletely defined, the fur-
ther definition of miRNA expression may provide insight into macrophage polarization.
Several comprehensive reviews, however, have discussed the specific miRNAs that are
hypothesized to impact macrophage polarization [70,71,73].
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Figure 3. M1 and M2 macrophages develop under different stimuli and perform unique functions in
the host. (A) Macrophages polarize to the M1 phenotype under conditions that highly activate the
cells, such as when LPS or IFN-γ is present in the microenvironment. M1 macrophages are highly
phagocytic and produce large amounts of proinflammatory mediators including TNF-α, IL-12, and
IL-6. (B) M2 macrophages develop when IL-4 is present in the microenvironment. Cells of the M2
subtype produce mediators that are involved in tissue repair and angiogenesis. These cells produce
large amounts IL-10, CCL17, CCL22 and arginase-1. In the presence of creatine, the polarization
shifts towards an M2 phenotype.

2.3. Creatine Treatment Can Alter the Inflammatory Response

It is intuitively apparent that inflammation must be finely controlled by the host
to prevent immunopathologic changes. The inflammatory response is beneficial when
it is controlled, is appropriate for the pathogen, and is resolved when the antigen is
cleared. However, in the absence of these factors, the host is at risk for the development of
immunopathologic damage and autoimmune disease.

The role of CR in ameliorating inflammation was first probed in the late 1970s by
Madan and Khanna by injecting carrageenan into the foot pads of rats, and then injecting
the animals intraperitoneally (i.p.) with either CR or vehicle [74]. Carrageenan-induced
inflammation is acute (within hours) and is now known to be mediated by high levels
of cytokines, including TNF-α, and IL-1β, as well as other proinflammatory substances
including nitric oxide, inducible nitric oxide synthase (iNOS), prostaglandins, and cy-
clooxygenase. In addition, there is considerable neutrophil infiltration of the injection
site [75]. The inflammation is caused by the activation of TLR-4 due to the activation of the
nuclear factor -κβ (NF-κβ) pathway [76]. They noted that the intraperitoneal injection of
CR significantly reduced paw edema compared to vehicle-treated animals [74]. A subse-
quent study from the same authors compared the efficacy of CR to that of the nonsteroidal
anti-inflammatory drug (NSAID) phenylbutazone [77], and found CR to be similar in
efficacy to phenylbutazone [74], results that suggested a similar mechanism at work. This
group also tested the effects of CR in an additional model of foot pad swelling to ensure
that the results were not a model-specific artifact [78]. Injection of the anti-fungal agent
nystatin into the paw induces several highly proinflammatory mediators, including IL-1β,
IL-8, and TNF-α, by triggering TLR-2 signaling and activating the NF-κβ pathway [79].
Oral feeding of CR in the rat model of nystatin-induced paw edema also resulted in a
significant reduction in swelling [78]. Cumulatively, these studies demonstrated that CR
was an effective anti-inflammatory agent in both acute (carrageenan-induced) and chronic
(nystatin-induced) models of inflammation.

The first phase of an inflammatory response involves the secretion of mediators such
as IL-8, TNF-α, and IL-1β; these cytokines will alter the surface of endothelial cells to permit
the recruitment of cells from the periphery so that they can eventually enter the tissue [80].
For this to successfully occur, endothelial cells must be induced to express intercellular
adhesion molecule-1 (ICAM-1) and E-selectin. There also needs to be an increase in vascular
permeability for diapedesis to occur [81]. To determine whether CR affected these processes,
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human pulmonary endothelial cells were co-cultured with TNF-α to induce high levels of
these adhesion molecules on the surfaces of the cells [82]. Following the addition of CR to
the cultures, decreased levels of in ICAM-1 and E-selectin were observed on the endothelial
cells [82]. The inference to be drawn from this finding in vitro is that neutrophils would be
less able to adhere to the endothelium and thereby less likely to be efficiently recruited to
the site where the inflammatory response has been triggered. To determine the functional
significance of this finding, the authors indirectly measured the ability of 51Cr-labeled
neutrophils to adhere to TNF-α-treated endothelial cells [83] in the presence or absence
of CR by measuring 51Cr released from lysed endothelial cells incubated with labeled
neutrophils. The authors determined that the level of neutrophil adhesion to the TNF-α
and CR-treated endothelial cells, as measured by the release of 51Cr, was similar to that
observed in control cells that had not been treated with TNF-α. Although the authors
did not specifically quantitate the endothelial levels of E-selectin and ICAM-1 expression
(either at the level of mRNA or protein) in the target cultures in the labeling experiment,
the functional evidence supported the hypothesis that CR lowered the adhesion molecule
levels in the TNF-α treated cells to those levels found in untreated target cells.

While adhesion molecule expression is required for cellular recruitment, it is not the
sole determinant of whether diapedesis will occur; endothelial cell junctions must also be
loosened [80,81]. As both serotonin [84] and hydrogen peroxide [85] are well-described
inducers of endothelial cell permeability, in a study by Nomura and colleagues, endothe-
lial cells cultured either with serotonin (0.1 μM) or hydrogen peroxide (0.1 μM) were
treated as well with CR [82], and endothelial permeability was measured using fluorescein
isothiocyanate-dextran in a standard cellular permeability assay [86,87]. The results of this
experiment demonstrated that cultures containing either serotonin or hydrogen peroxide
treated cultures containing 5 mM CR and showed similar levels of endothelial cell perme-
ability to control (no serotonin or hydrogen peroxide)-treated cultures [82]. These studies
are consistent with the hypothesis that the inflammatory processes involving cellular re-
cruitment may be downregulated in individuals supplemented with CR (Figure 4). If valid,
this result could be desirable in individuals with certain autoimmune conditions, including
those driven by proinflammatory mediators [62].

Figure 4. Creatine reduces inflammation to control levels. (A) In the absence of infection, there is no
adhesion molecule expression on the vascular endothelium and neutrophils are not recruited into the
tissue. (B) When the host is injured or infected, there is increased production of proinflammatory
mediators that recruit immune cells (IL-8) and induce the expression of adhesion molecules on the
vascular endothelium (TNF-α, IL-1β). Together, these mediators also induce swelling and loosen the
interactions between the endothelial cells. These changes permit neutrophils (and eventually other
immune cells) to be recruited to the site of damage/infection. (C) Creatine reduces inflammation,
downregulates adhesion molecule and cytokine expression, and preserves the tight junctions in the
endothelial cells to reduce inflammation.
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Studies examining the immune response in humans following CR supplementation
have largely focused on the inflammatory response, and the utility of CR supplementation
in human inflammatory conditions has been mixed [88–91]. Santos et al. (2004) measured
the levels of TNF-α and prostaglandin E2 (PGE2) in individuals following completion
of a 30 km race in participants who were supplemented with 4 × 5 g d−1 CR prior to
the competition compared to control participants. CR treatment reduced TNF-α and
PGE2 levels, indicating a reduction in inflammation [91]. A similar study performed
in half-ironman participants demonstrated that CR-supplemented athletes experienced
decreased levels of TNF-α, PGE2, and IL-1β compared to the levels observed in control
participants [90]. Deminice et al (2013) also demonstrated that TNF-α and CRP levels
were reduced following acute exercise (acute sprint test) in individuals supplemented
with CR [89]. In contrast, in a study focusing on patients with osteoarthritis in the knee,
patients were supplemented with creatine monohydrate for one week (20 g d−1) and then
entered a maintenance phase where they were supplemented with 5 g d−1. To determine
whether CR could alter known markers of inflammation, TNF-α, IL-6, IL-1β, and C-reactive
protein were measured in the sera of the study subjects. No significant differences in these
markers were noted between CR-supplemented and control patients [86]. Together, these
human studies raise a number of questions. Does CR supplementation work best in healthy
individuals? Furthermore, in individuals with ongoing inflammatory conditions, does the
CR dose need to be increased to reduce preexisting inflammation?

3. Creatine and the Adaptive Immune System

3.1. Creatine Kinase B (CKB) Is Required for T Cell Development

T cell develop occurs within the thymus where cells undergo both positive and
negative selection. Positive selection is defined as the process by which the T cell receptor
(TCR) on the developing T cell (thymocyte) interacts with the host major histocompatibility
complex (MHC), which determines whether the interactions are appropriate. This process
occurs in the thymic cortex and is referred to as self-restriction [92]. If the thymocyte
fails this process, it undergoes apoptotic cell death, but if the interaction is successful,
the thymocyte migrates to the medulla where those cells which are self-reactive undergo
negative selection [92]. The cells that survive this second selection process are said to
be self-tolerant. The process of T cell development is dependent upon the triggering of
a signaling cascade that involves a series of phosphorylation events [93–95]. Cells that
successfully navigate the selection processes leave the thymus and become mature CD4+
or CD8+ T cells. Once CD4+ T cells interact with antigens in the periphery, CD4+ T cells
differentiate further. The two main subsets of CD4+ cells are helper T (Th) cells, the main
function of which is to produce soluble mediators that activate macrophages (termed Th1
cells) or induce class switching in B cells (termed Th2 cells). CD8+ cells are cytotoxic T cells
(CTL) that function to kill virus-infected host cells and to control tumors [96]. The ratio of
CD4+ to CD8+ T cells in the periphery is approximately 2.5:1 [75].

Signaling via the TCR requires ATP due to a series of phosphorylation events which
must occur when the TCR is stimulated [97]. Creatine kinase B (CKB) is a key mediator in
ATP generation in developing thymocytes and mature T cells [98]. During development
in the thymus, thymocytes can be either double positive (expressing both CD4 and CD8
in the cortex) or single positive (expressing CD4 or CD8 in the medulla). CKB modulates
thymocyte population sizes: CD4+CD8+ thymocytes have been shown to express low
levels of CKB, while single positive CD4+ or CD8+ thymocytes each express high levels of
CKB [98]. A CKB transgenic mouse was created and the CKB gene was placed under the
control of the CD2 protein, whose expression is found on cells of the T cell and natural killer
cell lineages [99]. In these animals, a reduction in the overall number of thymocytes was
observed [98]. The transgenic expression of CKB under the control of the CD2 promoter
lowered the numbers of CD4+CD8+ cells in the cortex due to increased levels of apoptosis.
In the periphery, however, the single positive mature CKB transgenic T cells underwent
intense proliferation and produced high levels of IL-2, a T cell proliferation and survival
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factor [100], and IFN-γ, a strong activator of macrophages [101]. The inhibition of CKB in
mature T cells using RNA interference resulted in reduced levels of activation, indicating
the requirement of CKB in T cell function. Higher levels of CKB were found in single
positive CD4+ thymocytes compared to single positive CD8+ thymocytes [89], suggesting
that the levels of CKB in a single positive thymocyte could also impact whether the
thymocyte becomes a mature CD4+ or CD8+ cell in the periphery (Figure 5).

Figure 5. Creatine kinase B (CKB) levels vary during T cell development. Triple positive T cells in
the cortex express low levels of CKB.

The overexpression of CKB in developing T cells results in a reduction in the number
of total T cells, indicating that CKB plays an integral role in T cell development. When T
cells acquire the CD4 or CD8 phenotype in the medulla, there are high levels of CKB. High
levels of CKB in T cells in the periphery result in high levels of IL-2 and IFN-γ production.

Together, this work provides strong evidence that the creatine kinase system is re-
quired for certain stages of T cell development and may play a significant role in determin-
ing whether a T cell acquires the CD4+ or CD8+ phenotype. Given that the effector phase
of the T cell response (that is, the time when the CD4+ or CD8+ cell is responding to an
assault in the periphery, either by proliferating and producing cytokines (CD4+ T cells) or
killing infected targets (CD8+ T cells)) requires significant energy, it is reasonable that the
highest levels of CKB would be found in these cells.

3.2. Creatine and CD8+ T Cell Function

To understand the role of CR in CD8+ T cell function in tumor control, Di Biase and
colleagues examined the expression of the CR transporter, Slc6a8 [102]. Using a well-
described model [103] that has been used to understand the tumor microenvironment and
test potential therapeutic options for melanoma treatment, melanomas were induced by in-
jection of B16-OVA cells into wild type mice [103,104], then tumor-infiltrating lymphocytes
(TILs) were isolated from the tumors. TILs isolated from tumors in many model systems,
as well as humans with certain types of tumors, show skewed CD4+:CD8+ cell ratios with
increased numbers of CD8+ T cells within the tumor, but not in the periphery [105–107]
(recall that normal peripheral CD4+:CD8+ ratios are about 2.5:1). Because of their ability to
lyse cells, CD8+ T cells are an integral component of the host defense against tumors [96].
It is critical that activated CD8+ T cells require increased levels of ATP to function prop-
erly [108]. Higher levels of the creatine transporter protein Slc6a8 were expressed in TILs
compared to T cells isolated from tumor-free spleens of the tumor-bearing animals [102].
Following this observation, B16-OVA melanoma cells were then injected into wild type
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mice as before, or into Slc6a8-deficient mice that had been treated with CR (delivered i.p.).
The tumor burden was then assessed to address whether the creatine transporter is relevant
to anti-tumor immunity. Interestingly, it appears so: Slc6a8-deficent mice were less able
to control tumor burden than wild type mice [102], and wild type mice treated with CR
(either i.p. or orally) had smaller tumors than those found in control mice.

Could the creatine transporter Slc6a8 play a role in T cell activation? To explore this,
CD8+ T cells (CTLs) were isolated from wild type control and Slc6a8-deficient mice, and
then were nonspecifically stimulated using an anti-CD3 antibody to activate the T cells
by cross-linking the CD3 molecules on the surface of the T cells [109]. Wild type (control)
mouse CTLs showed superior activation compared to those from creatine transporter-
deficient mice in all parameters measured, viz. proliferation, IL-2 and IFN-γ production,
CD25 expression, and the production of granzyme, the molecule responsible for the cyto-
toxic function of CD8+ T cells [102] (Figure 6). These results indicated that Slc6a8 plays a
role in T cell activation, supporting the requirement for CTLs to have the capacity to take
up CR in order to efficiently perform their cytotoxic function. While the available data
support a role for CR in the CD8+ T cell-mediated control of the tumors, it is important to
note that the tumors induced by B16-OVA cells also express the creatine transporter [102],
leaving open the (yet untested) possibility that CR uptake could have an undefined effect
on the tumor cells.

 
Figure 6. Slc6a8 is required to control tumors. In normal mice with tumors, the tumor (red) is
infiltrated by high levels of CD8+ T cells (left). The isolation and in vitro activation of these CD8+
T cells demonstrate that the cells produce large amounts of IL-2 and IFN-γ and express high levels
of CD25 (the high affinity IL-2 receptor) and granzyme. In Slc6a8 knockout mice (right), the tumor
is poorly controlled and the CD8+ T cells produce low levels of IL-2, IFN-γ, CD25, and granzyme
following in vitro activation.

To determine whether the results were model-specific and not generally applicable,
and to determine the efficacy of CR in combination with another well-described cancer
therapy, studies were performed using the MC38 cell mouse model of colon cancer [110].
In this model, tumors respond to anti-programmed cell death protein 1 (PD1) treatment
(a therapeutic option for several human cancers [111]). It is hypothesized that anti-PD1
treatment alters the tumor microenvironment to tip the balance of energy usage in favor
of the T cells. The hypothesis tested was that daily CR supplementation in conjunction
with anti-PD1 treatment would reduce tumor burden in the mice. Twenty-one days after
tumor induction, tumor size was quantitated. Animals that received the anti-PD1 antibody
or CR demonstrated reduced tumor size compared to control mice, although anti-PD1
treatment was significantly more effective than CR alone in reducing tumor size. However,
when used in conjunction with anti-PD1 therapy, the combination was significantly more
effective at controlling tumor growth than anti-PD1 treatment alone; indeed, four of five
mice showed no evidence of remaining tumor. When the surviving tumor-free animals
received yet another injection of MC38 cells 3 months after the end of the study, no tumors
were detected 6 months later, indicating that this protection was long-lived [102]. As the
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MC38 cells do not express the creatine transporter Slc6a8 [110], the action of CR was not
directly on the tumor. The mechanism by which the anti-PD1 treatment works is that
PD1–PDL1 interactions inhibit T cell function [112], while CR is proposed to increase the
levels of granzyme in CD8+ T cells responsible for tumor killing [102]. Anti-PD1 treatment
combined with CR supplementation represent two distinct mechanisms of tumor control
that, to date, appear to be beneficial in an animal model of cancer.

Recently, a commentary based upon studies treating various pulmonary conditions
proposed that CR supplementation might be beneficial to patients undergoing pulmonary
rehabilitation during and following SARS-CoV-2 infection (also known as COVID-19) [113].
COVID-19 patients have been described as having T cells that are “functionally exhausted”
based on reduced cytokine expression and increased levels of PD-1 [114]. Given the general
lack of treatment modalities available for COVID-19 and the established role of CD8+ T cells
in helping to clear virus infections, this intriguing proposal merits further investigation.
While there have been a limited number of studies that have examined the impact of CR
supplementation on T cell function, the studies described herein support the need for
further investigation in order to gain a better understanding of how CR impacts T cell
development and function. Because CR supplementation represents a safe, inexpensive
adjunct therapy that, based upon animal studies, appears to have a significant potential to
augment anti-tumor responses, its clinical significance deserves exploration.

3.3. Creatine Influences CD4+ Th2 Cell-Mediated Disease

Studies from the laboratory of Vieira have examined the effects of CR on the pulmonary
system in a murine asthma model [39,115]. Using the well-accepted ovalbumin (OVA)-
induced model of asthma, the laboratory examined the impact of CR supplementation
on the characteristic airway inflammation and remodeling in mice that is induced by
the strong Th2 response dominated by IL-4, IL-5, and insulin-like growth factor-1 (IGF-
1) [116]. Extensive eosinophil infiltration is observed in these animals in the absence of
any immunomodulatory intervention, as well as increased smooth muscle thickness and
collagen deposition [115]. Notably, the CR treatment of mice with OVA-induced airway
disease resulted in significantly increased pathologic changes compared to control-treated
mice, as well as increased levels of IL-4, IL-5, and IGF-1 in the bronchoalveolar lavage
fluid [115]. These data are consistent with our studies demonstrating that TNF-α levels
were reduced in macrophages treated with CRN [4]. Collectively, these results suggest that
while in this instance CR treatment was not beneficial, it should be noted that the results
showed that CR may skew the immune response towards a strong Th2-like response, which
would be desirable when the damaging pathological change is driven by a strong Th1
response (Figure 7).

Creatine’s effects are exerted beyond the specific immune cells involved in airway
remodeling and allergic asthma. Consistent with the stronger Th2-mediated response
observed in the OVA-sensitized mice, the CR treatment of the animals in this model also
demonstrated reduced levels of NF-κβ activation in endothelial cells compared to control-
treated animals [75]. The levels of chemokine (C-C motif) ligand 5 (CCL5), a chemokine
involved in eosinophil recruitment [117], and CCL2, a chemokine that recruits monocytes,
T cells, and dendritic cells [118], were increased. The levels of tissue inhibitor of metallo-
proteinase (TIMP)-1 and -2, matrix metalloproteinase-9 (MMP-9) and -12, transforming
growth factor-β1 (TGF-β1), IGF-1, IL-5, and the epidermal growth factor receptor (EGFR)
were also increased in the epithelial cells of OVA-sensitized CR-treated mice compared to
OVA-sensitized control mice [119].
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Figure 7. Effect of creatine on the development of disease in a mouse model of asthma. In the
absence of creatine supplementation (left lobe of lung), asthma induction results in the recruitment
of eosinophils to the airways, with IL-4, IL-5, and IGF-1 detected in the bronchoalveolar lavage
fluid. Creatine supplementation (right lobe of lung) resulted in increased levels of these soluble
mediators, as well as the increased production of CCL-2 and CCL-5 by endothelial cells, resulting in
the increased recruitment of monocytes, lymphocytes, dendritic cells (CCL2) and eosinophils (CCL5).

4. Future Directions

Creatine, used originally as an ergogenic aid by elite athletes to enhance performance,
has found its way into the lives of “ordinary people”. Individuals of all ages and fitness
levels use CR on a regular basis [120–128], as demonstrated by sales in 2019 that surpassed
USD 360 million [129]. The question then becomes: who should use CR and what types
of benefits can various subsets of individuals gain from its use? Additionally, perhaps
more importantly, are there people who should not use CR? The studies discussed in this
review indicate that CR has diverse effects on components of the innate and adaptive
immune repertoire. In turn, these results suggest that these immune effects are not trivial,
and under some circumstances, might negatively impact the CR user. As with nearly any
nutrient, when used to excess or abused, health effects can occur. Besides sounding a
warning, these studies also suggest instances wherein CR supplementation may be actually
beneficial by reducing pathologic changes in the host. In instances where the mechanism
of immune-mediated protection or immunology is understood, it may be possible to make
an educated guess as to whether CR supplementation will help the clinical situation. For
example, if an individual has a condition exacerbated by proinflammatory mediators,
then CR administration should be considered as an adjuvant therapy since it appears to
ameliorate proinflammatory processes characteristic of an M1 phenotype, and all available
data attest to its safety. Based on the current literature, there is clearly a path to justify the
continued investigation of the potential influence that CR has upon the immune response,
particularly in the realm of autoimmune and infectious diseases.
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Abstract: Creatine is a broadly used dietary supplement that has been extensively studied for its
benefit on the musculoskeletal system. Yet, there is limited knowledge regarding the metabolic regu-
lation of creatine in cells beyond the muscle. New insights concerning various regulatory functions
for creatine in other physiological systems are developing. Here, we highlight the latest advances in
understanding creatine regulation of T cell antitumor immunity, a topic that has previously gained
little attention in the creatine research field. Creatine has been identified as an important metabolic
regulator conserving bioenergy to power CD8 T cell antitumor reactivity in a tumor microenviron-
ment; creatine supplementation has been shown to enhance antitumor T cell immunity in multiple
preclinical mouse tumor models and, importantly, to synergize with other cancer immunotherapy
modalities, such as the PD-1/PD-L1 blockade therapy, to improve antitumor efficacy. The potential
application of creatine supplementation for cancer immunotherapy and the relevant considerations
are discussed.

Keywords: creatine; T cell antitumor immunity; metabolic regulator; cancer immunotherapy

1. Introduction

Creatine (Cr) is a nitrogenous organic acid naturally occurring in vertebrates. En-
dogenous creatine is synthesized from arginine and glycine mainly in the kidney and liver
by two enzymes, L-arginine:glycine amidinotransferase (AGAT; also known as GATM)
and guanidinoacetate N-methyltransferase (GAMT). Synthesized creatine is released into
the circulation and specifically taken up by the creatine transporter (CrT or SLC6A8) ex-
pressing cells, where creatine is further phosphorylated by creatine kinase (CK) using
adenosine triphosphate (ATP) to form phosphocreatine (PCr) [1]. Four CK isoforms have
been identified: two cytosolic isoforms, the muscle-type (CKM) and the brain-type (CKB);
and two mitochondrial isoforms, the ubiquitous-type (CKMT1) and the sarcomeric-type
(CKMT2) [2]. The CK/PCr/Cr system is coupled with ATP-adenosine diphosphate (ADP)
transition to buffer intracellular ATP levels. PCr can be break down by CK to resynthesize
ATP that supplies cellular energy needs in an acute manner [1].

Besides de novo synthesis, diet is also a primary source of natural creatine for humans.
A person who eats red meat, poultry, and/or fish obtains approximately 50% of daily
creatine need (about 2 g per day) from food intake [3]. Compared to non-vegetarians, vege-
tarians have significantly lower levels of creatine and phosphocreatine in the muscle [4,5].
The average creatine stores for a 70 kg adult are between 120 and 140 g [6]. However,
approximately 2 g per day of creatine in the muscle are degraded into creatinine that is
excreted in the urine [6]. Degradation of creatine is even greater in individuals with higher
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physical activity and/or larger muscle mass. Wallimann et al. have reported that normal
omnivore diets generally provide 0.75–1.5 g/day of creatine and are not sufficient to fully
saturate creatine stores in the body [7]. Therefore, creatine supplementation is an effective
way to increase the creatine reservoir. Creatine is predominantly stored in skeletal muscle
as free creatine (~40%) or phosphocreatine (~60%); the latter is a major source of bioenergy
to the body [1].

Creatine was discovered as a constituent of meat by the French chemist Michel-Eugene
Chevreul more than 180 years ago. However, creatine did not gain wide attention until the
1990s when two gold medalists from the 1992 Barcelona Olympics credited it with helping
them enhance performance. The phosphagen energy metabolic system produces ATP
more rapidly than other metabolic systems, such as the glycolysis system and the aerobic
system [8]. Concentrations of cellular PCr in some tissues such as muscles or the brain can
reach up to 30–40 mM, resulting in rapidly replenishing ATP stores that can be immediately
used during high-energy demand states [9]. Over the past three decades, oral creatine
supplements have been broadly utilized by athletes to improve performance during high-
intensity exercise with repeated bouts and short rest periods, such as running, swimming,
sprinting, jumping, and strength training [9–13]. The improvement in performance can
reach up to 20% on various high-intensity exercise tasks [10]. A major mechanism is that
increasing the stores of PCr in skeletal muscle leads to the rephosphorylation of ADP
to ATP during bursts of high intensity exercise, thereby increasing the availability of
bioenergy [14,15]. Hydrogen ions resulting from increased lactic acid accumulation during
high-intensity exercise is a key contributor to muscle fatigue. Given that the breakdown of
PCr to creatine and phosphate consumes a hydrogen ion, creatine can also buffer the pH
changes caused by increased hydrogen ion concentration and maximize performance [16].

In addition to its use by athletes, creatine is the most popular nutrition supplement
used by body builders to gain muscle mass [14]. The popular form of creatine used by
athletes and body builders is creatine monohydrate [17]. The dosing strategy typically
consists of two phases: the first phase is a loading phase in which athletes ingest 20 g per
day of creatine over four doses for five to seven days, followed by a maintenance phase
where 1–10 g per day of creatine is administered for a month or much longer [1,10]. The
loading phase has been reported to increase muscle stores of PCr between 20% and 40% [9].
Importantly, the creatine-loading phase results in limited side effects, such as cramping,
nausea, and fluid retention [18]. Alternatively, a line of evidence has indicated that the
ingestion of 3 g per day of creatine for a minimum 28 days is as effective as the higher dose-
loading regimen at raising total skeletal muscle creatine stores [19]. Gradually increasing
the muscle stores of creatine may alleviate side effects that are commonly associated with
the higher dose-loading regimen.

Despite 95% of creatine stores in skeletal muscle, a significant amount of creatine
exists in the brain [20], where creatine plays key roles in maintaining normal neurological
functions. Human genetic deficiencies in creatine pathway components involved in creatine
synthesis or transport result in decreased levels of ATP in the brain, which is associated
with various clinical symptoms including developmental delays, speech impairment,
and mental retardation [21]. Several lines of evidence have revealed that oral creatine
supplements protect against neurological disorders such as traumatic brain injury [22],
amyotrophic lateral sclerosis [23], Huntington’s Disease [24], and Parkinson’s Disease [25].

Clinically, patients with deficiency in creatine synthesis can benefit from creatine sup-
plementation; however, no treatment is available to patients with deficiency in the creatine
transporter gene CrT [26,27]. The gene CrT is located on the X chromosome. This gene
encodes the solute carrier family 6 member 8 (SLC6A8) that is a plasma membrane protein
whose function is to transport creatine into and out of cells in a sodium- and chloride-
dependent manner. A high expression of CrT gene is required for normal physiological
functions of high-energy demanding cells and organs such as muscle and the brain [1].
Patients harboring human CrT mutations have been associated with a group of muscle and
brain disorders [1]. In line with the clinical data, mice with systemic CrT deficiency have
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smaller body weight and exhibit deficits in memory and spatial learning [28]. However,
the function and regulation of CrT/creatine system outside of the muscle and the brain
remain largely elusive. New concepts of creatine biology in other systems and cell types
have just begun to be developed in the past few years.

In this review, we aim to summarize recent advances in understanding creatine regula-
tion of antitumor immunity, a topic that has previously gained little attention in the creatine
research field. We also discuss the potential application of creatine supplementation for
cancer immunotherapy and relevant considerations.

2. Creatine Regulation of T Cell Antitumor Immunity

T cells play a central role in mediating immune responses against cancer. In a tumor,
CD8 cytotoxic T cells are activated through their T cell receptor (TCR) recognition of
tumor antigenic peptides presented by major histocompatibility complex (MHC) class I
molecules on tumor cells. Activated CD8 T cells can efficiently kill tumor cells by releasing
cytotoxic molecules (e.g., granzymes and perforin) or using death ligands (e.g., TNF-related
apoptosis-inducing ligand and CD95 ligand) [29,30]. Therefore, CD8 T cells have emerged
as attractive therapeutic targets for cancer treatment [31–34].

The activation and proliferation of T cells are energy-demanding activities, which
require large amounts of energy in the form of ATP [35]. Distinct metabolic programs
such as glycolysis and tricarboxylic acid (TCA) cycle are utilized to convert nutrients
(e.g., glucose, amino acids, and lipids) into ATP to support CD8 T cell homeostasis and
effector function [35–37]. However, in the tumor microenvironment, T cells face fierce
competition with fast-growing tumor cells for the limited availability of nutrients [38].
Therefore, an economical and efficient energy metabolism is required for tumor-infiltrating
T cells to sustain effective antitumor responses [39]. However, metabolic regulators of
T cell antitumor immunity remains poorly understood [40–43]. Studies of the metabolic
regulation of T cell antitumor immunity thus may identify new therapeutic targets for
treating cancer.

By using a B16-OVA mouse melanoma model, Di Biase and colleagues observed
an upregulation of CrT gene expression in tumor-infiltrating CD8 T cells compared to
CD8 T cells isolated from tumor-free mice. Further study of the tumor-infiltrating CD8
T cell subsets revealed an upregulation of CrT gene expression that was much more
significant in the PD-1hi cells compared to the PD-1lo cells; the highest levels of CrT gene
expression were detected in the PD-1hiTim-3hiLAG-3hi subset that is considered to be the
most “exhausted” [44]. These findings suggest a possible feedback loop in tumor-fighting
CD8 T cells that compensates for bioenergy-insufficiency by increasing creatine uptake; in
particular, the “exhausted” CD8 T cells are highly capable of uptaking creatine and may
benefit the most from creatine supplementation treatment [44].

To study if the CrT/creatine system regulates the energy metabolism of tumor-fighting
CD8 cytotoxic T cells, systemic CrT-knockout (KO) mice were used for the B16-OVA tumor
challenge. Notably, CrT-KO mice with creatine supplementation exhibited accelerated
tumor growth compared to their CrT-wild-type (WT) littermates with creatine supplementa-
tion [44]. In line with these results, CrT-KO tumor-infiltrating CD8 T cells expressed higher
levels of PD-1 compared to their wildtype counterparts [44], suggesting CrT deficiency
may lead to bioenergy insufficiency and exhaustion of antitumor T cells.

To study if creatine directly or indirectly regulates antitumor immunity, WT CD45.1
congenic mice were reconstituted with bone marrow cells from either CrT-WT or CrT-KO
donor mice and then challenged with B16-OVA melanoma cells. Indeed, CrT deficiency
impeded the capacity of the reconstituted immune system to control tumor growth. Fur-
thermore, OT1 transgenic (Tg)/CrT-KO mice were generated to produce OVA-specific
CD8 T cells deficient in CrT. After transferring these T cells into WT CD45.1 congenic
mice bearing pre-established B16-OVA tumors, they were less effective in suppressing
tumor growth compared to control WT T cells [44]. Similarly, the OT1 Tg/CrT-KO CD8 T
cells upregulated PD-1 levels and produced a smaller amount of effector T cell cytokines
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(e.g., IL-2 and IFN-γ) [44]. After in vitro antigen stimulation, CrT-KO CD8 T cells exhibited
a dramatic reduction in cell proliferation, surface activation marker production (e.g., CD25),
and effector cytokine (e.g., IL-2 and IFN-γ) and cytotoxic molecule (e.g., Granzyme B)
production, whereas overexpression of CrT gene rescued the proliferation and function of
CrT-KO CD8 T cells. Study of tumor antigen-specific CD8 T cells deficient in CrT exhibited
similar in vitro results [44].

Taken together, these studies strongly support a new role of the creatine/CrT pathway
in positively regulating an effector CD8 T cell response against tumor.

3. Molecular Mechanisms Mediating Creatine Regulation of CD8 T Cell Responses

Muscle cells and brain cells power cellular activities by using creatine to buffer intra-
cellular ATP levels via the CK/PCr/Cr system [1]. Recent evidence has indicated that the
expression levels of the CrT gene and Ckb gene are markedly upregulated in CD8 T cells
after TCR stimulation [44], suggesting activated CD8 T cells may use a similar mechanism
to power T cell activities, in particular antitumor reactivity. Compared to CrT-WT CD8
T cells, CrT-KO CD8 T cells contained significantly reduced levels of ATP after antigen
stimulation. Supplementing ATP to T cell culture not only rescued hypoactivation of
CrT-KO CD8 T cells, but also further activated CrT-WT CD8 T cells [44]. Another research
group also reported that overexpression of the Ckb gene enhanced the cytokine production
and proliferation of mature T cells, while blockade of CKB using specific CK inhibitor or
Ckb short hairpin RNA (shRNA) resulted in severe impairment of T cell function [45].
Collectively, these results indicate that the CK/PCr/Cr ATP-buffering system is essential
for a productive CD8 T cell response to antigen stimulation.

Besides the kidney and liver cells that are responsible for the classical pathway of
creatine synthesis, other cell types, such as the muscle cells [46], adipocytes [47], and
pancreatic acinar cells [48], have been indicated to synthesize creatine. Could de novo
synthesis be another source to feed the CK/PCr/Cr system in T cells? To address this,
expression of two genes encoding the key enzymes controlling creatine synthesis, Agat
and Gamt, was examined in T cells. Both genes were expressed at low levels in CD8 T
cells, and the expression of Gamt gene was further downregulated after TCR stimulation.
Intracellular creatine levels were undetectable in activated CrT-KO CD8 T cells [44]. Hence,
activated CD8 T cells may have a very limited capacity for de novo creatine synthesis and
mainly rely on uptaking extracellular creatine through CrT to sustain the CK/PCr/Cr
ATP-buffering system.

TCR stimulation leads to a cascade of phosphorylation events in a sequential manner
in T cells [49]. Given that ATP supplies the phosphate group for the phosphorylation
reactions catalyzed by the protein kinases [40], the intracellular ATP levels may have
a strong impact on T cell activation signaling pathways. Creatine uptake deficiency in
CD8 T cells dampened activation of the TCR proximal signaling molecule zeta chain of
TCR-associated protein kinase 70 (Zap-70) and the downstream transcription factors, NFAT
and AP-1. Supplementing ATP to T cell culture rescued the impaired TCR signaling in
CrT-KO CD8 T cells [44]. Creatine supplementation further enhanced the phosphorylation
of Zap-70 in CrT-WT CD8 T cells. Interestingly, the activation of another key downstream
transcription factor, NF-κB, was not effected by creatine uptake deficiency [44], suggesting
that the NF-κB signaling pathway may better resist ATP fluctuation during T cell response.
Together, these data suggest that a CD8 T cell requires the CK/PCr/Cr ATP buffering
system to properly activate TCR signaling pathways in response to antigen stimulation.

5′ Adenosine monophosphate-activated protein kinase (AMPK) can function as a
nutrient and energy sensor to maintain cell energy homeostasis by detecting shifts in the
AMP:ATP ratio. AMPK is activated in cells with low energy status. In order to restore cell
energy homeostasis, activated AMPK stimulates ATP-producing catabolic pathways and
inhibits ATP-consuming anabolic pathways. While AMPK as a key metabolic regulator
plays critical role in T cell metabolism and function [50–53], excessive AMPK activation
impairs the function of antigen-specific CD8 T cells [54]. In CrT-KO CD8 T cells, the
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decreased ATP levels were associated with increased activation of AMPK. In addition,
AICAR, an AMPK activator, significantly suppressed activation of AP-1 transcription factor
as well as production of effector T cell cytokines and surface activation markers in CrT-WT
CD8 T cells [44]. Therefore, creatine-mediated ATP buffering system may enhance effector
CD8 T cell activities in part through AMPK regulation of TCR signaling pathways. Further
studies are necessary to understand whether creatine-mediated ATP/energy buffering
system cross-regulates other signaling pathways and transcriptional events to augment
antitumor T cell function.

4. Creatine Supplementation for Cancer Therapy—Potential Application for
Cancer Immunotherapy

Many cancer immunotherapies have been designed to target immune cell metabolism
in the tumor microenvironment [38,40–42,55]. For example, immune checkpoint block-
ade (ICB) therapies, such as PD-1/PD-L1 therapies, reduce tumor glycolysis and switch
the energy metabolism to favor T cells [32,43,56–58]. By linking creatine to antitumor
T cell activities, recent findings update the picture of the metabolic regulatory network
that controls T cell antitumor immunity. A “hybrid-engine” model has been proposed
(Figure 1A,B), in which a tumor antigen-specific CD8 T cell uses glucose, amino acids,
and lipids as fuels for glycolysis and tricarboxylic acid cycle to generate ATP, while using
creatine-mediated ATP buffering system, a “molecular battery”, to store energy. This effi-
cient “hybrid-engine” system enables tumor antigen-specific CD8 T cells to make maximal
use of limited nutrients and mount their effector function in a metabolically challenging
environment [35,39,59]. CD8 T cells rely heavily on the uptake of creatine from extracel-
lular resources (Figure 1B). Therefore, manipulating creatine-mediated energy buffering
system to reinvigorate tumor-fighting CD8 T cells could open up a new avenue in cancer
immunotherapy. Although creatine can be taken from a creatine-rich diet as well as from
dietary supplements (Figure 1C), creatine administration as a therapeutic intervention
would generate the best antitumor benefits (Figure 1D).

 
Figure 1. The “hybrid-engine” model in T cell antitumor immunity and potential application of creatine supplementation
for cancer immunotherapy. (A) Limited nutrients for immune cells in the tumor microenvironment. (B) The “hybrid-
engine” model. Analogous to the hybrid car, a tumor antigen-specific CD8 T cell uses a “molecular fuel engine”, including
tricarboxylic acid cycle and glycolysis, to convert nutrients into adenosine triphosphate (ATP), while utilizing creatine-
mediated energy buffering system, a “molecular battery”, to store ATP and power T cell activities. (C) Creatine can be
obtained from creatine-rich diet (e.g., red meat, poultry, and fish) and dietary supplements. (D) Creatine administration as a
therapeutic intervention would result in the best therapeutic effects. ©2019 Di Biase et al. Originally published in J. Exp.
Med. doi: 10.1084/jem.20182044. 249
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In a mouse B16-OVA melanoma model, creatine supplementation either through i.p.
injection or through oral administration effectively suppressed tumor growth, which was
associated with a dramatic reduction in the number of PD-1hiCD62Llo cells (an “exhaustion-
prone” T cell phenotype) among the tumor-infiltrating CD8 T cells [44]. In another mouse
syngeneic MC38 colon cancer model, animals receiving the creatine supplementation also
had significantly reduced tumor growth compared to control animals [44], suggesting
the creatine-induced tumor suppression effect is not tumor model specific and may be
applicable to many different types of cancer. As the expression of CrT in the MC38 colon
cancer cells is undetectable, the action of creatine supplementation is not on the tumor.
In addition, creatine supplementation was not able to suppress B16-OVA tumor growth
in immunodeficient NOD/SCID/IL-2Rγ−/− (NSG) mice or in C57BL/6J WT mice with
T cell depletion [44], suggesting that immune cells, especially T cells, may mediate the
tumor suppression effect of creatine supplementation. Therefore, creatine supplementation
has the translational potential as a new means of improving T cell antitumor activities for
cancer immunotherapy.

If creatine provides a potent energy benefit for antitumor CD8 T cells, which is non-
redundant to major immune checkpoint regulatory pathways, creatine supplementation
may be a valuable component of combination immunotherapy to further enhance efficacy
of current ICB treatments. Previous study has shown that the MC38 colon cancer model
is responsive to PD-1/PD-L1 blockade therapy [60]. In this model, creatine supplementa-
tion in combination with anti-PD-1 therapy generated a more powerful antitumor effect
compared to that of each monotherapy [44]. Of note, all the surviving mice from their
primary tumors were protected against a second tumor challenge for another 6 months.
This attractive antitumor effect was associated with significantly increased number of
memory CD8+CD44+ T cells in the surviving mice [44]. Collectively, these encouraging
findings point to a translational potential of creatine supplementation for combination
cancer immunotherapy.

5. Creatine Supplementation for Cancer Therapy—Other Potential Benefits

In addition to its potential application for cancer immunotherapy, creatine supple-
mentation has been indicated to augment the efficacy of the anticancer drug methylglyoxal
(MG) [61]. Pal et al. reported that administration of creatine enhanced the antitumor
effects of MG and ascorbic acid in sarcoma animal model in vivo and tumor burden was
completely eradicated [62]. These results suggest that creatine supplementation can func-
tion as an adjunctive therapeutic intervention with other anticancer agents. Moreover,
given the beneficial effects of creatine on muscle mass and physical function, emerging
evidence has suggested that creatine supplementation may also have therapeutic potential
for attenuating cancer-related weight loss and maintaining muscle function for cancer
patients [63,64]. However, application in various cancer contexts has just began and further
studies are needed to fully understand the impact of creatine supplementation on clinical
outcomes in the cancer patient population at a risk of muscle wasting.

6. Creatine Supplementation for Cancer Therapy—Possible Influences on
Cancer Cells

One of the hallmarks of cancer is the reprogramming of cellular metabolism [65]. In
contrast to normal cells, cancer cells utilize cellular metabolites to support the high prolifer-
ation through distinct mechanisms in their local microenvironment [66]. Creatine-mediated
ATP buffering system efficiently provides energy when cells demand high levels of ATP.
Prior studies have shown that PCr can be used to transiently increase energy metabolism
to promote cancer cell growth by buffering the ATP stores [67–69]. However, a number of
studies suggest that creatine and its analogues can suppress tumor growth [1,61,62,70,71].
It has been initially demonstrated that creatine analogue cyclocreatine has antitumor prop-
erties in vitro [72]. A possible mechanism of antitumor effect is that phosphocyclocreatine
generated from cyclocreatine by CK has a poor substrate activity in the CK reverse reaction
and results in energy depletion in cancer cells [73]. However, cyclocreatine also suppressed
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tumor growth in colon adenocarcinoma without indications of energy depletion in cancer
cells [70]. In line with this study, creatine has been shown to inhibit the growth and pro-
gression of mammary tumors, sarcoma and neuroblastoma tumors in both rats and mice
models [71]. Creatine combined with MG, an anticancer drug, induced higher cytotoxicity
and apoptosis in the human breast cancer MCF-7 cell line and chemically transformed the
mouse C2C12 muscle cell line, compared to MG alone [62]. In contrast, no detrimental
effects were observed in normal C2C12 muscle cells treated with MG plus creatine [62],
suggesting that enhanced cytotoxic effects of MG plus creatine are specifically limited
within cancer cells. Several lines of evidence have indicated that tumor creatine content is
low in multiple types of cancer tissue [61,62,74,75]. Creatine content was restored to almost
normal levels with the concomitant regression of tumor cells after creatine treatment [61,75].
Both creatine and cyclocreatine exhibit antitumor effects under certain tumor conditions,
suggesting that creatine may employ additional mechanisms, which are independent of
sustaining cellular energy charge, to mediate its antitumor effects.

A number of studies have linked cancer to creatine by investigating CK expression
and their association with prognosis of cancer patients [76–81]. The expression of CKB
was found to be upregulated in different types of cancer [76,78–81]. In addition, elevated
expression of CKMT1 was correlated with poor prognosis in patients with breast cancer [76]
or liver cancer [78]. Of note, the proliferation of cancer cells expressing high levels of CKB
can be greatly impaired by cyclocreatine; however, the cancer cells with low levels of CK
were resistant to the antitumor effect of cyclocreatine [72]. Overexpression of CKB in the
cancer cells that expressed low levels of CK increased their sensitivity to cyclocreatine
inhibition [72]. In the liver microenvironment, CKB released by metastatic colorectal
cancer cells could use extracellular ATP to phosphorylate hepatocyte-secreted creatine to
produce PCr. Metastatic cells then use PCr to regenerate ATP to support their survival in
the liver [82]. Although the source for extracellular ATP is not clear, these data suggest that
a crosstalk between normal cells and cancer cells is necessary to support PCr-mediated
cancer cell survival under certain conditions. Supplementing PCr to colorectal cancer
cells with ATP depletion rescued their ATP levels [82]. The mechanism of PCr atypically
imported by CrT on cancer cells remains to be determined.

Abnormal gene expression of ecotropic virus integration site-1 (EVI1), an oncogenic
transcription factor, was observed in some patients with acute myeloid leukemia (AML)
and was correlated with poor survival of patients [83]. The EVI1-positive AML subtype has
a poor response to current treatment regimens [84]. By using a screen of pooled shRNAs,
Fenouille and colleagues have demonstrated that CKMT1 contributes to survival of EVI1-
expressing cells in EVI1-positive AML patients [68]. EVI1 has been suggested to promote
CKMT1 expression by suppressing the myeloid differentiation regulator RUNX1. Inhibition
of creatine metabolism by either CKMT1 depletion or using creatine analogue cyclocreatine
specifically enhanced the cell cycle arrest and apoptotic cell death of EVI1-positive cancer
cells, and increased animal survival in AML mouse syngeneic and xenograft models [68].
The blockade of CKMT1 impaired proliferative capacity, mitochondrial function, and
ATP production in cancer cells, which could be rescued by exogenous PCr in vitro and
in vivo [68]. Thus, these findings point to the therapeutic potential of targeting CKMT1
pathway for treating EVI1-positive AML.

Kurmi and colleagues have reported that oncogenic HER2 signaling induces CKMT1
phosphorylation via ABL tyrosine kinase in HER2 positive breast cancer cells [67]. CKMT1
phosphorylation enhanced the stabilization of CKMT1, promoting the PCr energy shuttle
and breast cancer cell proliferation [67]. Blockade of the PCr-mediated metabolism by
using either CKMT1 shRNA or the creatine analogue cyclocreatine decreased prolifera-
tion of HER2 positive cell lines in vitro and in vivo. The impaired proliferation could be
rescued by PCr supplementation [67]. Although the HER2-directed monoclonal antibody
trastuzumab offers significant clinical benefit selectively in HER2 positive breast cancer
patients, intrinsic and acquired resistance to this therapy leads to no response for many
patients [85–89]. Cyclocreatine combined with the HER2 kinase inhibitor lapatinib effi-
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ciently suppressed tumor growth in a HER2 positive trastuzumab-resistant patient-derived
xenograft model [67]. Collectively, cyclocreatine can inhibit trastuzumab-resistant HER2
positive breast cancer cells via disrupting the PCr energy shuttle and improve the efficacy
of existing breast cancer treatments.

Recently, Maguire et al. investigated the crosstalk between adipocytes and neoplastic
cells in the tumor microenvironment and identified the upregulation of Gatm and the
fatty acyl-CoA synthetase gene Acsbg1 in adipocytes and in breast cancer cells, respec-
tively [90]. Genetic inhibition of either Gatm in adipocytes or CrT in breast cancer cells
attenuated tumor growth in obesity [90], suggesting that adipocyte-derived creatine is
required for obesity-driven tumor progression. High Acsbg1 expression in cancer cells
enhanced ATP production through oxidative phosphorylation and uptake of adipocyte-
derived creatine through CrT, which supported the production of PCr and drove tumor
cell proliferation [90]. Although these findings revealed a protumoral role of creatine in
regulating obesity-accelerated breast cancer cell proliferation, creatine supplementation
did not promote tumor growth in lean or obese animals [90]. Thus, only adipocyte-derived
creatine, not systemic creatine, is essential for tumor cell growth in this specific breast
cancer model. Meanwhile, another group reported that creatine supplementation or GATM-
mediated de novo synthesis of creatine promoted colorectal and breast cancer metastasis
in orthotopic mouse models by increasing Snail and Slug expression through monopolar
spindle 1 (MPS1)-activated Smad2 and Smad3 phosphorylation [91]. Moreover, GATM
knockdown or MPS1 inhibition attenuated cancer metastasis and lower survival in mice.
Notably, creatine supplementation suppressed primary tumor growth in mouse colon
cancer (CT26) and mouse breast cancer (4T1) models [91]. Several notes of caution should
be made in interpreting these results of cancer metastasis: (1) some studies were performed
using severely immunocompromised mice (i.e., the NSG mice) and therefore failed to take
into account the creatine regulation of antitumor immunity effect [44]; (2) creatine supple-
mentation doses used in some studies were exceedingly high, way above the recommended
safe dose range for humans [10,92]; and (3) long-term creatine supplementation has been
indicated to induce species-specific liver inflammation in mice, which could contribute to
promoting cancer metastasis in liver observed in these studies [93–95].

7. Conclusions

Recent studies identified creatine as an important metabolic regulator conserving
bioenergy to power CD8 T cell antitumor immunity and suggested a potential application
of creatine supplementation for cancer immunotherapy. The safety of long-term creatine
supplementation in both healthy individuals and patients has been well documented,
which provides a clear and expedient path forward for utilizing creatine supplementation
to treat cancer [13,64,96–99]. Additionally, creatine supplementation can augment muscle
and enhance strength, which may also benefit cancer patients suffering from cachexia at
their late stages [63,64,100,101]. Both oral and intravenous administration routes can be
effective in animal tumor models [44]. However, bioavailability of creatine through oral
administration in humans is low because creatine is rapidly converted into creatinine in the
high acidic environment of the stomach [102,103]. Thus, for the best cancer therapy benefits,
optimal administration routes and dosing strategies for creatine clinical intervention still
need to be further investigated.

Creatine supplementation synergizes with the anti-PD-1 therapy to yield superior
antitumor efficacy [44], because creatine may activate tumor infiltrating CD8 T cells via
an energy-buffering mechanism that is non-redundant to the mechanisms utilized by ICB
therapies. Therefore, creatine supplementation has a potential to become an economical and
effective treatment for enhancing ICB therapies. In addition, many other cancer therapies,
including new T cell immunotherapies, traditional chemotherapy, targeted therapy, and
radiation therapy, may also have improved therapeutic efficacy when combined with
creatine supplementation treatment [31–34,67,104–106]. For the full translation to clinical
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applications, a speedy clinical development of creatine supplementation for combination
therapies treating different types of cancer is urgently needed in the future.

Creatine-mediated energy buffering system is efficient and supports CD8 T cell antitu-
mor activities in a metabolically challenging microenvironment via ATP/AMPK-mediated
regulation of TCR signaling pathways [35,39,44,59]. The hyporesponsiveness of other
immune cells in CrT-KO mice bearing tumors has been observed, indicating that the im-
mune regulatory function of this energy system may go beyond modulating CD8 T cells
in a tumor microenvironment. Creatine has been indicated to have anti-inflammatory
properties in acute and chronic animal models of inflammation [107]. Creatine uptake
can reprogram macrophage M1/M2 polarization by regulating IFN-γ and IL-4 cytokine
responses partly in an ATP-dependent manner under infection conditions [108]. Whether
and how other immune cells, such as regulatory T cells and tumor-associated macrophages,
in the tumor microenvironment mediate antitumor effects of creatine will be interesting
topics and certainly merit investigation. Additionally, creatine and creatine analogues can
inhibit tumor cell survival likely through additional mechanisms that are independent
of energy metabolism disruption. The regulatory mechanisms of creatine and creatine
analogues in cancer cells warrant further investigation, especially in light of the recent
studies on creatine promotion of cancer metastasis.
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Abstract: Creatine is a key player in heart contraction and energy metabolism. Creatine supplemen-
tation (throughout the paper, only supplementation with creatine monohydrate will be reviewed, as
this is by far the most used and best-known way of supplementing creatine) increases creatine content
even in the normal heart, and it is generally safe. In heart failure, creatine and phosphocreatine
decrease because of decreased expression of the creatine transporter, and because phosphocreatine
degrades to prevent adenosine triphosphate (ATP) exhaustion. This causes decreased contractility
reserve of the myocardium and correlates with left ventricular ejection fraction, and it is a predictor
of mortality. Thus, there is a strong rationale to supplement with creatine the failing heart. Pending
additional trials, creatine supplementation in heart failure may be useful given data showing its effec-
tiveness (1) against specific parameters of heart failure, and (2) against the decrease in muscle strength
and endurance of heart failure patients. In heart ischemia, the majority of trials used phosphocreatine,
whose mechanism of action is mostly unrelated to changes in the ergogenic creatine-phosphocreatine
system. Nevertheless, preliminary data with creatine supplementation are encouraging, and warrant
additional studies. Prevention of cardiac toxicity of the chemotherapy compounds anthracyclines
is a novel field where creatine supplementation may also be useful. Creatine effectiveness in this
case may be because anthracyclines reduce expression of the creatine transporter, and because of
the pleiotropic antioxidant properties of creatine. Moreover, creatine may also reduce concomitant
muscle damage by anthracyclines.

Keywords: phosphocreatine; creatine transporter; supplementation; treatment; heart; heart failure;
ischemia; myocardial infarction; anthracycline; cardiac toxicity

1. Metabolism and Role of Creatine

1.1. Functions of Creatine

Creatine plays a key role in cellular energy metabolism. The creatine kinase enzyme
reversibly phosphorylates it to phosphocreatine. Then, when phosphocreatine is reverted
to creatine, its phosphate bond breaks, and such a break provides enough energy to allow
phosphorylating a molecule of adenosine diphosphate (ADP) to adenosine triphosphate
(ATP). Thus, phosphocreatine acts as an energy reserve to synthesize ATP rapidly, with no
need for oxygen. The reaction is the following one:

Creatine + ATP � Phosphocreatine + ADP + H+

This reaction plays a crucial role in heart contraction [1]. Its roles have been reviewed
elsewhere [2] and are, in summary:

(1) Transfer of ATP from its production site (mitochondria) to its place of exploitation
(neuronal membrane or cytoplasm). This function is often called “the ATP shuttle”. To carry
out this transport (“shuttle”) of ATP energy, creatine first receives the phosphate from ATP
near the mitochondria, becoming phosphocreatine. It then diffuses through its concentra-
tion gradient to the periphery of the cell. Near cytoplasmic ATPase, it donates its phosphate
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to ADP, effectively forming ATP far away from the mitochondria and delivering it precisely
where and when it is required. In doing so, it reverts to creatine and diffuses back, again
along its concentration gradient, to the mitochondrion to start the cycle again. The reason
why the cell needs this complex mechanism to transport energy between mitochondria and
cytoplasmic ATPase is that ATP is a very large molecule, therefore its diffusion through
the organelle-filled cytoplasm is slow and cumbersome. By contrast, phosphocreatine is a
much smaller molecule, thus it diffuses more quickly through the cytoplasm.

(2) Restoration by phosphocreatine of ATP concentration in conditions of increased
energy demand and in diseases involving a reduced supply of blood or oxygen. In the
first scenario, the consumption of ATP is excessive compared to the ability of the cell to
synthesize it. For instance, a muscle exposed to a particularly intense effort quickly uses
more ATP than it can produce, thus exhausting its reserve. In the second scenario, an
organ cannot produce enough ATP because of a blood deficiency (ischemia) or an oxygen
deficiency (anoxia). For example, in case of a myocardial infarction, phosphocreatine
intervenes by transferring its phosphoric group to ADP, to provide ATP at a time when the
heart cannot synthesize it due to ischemia.

Among all the biochemical reactions that our cells use to synthesize ATP, the one
that starts from the creatine/phosphocreatine system is the quickest in buffering ATP
levels at times of increased energy expenditure [3]. This explains the researchers’ interest
in this molecule, whose administration has been proposed in various conditions, both
physiological and pathological [4,5].

1.2. Procurement of Creatine by the Organism, with Specific Reference to the Heart

Creatine is normally degraded to creatinine [6], leading to a steady depletion of the
body creatine store. The creatine store is replenished partly from endogenous synthesis
and partly by ingesting creatine with food [7].

1.2.1. Endogenous Synthesis of Creatine

In the body as a whole, creatine is synthesized in the kidney and in the liver [6].
Specifically, the kidney accomplishes the first step of the synthesis, forming guanidi-
noacetic acid from arginine and glycine. Guanidinoacetic acid is then transported to
the liver, where it is converted into creatine with the intervention of the methyl donor
S-adenosyl-methionine [6]. Specific organs can additionally synthesize creatine for their
own consumption, such as the brain [8] and the testis [9,10]. Concerning the heart, it
is generally believed that cardiomyocytes cannot synthesize creatine [11,12]. However,
there is evidence that such synthesis may actually occur, i.e., cardiomyocytes may indeed
synthesize creatine just as other organs do. In fact, the heart expresses the first enzyme of
creatine synthesis, arginine-glycine amidino transferase (AGAT). Its expression in the heart
is comparable to that of other tissues under basal conditions and increases several fold in
pathological states [13]. Moreover, experiments showed that the addition of arginine (a
precursor of creatine) to the incubation medium of toad hearts mitigated the decrease in
creatine upon in vitro incubation, as if arginine was metabolized to creatine [14]. Further-
more, the addition of arginine to isolated rabbit hearts caused an increase in their content of
creatinine (the product of creatine cyclization) [15]. Both these latter experiments strongly
suggested that in the isolated heart arginine is indeed converted into creatine, as it is in
other organs [16,17]. However, the possible creatine synthesis by the heart has received so
far very little attention, and additional research is definitely warranted [18].

1.2.2. Uptake of Creatine from Dietary or Supplement Sources

About half of the creatine that the organism needs is normally ingested and taken up
from dietary sources [19]. Creatine is not present in vegetables, but it is only present in
foods of animal origin [4]. Thus, subjects who do not regularly consume meat or fish tend
to have some degree of creatine deficiency, and should supplement their diet with it [4].
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Moreover, exogenous supplementation of creatine permits administering high amounts
of this compound, and increasing its content above normal levels [20–22]. Throughout the
paper, only supplementation with creatine monohydrate will be reviewed, as this is by
far the most used and best-known way of supplementing creatine. When administered in
this way at adequate doses, creatine is stored in the tissues, where it increases the intra-
cellular pool of both creatine and phosphocreatine. Such an increase is especially relevant
for the muscular tissue. Creatine supplementation allows the muscles to contract more
powerfully and to a longer extent [23], an effect that is exploited by athletes to improve
their performance [24,25].

The metabolism and functions of creatine in the heart is similar to that in the muscle
and in other tissues. Figure 1 provides a summary of the metabolism of creatine in
the myocardium.

 

Figure 1. The primary sources for blood-borne creatine (Cr) are diet (meat) and a two-step biosynthesis that occurs primarily
in the kidney, liver, and pancreas. Cr, a β-amino acid, is made by the transfer of glycine onto the arginine side chain
catalyzed by arginine:glycine amidinotransferase (AGAT) to form guanidinoacetate. The methyl group is transferred to the
guanidino group via guanidinoacetate methyltransferase (GAMT). Cr accumulates in muscles and brain through the action
of the Cr transporter (CrT) in the sarcolemma. Cr is trapped by phosphorylation to phosphocreatine (PCr, see structure) by
creatine kinase (CK). ADP—adenosine diphosphate; ATP—adenosine triphosphate; CrP—creatine phosphate. Reprinted
by permission from Springer Nature Customer Service Centre GmbH:Springer Nature, Current Hypertension Reports
(On the hypothesis that the failing heart is energy starved: Lessons learned from the metabolism of ATP and creatine,
Joanne S. Ingwall) Copyright Springer Nature Customer Service Centre GmbH, 2006.

Specific mechanisms of the benefit provided by creatine supplementation include:

1. Restoration of normal creatine content when it is lower than normal due to lifestyle
(e.g., vegetarian or vegan subjects [26]) or to disease (e.g., heart failure, see below).

2. Increase in energy availability (obtained by increasing phosphocreatine concentration
in the tissue) in cases where the balance between energy availability and requirement
is limited by decreased energy production (as is the case in hypoxia or ischemia), or
by increased demand (e.g., the muscle of athletes during athletic performance).

Finally, we should note that creatine by itself does not enter cells, instead it needs
a specific transporter to cross plasma membranes [16]. The same happens in the heart,
where the creatine transporter is present on the plasma membrane of the myocytes and is
necessary for creatine to enter myocardial cells [27,28].
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2. Cardiac Effects of Creatine Supplementation in Healthy Subjects

2.1. Cardiac Effects of Creatine Supplementation in the Normal Heart
2.1.1. In Vitro Studies

Before discussing the effects of creatine supplementation in normal subjects, we shall
mention some effects of creatine supplementation in in vitro normal heart preparations.

In heart strips prepared from frog ventricles, the force of contraction was increased
when the preparation was perfused with a rather high concentration of creatine (9.2 mM) [29].
In an in vitro frog ventricular preparation, perfusion with rather high creatine concentrations
(10 and 20 mM) reversibly caused, among others, increased force of contraction [30]. Inter-
estingly, in both papers force of contraction was, by contrast, decreased when the in vitro
preparation was perfused with much higher creatine concentrations (20–70 mM) [29,30],
thus suggesting harmful effects by very high intracellular creatine increase. Santacruz
et al. [31] reported increased content of phosphocreatine in in vitro cardiomyocytes upon
creatine supplementation. Interestingly, these authors also reported such an increase in
hypoxic conditions as well, although hypoxia decreased creatine uptake. Kilian et al. [32]
used creatine supplementation in in vitro isolated hearts. They found that such a sup-
plementation decreased heart rate, increased left ventricular systolic pressure, increased
coronary flow, increased ATP content and decreased isocitrate dehydrogenase, a marker of
cell death. Besides these positive findings, the authors add a puzzling statement (contained
in the abstract and in the discussion sections, not in the methods nor in the results ones)
saying that “when glucose supply was limited, conduction abnormalities occurred at a
greater frequency in creatine-supplemented hearts as compared with the control group”.
Surprisingly, there are no data presented to support this sentence, so the value of this
statement is unclear. Summing up, these in vitro data suggest that supplementation with
creatine of the normal heart may improve some physiologically relevant parameters, like
force of contraction and coronary flow. However, they suggest that very high increase in
creatine content may cause decrease in the force of contraction. We should emphasize that
such harmful effects occurred only when the in vitro hearts were perfused with creatine
concentrations extremely high, probably impossible to obtain in vivo (20–70 mM).

2.1.2. In Vivo Studies

The normal heart has a high creatine content in comparison to other organs, as all
excitable tissues have. For example, Horn et al. [33] reported in rats an average content of
creatine about 80 nmol/mg protein in heart and brain, compared to about 20 nmol/mg
protein in the liver and 25 nmol/mg protein in the kidney. Ipsiroglu et al. [21] found, in
guinea pigs, a total creatine content (mean ± standard deviation) of 12.9 ± 0.10 μmol/g
weight in the heart, 10.1 ± 0.45 μmol/g weight in brain, 7.5 ± 0.47 μmol/g weight in the
liver and 5 ± 0.60 μmol/g weight in the kidney. Corresponding levels varied slightly in
mouse and rat, but the proportions remained unchanged [21]. Human heart has an even
higher creatine content. Neubauer et al. [34] confirmed a creatine content in the rat heart
of 87.5 ± 4.2 nmol/mg protein, but found a content of 136.4 ± 6.1 nmol/mg protein in
humans. The latter finding was confirmed by Nascimben et al. [35], who reported a creatine
content of 131 ± 28 nmol/mg protein in human hearts. Such a high creatine content leads to
downregulation of the creatine transporter and, it was stated, to little possibility of further
increasing creatine content [12]. In agreement with this view, two rodent studies by a single
laboratory concluded that creatine supplementation is unable to increase heart creatine
content in the normal heart [33,36]. These studied concluded that a different strategy
is needed to augment heart creatine, namely use of creatine derivatives that may enter
cardiac myocytes with no need of the creatine transporter. It should be noted, however,
that in neither of the two papers [33,36] creatine was increased in the muscles, a tissue
where, by contrast, creatine is usually reported to increase upon adequate supplementation
in both humans and animals [20,37,38]. Thus, the fact that in those two papers creatine
did not increase not only in the heart but also in the muscle strongly suggests that the
amount of creatine used in those studies [33,36] may have been insufficient. Accordingly,
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they reported creatine supplementation not as absolute daily amount (grams/day) but
as percent of creatine in the total feed. Since the authors did not quantify the amount
of food consumed daily, it is impossible to judge how large (or how insufficient) such
supplementation might have been. By contrast, other authors reported increase in creatine
content in normal hearts supplemented with creatine. Boehm et al. [39] found an 11%
increased total creatine (i.e., creatine + phosphocreatine) in the hearts of animals whose
feed was supplemented with 3% creatine. In this latter paper, ATP content was not affected
by creatine supplementation, strongly suggesting that the creatine-phosphocreatine system
created a reserve energy that might have possibly been used at times of increased energy
demand or insufficient energy production. Ipsiroglu et al. [21] also found an increase in the
creatine content of normal rodents’ heart upon creatine supplementation, and emphasized
that such increase required a 4-week supplementation to become statistically significant.
The increase reported by Ipsiroglu et al. [21] was, after 4 weeks of supplementation, 15% in
the guinea pig, 17% in the mouse, 28% in the rat. Summing up, these studies suggest that
increase in creatine upon its supplementation in the normal heart is possible, although one
should administer high doses for several weeks, possibly because the normal heart already
contains a large amount of creatine.

A different approach to experimentally increasing creatine in the normal heart in-
volved genetically modified rodents where the creatine transporter was overexpressed,
thus increasing intracellular creatine. The research group that first used this approach
to increase myocardial creatine reported that increasing creatine transporter expression
did cause increased intracellular creatine up to four times its basal value. However, they
unexpectedly found that such increase in creatine content in normal hearts was attended by
left ventricular hypertrophy and heart failure [40,41]. Those authors tentatively explained
such apparent paradox with the fact that a very large increase in intracellular creatine re-
quired large amounts of ATP to phosphorylate creatine, and that this process caused a large
decrease in intracellular ATP that, those authors argued, ended up by being detrimental
to the heart [40,41]. Moreover, they found that such an increase in intracellular creatine
caused downregulation of the cellular enzyme enolase, which supposedly decreased gly-
colytic activity of the cardiomyocytes [40]. However, a different group later used the same
transporter over-expression to obtain a large increase in intracellular creatine, but did
not find any adverse effect of this increase [42]. In an interesting study, Zervou et al. [43]
compared wildtype mice, mice overexpressing the creatine transporter that showed a
moderate increase in creatine, and mice overexpressing the transporter that showed a large
creatine increase (average creatine content was 81 nmol/mg protein in wildtype animals,
123 and 220 in the other two groups, respectively). They found harmful effects only in the
group with the maximal creatine increase, not in the group with the moderate creatine
increase [43]. Furthermore, Lygate et al. [11] reported no adverse effect by overexpressing
creatine transporter with an only moderate increase in creatine content. These data suggest
that harmful effects on cardiac performance may unexpectedly accompany a very large
creatine increase, but that this risk seems not to exist at all when creatine increases only by
about 60% of its baseline level [43]. It is worth noting that in the human skeletal muscle
creatine supplementation causes an increase in creatine content that does not exceed 50%
of baseline value [20], and that a “ceiling” is eventually reached preventing further creatine
uptake [7].

2.2. Considerations on the Effects and Safety of Creatine Supplementation in Healthy Subjects

The above data suggest that increase in creatine content of normal hearts is possible
upon creatine supplementation. As reported above, in vitro data suggest improvement
in cardiac function by creatine supplementation even in normal cardiac preparations.
Such improvement has not been reported in vivo in healthy subjects, however the above
reviewed in vitro data suggest that creatine supplementation might possibly be useful to
healthy subjects as well. Moreover, in vivo data suggest that creatine supplementation
is safe in normal subjects. In fact, although animal data suggest that harmful effects on
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cardiac performance may unexpectedly accompany a very large creatine increase, this risk
seems not to exist at all when creatine increases only by about 60% of its baseline level [43].
Therefore, there is little reason for concern about dietary supplementation of creatine. In
fact, although the extent of creatine increase in normal humans upon supplementation has
not been measured, in rodent models creatine supplementation increased creatine content
in the heart by 11% in the study of Boehm et al. [39] and by 15–28% in diverse species in
the study by Ipsiroglu et al. [21].

Some confirmation of the cardiac safety of creatine supplementation in normal
subjects comes from an interesting paper that studied the cardiac effects of creatine sup-
plementation in bodybuilders [44]. Those authors found that creatine supplementation
only had the effect of slightly reducing the bradycardia that bodybuilders experienced
because of their training. Specifically, they studied 16 controls (not body-builders nor
creatine-supplementing subjects), 16 body-builders who did not use creatine supplemen-
tation and 16 body builders who regularly supplemented their diet with creatine (range
3.5–15.0 mg/day). They found that the resting heart rate was (beats/min, mean ± stan-
dard deviation) 71.5 ± 12.6 in controls; 61.8 ± 6.8 in body-builders who did not use
creatine supplementation; and 69.63 ± 14.1 in body-builders who used to supplement
their diet with creatine. This difference was statistically significant (p = 0.048). By
contrast, systolic and diastolic blood pressure, interval of the QT segment of the electro-
cardiogram (both raw and corrected using the Bazett’s formula) did not differ between
groups. Although the mechanism of the different heart rate is unclear, it is certainly
not a harmful effect, given that the typical resting heart rate for adults is between 50
and 90 beats per minute [45]. Although the value of such observation is limited to
bodybuilders, this finding further suggests that creatine supplementation in normal
subjects is safe from the cardiac point of view. Furthermore, a review of the literature [4]
found no risk of, among else, cardiac adverse events by creatine supplementation.

3. Heart Diseases Where Creatine Supplementation May Be Useful

Heart failure, heart ischemia and anthracycline cardiotoxicity are the disease condi-
tions of the heart where creatine supplementation has been proposed and investigated [12].
Individual reviews of the creatine role in each of these conditions follow.

4. Creatine Supplementation in Heart Failure

The European Society of Cardiology [46] defines heart failure as “a clinical syndrome
characterized by typical symptoms (e.g., breathlessness, ankle swelling and fatigue) that
may be accompanied by signs (e.g., elevated jugular venous pressure, pulmonary crackles
and peripheral oedema) caused by a structural and/or functional cardiac abnormality,
resulting in a reduced cardiac output and/or elevated intracardiac pressures at rest or
during stress”. One of the main consequences of heart failure is thus the inability of the
heart to pump blood to an extent that is adequate to support body functions. Therefore,
heart failure is a serious condition, for which usually there is no cure.

4.1. Decrease in Creatine in Heart Failure

This section will report numerous data across a long period showing that creatine,
phosphocreatine, or both decrease in heart failure.

In preclinical research, Feinstein [47] demonstrated decrease in phosphocreatine, total
creatine (i.e., creatine + phosphocreatine) and adenosine triphosphate (ATP) in the hearts
of guinea pigs subjected to various experimental conditions which affect the performance
of the heart in vivo. The latter conditions included experimental congestive heart failure,
acute asphyxia, and ouabain treatment. This author concluded that decreased rate of
synthesis of high-energy compounds is the most important determinant of heart failure.
In agreement with this hypothesis, it was much later discovered that one of the main
roles of creatine is allowing fast re-synthesis of ATP at the sites of its utilization [2]. A
few years later, Fox et al. [48] showed that in dogs affected by chronic heart failure due
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to experimental pulmonary arterial stenosis, phosphocreatine and total creatine were
decreased by approximately 33–43% compared to controls, while ATP was reduced to
a lesser extent (about 12%). Still in in vivo dogs, Shen et al. [49] studied experimental
heart failure due to chronic pacing of the right ventricle, finding that both ATP and
creatine were decreased, and that creatine decreased at an earlier time compared to ATP.
Those authors quite reasonably hypothesized that in the early stages of heart failure
phosphocreatine was used to replenish the ATP stock, thus slowing ATP decrease. More
recently, Ten Hove et al. [50] confirmed a decreased creatine content in experimental rat
heart failure and attributed it to the concurrent decrease in creatine transporter that they
also found.

As said, the decrease in creatine content of the failing heart is thought to be due
to the down regulation of the creatine transporter that was demonstrated in the failing
hearts of both rodents and humans [34,50]. However, it is noteworthy that while in
the failing heart ATP levels are stable or moderately decreased, phosphocreatine levels
are usually decreased to a much larger extent, with a corresponding reduction in the
phosphocreatine/ATP ratio [12]. Apparently, this indicates a discrepancy between ATP
synthesis in the mitochondrion and ATP requirements in the cytoplasm. Thus, it is very
likely that phosphocreatine is used to rapidly re-synthesize ATP, thus slowing ATP decrease
in the failing heart. This is an additional mechanism of phosphocreatine depletion in heart
failure, besides decreased creatine transporter expression.

Summarizing these preclinical studies, they suggest that in the failing heart the content
of creatine decreases because of (1) a decrease in its uptake due to down-regulation of the
creatine transporter and (2) a consumption of phosphocreatine, which is used to prevent or
delay exhaustion of ATP.

Moving to studies in humans affected by heart failure, Nascimben et al. [35] found
that both creatine kinase activity and creatine decreased in heart failure patients, and they
suggested that this decrease impaired the ability of cardiomyocytes to rapidly provide
energy to the systems that required it. Neubauer et al. [34] confirmed the decrease in
creatine content in both human patients and in an experimental rodent model of heart
failure due to coronary artery ligation. Furthermore, they found in humans a concurrent
decrease in creatine transporter, which they concluded was the cause of the creatine
decrease. Winter et al. [51] found with magnetic resonance spectroscopy a decrease in total
creatine in patients affected by cardiac failure not due to ischemia. Neubauer et al. [52]
used in vivo 31P-MR spectroscopy to investigate the phosphocreatine/ATP ratio in human
volunteers and in heart failure patients. They found not only that heart failure patients
had a lower average ratio than controls, but that in individual patients such decrease was
a statistically significant predictor of mortality. These findings were later confirmed by
a different group using in vivo proton magnetic resonance spectroscopy [53]. In a later
research, the same group not only further confirmed the decreased creatine content of the
failing human heart due to a large variety of causes, but reported a positive correlation
between myocardial creatine content and left ventricular ejection fraction [54]. These data
confirmed the preclinical ones, and led to the theory that (1) heart failure is caused by
decreased energy availability, and that (2) one of the possible strategies to counter it might
have been reversing and normalizing the decreased phosphocreatine content of failing
hearts [40,55].

4.2. Effects of Decreasing Creatine on Cardiac Function

Indeed, decreasing heart creatine per se has harmful effects on contractility. Saks
et al. [29] showed in frog hearts that decreasing cardiac creatine content caused decreased
force of contraction. Ten Hove et al. [56] developed a strategy to decrease the intracellular
content of creatine in the rodents’ hearts. They found that these hearts did not show
significant anomalies at rest, but they had decreased contractile capacity when challenged
with a sympathomimetic compound. In other words, they had a decreased contractility
reserve, and they could not efficiently increase cardiac output when stimulated. Moreover,
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they proved more vulnerable to ischemic damage. Kapelko et al. [57] showed that isolated
rat hearts which had been depleted of creatine by treatment with guanidinopropionic acid
(an antagonist of the creatine transporter) had near-normal cardiac output when subjected
to a submaximal pressure load, but showed a 43% decrease in pressure-volume work at
maximal pressure load. Both these latter papers suggested that decreased heart creatine
content did not have major effects at rest or at low levels of stimulation, but prevented
increased cardiac output at times of higher need for contractility.

Field [58] proposed the interesting observation that, since available evidence does not
show that in heart failure creatine decreases below the Km of the creatine kinase enzyme, its
content is usually sufficient to maintain creatine metabolism at efficiency level. Although
interesting, this opinion conflicts with the above mentioned findings that in later years
would have demonstrated that the decrease in creatine in heart failure is indeed clinically
relevant, being a predictor of mortality in individual patients [52,53] and correlating with
left ventricular ejection fraction [54].

The above data show that (1) decreased creatine content of failing hearts and (2) its
correlation with decreased contractility strength are both robust findings, and provide a
rationale to investigate the effects of creatine supplementation in heart failure patients.

4.3. Effects of Creatine Supplementation in Heart Failure Patients

Creatine supplementation of the failing heart aims to normalize the decreased creatine
content that, as reported above, is known to occur in this condition. The effects of creatine
supplementation in heart failure have been investigated in a few trials, either preclinical
or clinical.

At the preclinical level, Faller et al. [59] used, within a study on the effects of ribose
supplementation in the failing heart, mice that overexpressed the creatine transporter. They
selected those mice that showed only a moderate increase in creatine content, subjected
them to coronary artery ligation surgery to induce chronic myocardial infarction and
supplemented their diet with ribose. They found that this treatment did not improve
cardiac function. Although relevant, this study did not use creatine supplementation but
over-expression of the creatine transporter. Furthermore, it involved the administration of
ribose, the effects of which might possibly have interfered with the creatine increase.

At the clinical level, Fumagalli et al. [60] investigated the effects of supplementation
with both coenzyme Q10 and creatine (320 and 340 mg daily, respectively, for 8 weeks)
in a randomized, placebo-controlled trial [61] on heart failure patients in the New York
Heart Association functional class II to III. They found in the treated group a higher peak
oxygen consumption, with no adverse effects. In this trial, the rather low dose of creatine
that was administered (340 mg daily) is noteworthy. This finding raised interest, and it was
suggested that the effect of the treatment might have been improving the function not of
the myocardium but of the skeletal muscle. Carvalho et al. [62] investigated the effects of
creatine supplementation (5 g/day for 6 months) in humans’ heart failure (New York Heart
Association functional class II to IV) using a randomized, placebo-controlled design. They
did not find any effect on the various parameters they explored, but, interestingly, they
found only in the creatine-treated group a significant positive correlation between peak
oxygen consumption and the distance covered in the six-minute walk test. In principle,
this result indicates a more efficient oxygen utilization only in the creatine-treated group.

Moreover, some studies showed that in heart failure patients creatine supplementation
is able to improve muscle performance, leading to a global functional improvement. Gor-
don et al. [63] found in a double-blind, placebo-controlled study that creatine supplementa-
tion improved muscle strength and endurance in heart failure patients. Andrews et al. [64]
demonstrated in a placebo-controlled study that creatine supplementation (20 g/day for
5 days) significantly improves muscle function. Specifically, they reported that creatine
increased muscle endurance, defined as the number of contractions until exhaustion at 75%
of maximum voluntary strength, and reduced lactate and ammonia production under the
same conditions. These findings raised interest, but an accompanying editorial [65] led to a
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misunderstanding when stating “only patients with low muscle creatine levels benefit from
the therapy”. Actually, Andrews et al. did not measure creatine content in their patients;
they referred instead to previous studies showing “a reduction in total creatine content
in skeletal muscle in patients with severe chronic heart failure” and demonstrating that
“dietary creatine supplementation in chronic heart failure produces a significant increase in
skeletal muscle creatine and phosphocreatine content”. Thus, the correct interpretation of
those authors’ data should be that all patients with heart failure as a population should
benefit from creatine supplementation. Moreover, the same editorial [65] raised concern
about the safety of long-term creatine supplementation, concern that later research would
have dispelled [4]. Finally, Kuethe et al. [66] found in a double blind, placebo-controlled
and crossover-designed study that in patients with severe heart failure creatine supple-
mentation (4 g 5 times a day) was able to improve muscle strength. Summing up, these
studies demonstrate that although creatine supplementation may have some positive ef-
fects on cardiac function in heart failure patients, its more robust effect lies in improving
the endurance and strength of skeletal muscle, an effect that is anyway theoretically able to
improve the quality of life of these mostly incurable patients.

5. Creatine Supplementation in Heart Ischemia

Ischemia is probably the condition where creatine supplementation has the strongest
rationale, given its energy-boosting properties. At times of ischemia all organs, including
the heart, decrease or lose their ability to synthesize ATP because of the decreased supply
of nutrients such as glucose and oxygen. In the case of the heart, ischemia leads to life-
threatening conditions like angina pectoris and myocardial infarction. There is a strong
rationale for increasing the intracellular level of creatine, phosphocreatine or both in
conditions of ischemia, because as already said (see above) phosphocreatine acts as an
extra energy source, effectively synthesizing ATP even in the absence of oxygen and
glucose [17], thus improving tissue resistance to ischemic damage. The effects of creatine or
phosphocreatine supplementation in heart ischemia have been previously reviewed [5,67].

5.1. Preclinical Studies
5.1.1. Effects of Decreasing Heart Creatine on Vulnerability to Ischemia

Ten Hove et al. [56] found that decreasing creatine levels in the rodents’ hearts made
the latter more vulnerable to ischemic damage. By contrast, Lygate et al. [68] reported that
mortality from coronary artery ligation was not different in transgenic mice lacking the first
enzyme of creatine synthesis and in controls. The authors explained the latter finding with
the fact that those transgenic mice accumulated guanidinoacetate, the precursor of creatine
that may itself be phosphorylated and vicariate to an extent the role of phosphocreatine [69].
However, those authors did not measure creatine in the hearts of their transgenic mice;
therefore, we cannot rule out the possibility that those hearts did actually contain some
creatine from the diet. Incidentally, the same group reported that a moderate increase in
myocardial creatine obtained by over-expressing the creatine transporter was protective
against ischemia damage [11]. Horn et al. [70] reported that decreasing creatine content
in the heart by blocking the creatine transporter with beta-guanidinopropionate was
accompanied by increased mortality and ATP reduction upon infarction due to coronary
artery ligation.

5.1.2. Effects of Creatine Supplementation on Ischemic Damage

In a preclinical study, Webster et al. [71] found that creatine supplementation before
ischemia improved heart contraction during ischemia in rats, although this effect was
limited to rats that were sedentary before ischemia and was not observed in rats that
routinely exercised before ischemia. Lygate et al. [11] found that a moderate increase
in myocardial creatine obtained by over-expression of the creatine transporter protected
against ischemic damage due to experimental infarction in rats.
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5.2. Lack of Clinical Studies

No trial has investigated the effects of creatine supplementation in human patients
with myocardial infarction. Accordingly, a 2011 Cochrane meta-analysis [72] reached the
conclusion that “The trials in patients with acute myocardial infarction only evaluated
intravenous creatine phosphate”.

5.3. The Use of Creatine Phosphate in Human Myocardial Infarction

While creatine has not been studied in human myocardial infarction (see above),
numerous investigations have studied the effects of phosphocreatine. These effects have
been reviewed elsewhere [5,67] and in a Cochrane review [72]. Generally speaking, they
reported some encouraging results, although the Cochrane review found it still insufficient
for recommending its routine use in clinical practice [72]. The studies using phosphocrea-
tine should, however, be kept distinct from those using creatine. In fact, it is questionable
that phosphocreatine enters cells upon its systemic (oral or parenteral) administration.
Phosphocreatine does not cross biological membranes, as we demonstrated in our labo-
ratory by showing that phosphocreatine did not increase creatine nor phosphocreatine
content in in vitro brain slices [73]. Moreover, there is no evidence that phosphocreatine has
a transporter, nor that it can use the creatine transporter or another one. Soboll et al. [74]
found that phosphocreatine was taken up by both isolated rat heart mitochondria and
liposomes, an observation that is obviously not relevant to uptake by whole cells or
organs. Preobrazhenskiı̆ et al. [75] reported that isolated perfused rat hearts took up
32P-phosphocreatine, especially after they were made ischemic. This latter observation
is at variance with what we found in brain slices (see above), and it is unclear what the
mechanism for such uptake may be. Accordingly, the protective cardiac effects by phos-
phocreatine in heart ischemia are usually explained by mechanisms other than increase
in creatine or phosphocreatine in the cardiac cells. These mechanisms include insertion
of phosphocreatine into the sarcolemma to modify its physical properties [76,77] and in-
hibition of platelet aggregation [76,78]. These mechanisms have been reviewed by Saks
et al. [76,79], who correctly mention phosphocreatine penetration into cells only as a possi-
bility waiting for demonstration [76]. Thus, phosphocreatine administration seems to act
as a cardio protectant in a substantially different way compared to creatine.

6. Creatine Supplementation in Anthracycline Toxicity

6.1. Use and Adverse Effects of Anthracyclines

Anthracyclines are antitumor agents used in many types of cancers, including breast
cancer and hematological malignancies [80]. The two most used compounds are dox-
orubicin (also called adriamycin) [81] and daunorubicin [82]. Epirubicin and idarubicin
also belong to this class and are used in chemotherapy [80]. The mechanism of action of
these molecules is multifactorial, however two of their effects are considered the most
important ones: mitochondrial damage due to the production of reactive oxygen species
(ROS) and inhibition of DNA replication due to binding of anthracyclines to topoisomerase,
an enzyme that intervenes in DNA duplication [80].

Production by anthracyclines of ROS leads to mitochondrial damage, and is a promi-
nent mechanism of the antitumor activity of anthracyclines. It occurs because of reduction
in the anthracycline molecule by cellular oxido-reductases (including, in the heart, the
NADH dehydrogenase). In the presence of molecular oxygen, the molecule resulting from
this reduction spontaneously auto-oxidizes to generate again the parent anthracycline and
a superoxide anion, starting a self-perpetuating loop [80,83]. Moreover, mitochondrial
dysfunction is worsened by the generation of toxic radical and reactive nitrogen species
resulting from the interaction of anthracyclines with cellular iron [80,84].

Although anthracyclines have widespread toxic effects, cardiac adverse effects are
especially important for their high frequency of occurrence and their ability to limit the
clinical use of these compounds. They range from mild cases showing only elevation of
markers of cardiac damage with no or few symptoms to life-threatening heart failure [80].
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Some cardioprotective strategies have been investigated, including the co-administration
of the iron-chelating compound dexrazoxane, inhibitors of the angiotensin-converting
enzyme (ACE-inhibitors), angiotensin II receptor blockers, and beta-blockers, but none of
them is currently in routine use [80].

6.2. Studies Linking Anthracyclines Toxicity and Creatine Metabolism

Several preclinical studies link anthracyclines toxicity with the creatine metabolism.
Darrabie et al. [85] found that anthracyclines administration reduced the expression of

the creatine transporter, and consequently reduced creatine uptake by cardiomyocytes [86].
DeAtley et al. reported that anthracycline administration reduced the activity of creatine
kinase in vitro. Tokarska-Schlattner et al. [87,88] found that anthracycline administration
damaged the mitochondrial creatine kinase and reduced the capability of creatine to
stimulate respiration of in vitro isolated mitochondria.

Although the above studies provide a specific framework for cardiac protection
by creatine, we should not forget that besides its ergogenic effects, creatine is also an
antioxidant [89], thus it may have a non-specific effect against anthracycline toxicity by
reducing the formation of reactive oxygen species.

Very importantly, Gupta et al. [90] found that in in vivo rodents, overexpression
of creatine kinase decreased anthracycline damage to cardiac energy metabolism and
contraction force, and improved survival. These findings were later challenged by Ak-
sentijevic et al. [91]. These authors confirmed in isolated hearts that oxidative stress by
hydrogen peroxide (H2O2) as well as by doxorubicin treatment caused a decrease in the
force of contraction. However, they did not find any protection by increasing creatine
content through the over-expression of the creatine transporter, nor by addition of creatine
to the heart perfusion medium.

6.3. Effects of Creatine Supplementation in Animal Models

Several papers investigated in animal models the effects of creatine supplementation
on cardiac anthracycline toxicity.

The first one [92] investigated the distinct effects of administering either a high dose of
creatine (0.2 g/Kg/day, which would correspond to 14 g/day for a human weighing 70 Kg)
or a mixture of vitamins C and E for 30 days before one single dose of doxorubicin. Those
authors found that both treatment groups showed an approximately double survival time
compared to controls and improved several parameters of damage that were increased
by doxorubicin. Based on the effect on these parameters, the authors concluded that the
two vitamins had a more noticeable effect than that of creatine. Vitamins C and E are both
powerful antioxidants [93,94]. Thus, while this paper is important because it demonstrates
a protective effect by creatine (average survival time was 3 days in the control group, 6 days
in the creatine-treated one), it suggests that its antioxidant properties [89] may be more
important in this context than its ergogenic ones.

Later, Santacruz et al. [95] demonstrated in in vitro cultured cardiomyocytes that
perfusion with 5 mM creatine significantly improved markers of damage, apoptosis and
ROS generation after doxorubicin treatment.

Of particular interest are two papers that demonstrate creatine efficacy in countering
the toxic effects of anthracyclines on the skeletal muscle. In in vitro isolated muscles [96],
doxorubicin treatment decreased the force of contraction and increased latency to fatigue
in both type I and type II muscle fibers, and pre-treatment with creatine prevented these
effects. These findings were very recently confirmed in an experiment [97] involving both
in vivo rats and in vitro isolated muscles, where doxorubicin worsened grip strength and
latency to fatigue while pre-treatment with creatine fully prevented both harmful effects.

Thus, preclinical papers investigating the effects of creatine supplementation on
cardiac or muscular toxicity by anthracyclines reported improvement, both on cardiac
toxicity and on the associated muscle damage. We should emphasize that all of them
administered creatine before, not after, the challenge with anthracyclines.
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6.4. Effects of Phosphocreatine

Researchers investigated phosphocreatine, too, in anthracycline toxicity.
In in vivo rodents, adriamycin (the alternate name of doxorubicin) decreased the

expression of a micro-RNA (miRNA 378/378*) and of the calcium-binding protein calu-
menin, and both these effects were reversed by phosphocreatine [98]. Another group
from the same university later reported [99] that in in vitro rat cultured cardiomyocytes
incubation with phosphocreatine for 12 or 24 h before administration of doxorubicin pre-
vented the large mortality that the drug caused, an effect that the authors attributed to
a phosphocreatine-induced increase in the concentration of the calcium-binding protein
calumenin. Interestingly, in the latter paper the effect of phosphocreatine increased with
the duration of its perfusion before doxorubicin administration, and was not statistically
significant for an infusion time as short as 6 h.

As for clinical research on human patients, Parve et al. [100] reported the case of a
52 y.o. woman who had developed cardiomyopathy after doxorubicin and radiotherapy,
and whose cardiomyopathy improved after phosphocreatine treatment. A Cochrane review
of medical interventions for treating anthracycline-induced cardiotoxicity in childhood
cancer [101] quoted a paper, which I was not able to retrieve, that compared in 68 patients
treatment with phosphocreatine for 2 weeks with what was called a “control treatment”
(consisting of vitamin C, adenosine triphosphate, vitamin E and oral coenzyme Q10) in
anthracycline-induced cardiotoxicity. The Cochrane paper reported that this trial “found
no differences in overall survival, mortality due to heart failure, echocardiographic cardiac
function, and adverse events between treatment and control groups”. However, we
should note that both arms consisted of active treatments, and that apparently a control,
untreated group was not included. Thus, we cannot rule out the possibility that both
treatments (including phosphocreatine) were equally effective in reducing anthracycline-
induced cardiotoxicity.

Thus, treatment with phosphocreatine showed some encouraging preliminary data
that may warrant further research. However, we repeat that, as discussed above, it is
doubtful that phosphocreatine enters cells, thus its mechanisms of action are probably
unrelated to changes in the creatine-phosphocreatine complex (see above).

7. Concluding Remarks

The above data allow some conclusions to be drawn. Since such conclusions descend
strictly from all the above-discussed data, individual references will not be quoted again in
the ensuing paragraphs. Instead, the reader who looks for more details and references is
referred to the preceding sections of this paper.

In vitro studies suggest some improvement by creatine supplementation in the func-
tion even of the healthy heart; however, such improvements could not be confirmed in
in vivo studies of healthy subjects.

Creatine supplementation in the healthy heart is safe. Some harmful effects that were
reported in preclinical experiments on transgenic animals were consequent to very high in-
creases in creatine content, so high that they are not possible with creatine supplementation
alone. In fact, in vivo creatine supplementation increases cardiomyocyte content by about
11–28%, and no adverse events were observed when creatine increase was limited to 60%
of its basal value. Furthermore, extensive use of creatine in human placebo-controlled trials
have concluded that creatine supplementation is safe even at high doses and for extended
time, with the possible exception of subjects affected by kidney damage.

In heart failure creatine, phosphocreatine or both decrease in both animal and human
studies. The mechanisms for this decrease are both a decrease in the creatine transporter
that decreases uptake, and a consumption of phosphocreatine that attempts to prevent or
delay exhaustion of ATP.

The decrease in phosphocreatine in heart failure is highly clinically relevant, because
it causes a decreased contractility reserve of the myocardium and correlates with left
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ventricular ejection fraction. Phosphocreatine decrease is so clinically relevant that in
individual patients it is a predictor of mortality.

Thus, the above data provide a strong rationale to supplement with creatine the failing
heart, in an attempt to reverse the above-described harmful effects.

So far, studies of creatine supplementation in heart failure demonstrated encouraging
results, which warrant further investigations. Especially, it would be useful to understand
in which patients (presumably, those with the most marked decrease in creatine or phos-
phocreatine) creatine supplementation is useful. Such a study would require dosing cardiac
creatine in vivo using, for example, magnetic resonance spectroscopy, but it would be very
valuable and useful. Despite the described paucity of current evidence, and pending addi-
tional trials, creatine supplementation in heart failure may nevertheless be useful, at least
in selected patients, given (1) the additional evidence showing that in heart failure patients
creatine improves muscle strength and endurance, and (2) the evidence that demonstrates
that such creatine supplementation is feasible and safe. Pending additional trials, at least
heart failure patients in whom weakness and fatigue are prominent symptoms, and in
whom kidney function is normal, should trial creatine supplementation.

There is a strong rationale to use creatine supplementation in heart ischemia; however,
the majority of the studies so far have used phosphocreatine, not creatine, supplemen-
tation. Although the two molecules are obviously strictly related to each other, there is
currently no clear evidence that phosphocreatine can enter cells as creatine does. For this
reason, its mechanism of action is mostly unrelated to changes in the ergogenic creatine-
phosphocreatine system.

Antagonism of cardiac toxicity of the anti-tumor compounds belonging to the anthra-
cycline family is a novel, clinically relevant field where creatine supplementation may be
useful. Several studies suggest that anthracyclines damage the creatine-phosphocreatine
system by reducing the expression of the creatine transporter and by impairing the activity
of creatine kinase. Moreover, anthracycline cardiac toxicity is largely due to generation
of reacting oxygen and nitrogen species, therefore creatine may counter it because of its
anti-oxidant properties, too.

Studies on genetically modified rodents over-expressing the creatine transporter gave
conflicting results in the prevention of anthracycline toxicity. However, supplementation
with creatine before anthracycline administration has proved very effective in preventing
cardiac toxicity in preclinical studies, both in vitro and in vivo. Furthermore, supplemen-
tation with creatine before anthracycline challenge fully prevents the damage by these
compounds on skeletal muscle, both in vitro and in vivo. Thus, we should definitely carry
out clinical studies to investigate whether or not administration of creatine before a planned
anthracycline treatment is able to prevent or decrease the cardiac toxicity that currently
limits in a significant way the use of these important chemotherapy agents. In designing
such studies, we should bear in mind that creatine may be superior to other antioxidants
in clinical contexts because of its additional effects improving muscle anthracycline toxicity.
Phosphocreatine should also be further investigated; however, its mechanism of action is
probably unrelated to the ergogenic creatine-phosphocreatine system.

8. Scientific Significance and Translational Opportunities

From the scientific point of view, the value of a literature review consists of delivering a
comprehensive view of a clinical issue, in such a way as to put individual papers in a global
perspective that may suggest translational opportunities. The above-reported review
on creatine supplementation in the heart makes it possible to formulate the following
suggestions for clinical translation. Again, the reader should refer to the above paragraphs
for details and quotes. Please note that, as already stated, we discuss only supplementation
with creatine monohydrate, not with other forms of creatine.

1. In healthy hearts, there is currently no demonstration that creatine supplementa-
tion may improve cardiac function. However, creatine supplementation is safe,
with the possible exception of subjects with renal failure (elevated plasma creati-
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nine), thus fear of adverse events should not prevent willing subjects from trialing
creatine supplementation.

2. In heart failure, there is a decrease in the creatine content of the myocytes, and such
a decrease is highly relevant from the clinical point of view. Moreover, creatine
supplementation improves muscle function in these patients. Thus:

a. Creatine supplementation should be trialed in heart failure patients, especially
when weakness and fatigue are prominent symptoms.

b. Further research should correlate, in individual patients, creatine and phospho-
creatine content of the myocardium with the clinical benefits obtained from
supplementation.

3. Further research should be carried out on the effects of creatine supplementation in
heart ischemia.

4. Mitigation of anthracyclines toxicity is an unmet clinical need. Thus, treatment of
oncological patients with anthracyclines might even now be preceded by an adequate
period of creatine supplementation, possibly together with vitamins C and E, to
prevent chemotherapy toxicity both to the heart and to the muscle. Moreover, research
should be carried out in ample clinical cohorts to definitively determine the usefulness
of this supplementation in anthracyclines chemotherapy.
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Abstract: Creatine is an organic compound, consumed exogenously in the diet and synthesized
endogenously via an intricate inter-organ process. Functioning in conjunction with creatine kinase,
creatine has long been known for its pivotal role in cellular energy provision and energy shuttling.
In addition to the abundance of evidence supporting the ergogenic benefits of creatine supplemen-
tation, recent evidence suggests a far broader application for creatine within various myopathies,
neurodegenerative diseases, and other pathologies. Furthermore, creatine has been found to exhibit
non-energy related properties, contributing as a possible direct and in-direct antioxidant and eliciting
anti-inflammatory effects. In spite of the new clinical success of supplemental creatine, there is little
scientific insight into the potential effects of creatine on cardiovascular disease (CVD), the leading
cause of mortality. Taking into consideration the non-energy related actions of creatine, highlighted
in this review, it can be speculated that creatine supplementation may serve as an adjuvant therapy
for the management of vascular health in at-risk populations. This review, therefore, not only aims to
summarize the current literature surrounding creatine and vascular health, but to also shed light
onto the potential mechanisms in which creatine may be able to serve as a beneficial supplement
capable of imparting vascular-protective properties and promoting vascular health.

Keywords: creatine; vascular pathology; cardiovascular disease; oxidative stress; vascular health

1. Introduction

According to the World Health Organization (WHO), since the 1970s, cardiovascular
disease (CVD) has steadily remained the leading cause of mortality in developed countries
around the world, taking an estimated 17.9 million lives every year. Within the United
States (US) alone, it has been estimated that around 655,000 deaths occur annually due to
CVDs [1]. The American Heart Association (AHA) reported that more than 43.7 million
adults aged >60 years suffered from at least one or more CVD in 2016, with around two
thirds of CVD deaths occurring in those aged >75 years [2]. Furthermore, the AHA predicts
that without effective intervention 40% of US adults will have one or more CVDs by
2030 [3], placing a substantial financial strain on the healthcare system. Not forgoing the
economic impact imparted by the 2020 worldwide coronavirus pandemic, the national
healthcare expenditure projections to account for CVDs alone has been estimated to further
rise to ~USD 5.7 trillion by 2026 [4]. Furthermore, CVD additionally has a major impact
upon wellbeing and individual quality of life, with the incidence of CVD being closely
associated with an increased risk of depression [5,6] and the reduction in ability to perform
activities of daily living [7]. Considering the multidisciplinary impact of CVD, effective
interventions and therapies are clearly warranted. In an attempt to avoid the reliance upon
pharmaceuticals and often invasive surgical procedures, naturally derived therapies have
grown in popularity for the prevention and management of CVD. Common examples
can include nutritional choices such as the ingestion of nutrient dense, antioxidant rich
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“super foods” or dietary supplements. While multivitamins, fruits and vegetables are
commonly praised for their contributions to health, there is growing evidence that suggests
creatine supplementation may also serve as a potential nutritional adjuvant therapy [8,9].
This naturally occurring amino-acid derivative, often taken for its benefits to skeletal
muscle, has been shown to serve as an anti-inflammatory and an antioxidant, among other
advantageous properties [9]. These properties suggest creatine has potential to attenuate
the detrimental characteristics of CVD.

CVD is an umbrella term used to denote a variety of pathological disorders of the
heart and or the vessels that stem through the body and vascularize all tissues and organs.
Although both the heart and vessels work collectively to function as the cardiovascular
system, pathophysiological changes in either the heart or vasculature can independently
contribute to the development of CVD. Common vascular-specific pathologies can include
coronary artery disease, stroke, atherosclerosis, hypertension, and peripheral artery disease.
Despite all being classified under a common umbrella term, the pathological etiology of
each is multifactorial, with numerous risk factors contributing to the development and
severity of each. Major examples of well recognized risk factors include dyslipidemia,
hypertension, systemic inflammation, obesity, diabetes, tobacco use, lack of physical
activity, and alcohol abuse; all of which represent more than 90% of the CVD risks in current
epidemiological studies [10]. Physiologically speaking, vascular pathologies are commonly
characterized by deteriorations in vascular integrity or alterations in vessel structure. Vessel
walls can be described as consisting of three structurally distinct layers, or tunicas [11]. The
tunica intima is the inner most layer lining the entire vascular system, consisting of flattened
endothelial cells (ECs) arranged in a longitudinal manner in the direction of blood flow [11].
The tunica media provides vasotone, mechanical strength and contractile power, by which
these properties are provided by the presence of vascular smooth muscle cells (VSMCs),
embedded in an intricate network of elastin and collagen [12]. Finally, the tunica adventitia
is the outermost layer and provides structure whilst anchoring vessels to surrounding
tissues [11]. All vessels, with the exception of the capillaries found in the microvasculature,
have varying degrees of each layer in accordance to their function and location. Any
disturbance in these layers however can lead to cellular dysfunction and consequential
challenges to vessel health and the development of vascular pathologies [13]. Some of the
most common deteriorations seen in vessel structure include arterial wall thickening, wall
enlargement, arterial stiffening, endothelial dysfunction, and inflammation [14–17]; all of
which are further augmented by the risk factors previously mentioned.

It can be confidently concluded that the maintenance of healthy vasculature is paramount
for longevity, which is in part why vascular pathology remains the leading cause of
mortality in the world. Maintenance of the inner most ECs, found lining the vessels of the
vascular system, has been found to be integral to overall vascular health and reduced risk
of future adverse cardiovascular events [18–20]. ECs contribute to the delicate control and
homeostasis of the vascular system, adapting to hormonal [21], mechanical [22], and neural
stimuli [23] to sustain vascular function. ECs additionally contribute to fluid filtration,
control of vasomotor tone via the release and synthesis of vasoactive factors such as nitric
oxide (NO), regulation of both local and global blood flow, regulation of blood pressure,
hemostasis, hormone trafficking, angiogenesis, immune response and inflammation [17,24].
Despite their complex contribution to vascular health, ECs are delicate and can be easily
damaged by varying factors such as free radicals or reaction oxygen species (ROS) [25]
and chronic inflammation [26], both of which can be augmented by, or a result of, risk
factors such as dyslipidemia [27], hyperglycemia [28], tobacco use [29], alcohol abuse [30],
obesity [31], and unfortunately the inevitable process of aging [32]. Any damage suffered
can result in adverse alterations to endothelial physiology, consequentially leading to
endothelial dysfunction (ED). ED can be characterized by a reduction in the bioavailability
of NO, a potent vasoactive compound, which leads to the impairment of endothelium-
dependent vasodilation often seen underlining many, if not all, CVDs [15]. Furthermore, ED
often leads to ECs frequently expressing and releasing more procoagulation factors, shifting
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what would be a hemostatic balance towards a more prothrombotic and proinflammatory
state [17], all of which similarly underly a multitude of CVDs [33].

2. Combatting the Development of Vascular Pathology

While modern advances in medicine and pharmaceuticals such as blood thinners
(anticoagulants), angiotensin-converting enzyme (ACE) inhibitors, beta-blockers, and
diuretics have been shown to be effective for the management of vascular pathologies and
CVDs, these are not without their limitations. Many medications come with inherent risk
of side effects such as dizziness, constipation or diarrhea, skin irritations and excessive
bleeding. These side effects, in addition to the financial costs commonly associated with
prescriptions, often hinders the medical adherence of many consumers. A Keiser Family
Foundation data note published in 2019 regarding prescription drugs in older adults,
reported that 76% of older adults believe prescription medication cost is unreasonable,
with 23% reporting difficulty in affording their prescribed medications [34]. Perhaps more
shockingly, about one in five older adults (21%) reported not taking their medication
as prescribed due to costs, with over half of these individuals not even informing their
doctor or health care provider. Taking this data into consideration, despite the ability of
pharmaceuticals to help manage the pathological characteristics of vascular diseases, it
could be argued that other, or adjuvant, interventional strategies are comparably important
to offer those at who are at risk of, or suffering from, vascular diseases or CVDs in general.

With the noted limitations of pharmaceuticals, the consumption of dietary nutritional
supplements, or the use of nutraceuticals or functional “super” foods, has increasingly
grown in popularity and is utilized by many individuals to help promote health and
wellbeing [35]. In the Council for Responsible Nutrition 2018 consumer survey, 75% of US
adults reported taking some form of dietary supplement to either benefit overall wellness,
fill nutrient gaps, promote bone health, benefit heart health, support healthy aging, and
or to aid in joint health [35]. Some common “superfoods” reporting significant benefits
to cardiovascular health include fruits and vegetables high in vitamin C, polyphenols,
carotenoids and lycopene (citrus fruits, blueberries, red peppers, melon, strawberries,
carrots, tomatoes), nuts and peanuts (walnuts, almonds), and whole grains [36]. Other
dietary supplements applauded for their vascular benefits include l-arginine [37,38], co-
enzyme Q10 [39,40], nitrites [41], tetrahydrobiopterin (BH4) [42], and l-citrulline [43].
Literature suggests that it is the vitamin richness, nutrient density, and antioxidant capacity
of many of these that contribute to the benefits often reported [36,44–46].

Creatine is known as an efficacious and widely popular ergogenic supplement, often
taken to help enhance energy stores and the buffering capacity of skeletal muscle during
high-intensity exercises. Although a popular supplement, creatine can be found naturally
in meat and fish sources, with creatine content ranging between 3–5 g/kg of raw meat [47].
Despite being found naturally, to achieve the typical 20 g/day “loading” amount of creatine
necessary to quickly increase skeletal muscle stores [48,49], one would have to consume
approximately 4 kg of meat per day. This high meat intake, for some, could be difficult to
achieve due to dietary concerns, high calorie intake, cost, or other concerns such as the
inherent high fat intake. Due to these factors, creatine is now synthetically produced and
remains one of the most commonly consumed supplements [50]. Creatine monohydrate
was one of the earliest forms of synthetic creatine, first marketed in 1990s, and remains the
most commonly consumed and utilized form of creatine in scientific literature [50]. Other
forms of creatine however have been marketed with varying claims of superior absorption,
chemical and physiological properties, although these claims are often unsupported [50].
Examples of other marketed creatine analogs include creatine ethyl ester, creatine malate,
creatine pyruvate, and sodium creatine phosphate; all of which have a lower creatine con-
tent percent than creatine monohydrate [50]. For the sake of this review, when discussing
varying studies, the term “supplemental creatine” will denote the investigator’s use of
creatine monohydrate. The use of another form, if used, will be noted where necessary.
In addition to the known ergogenic benefits of creatine monohydrate [49,51], recent ev-
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idence also supports the ability of creatine to exhibit other non-energy related benefits,
aiding in the attenuation of risk factors that are associated with vascular pathology. As
aforementioned earlier, the accumulation of ROS is closely associated with a deterioration
in EC health and vascular integrity. Although primarily in vitro data, there is evidence to
suggest that creatine may serve as both a direct- and indirect-antioxidant [52,53], which
could benefit vascular and EC health through ROS reduction. Furthermore, creatine has
also been shown to serve as an anti-inflammatory agent [54], reducing EC damage in-
duced by chronic and exercise induced inflammation. In addition to these, there is also
evidence to suggest that creatine can help manage dyslipidemia [55,56], improve glycemic
control [57], and improve mitochondrial function [58], all of which have been found to
characterize vascular pathologies. It is due to, in part, these non-energy related properties
that researchers believe is why creatine has shown such promise in other clinical popu-
lations such as those suffering from metabolic [57,59], muscular [60,61] and neurological
diseases [62–64]. In addition to all the reported beneficial and pleiotropic properties of
creatine, creatine supplementation also exhibits an excellent safety profile, with minimal
reported side effects after acute or chronic supplementation, in moderate or large doses, in
a variety of populations from young to old [49,65].

Despite the evidence supporting creatine’s application as an ergogenic aid, as a poten-
tial adjuvant role in the management of varying pathologies, and its ability to influence
other disease risk factors, there is scarce scientific insight into the possible application of
creatine for the improvement of vascular health and CVD. Taking into consideration that
creatine has been found to elicit non-energy related benefits, such as reducing damaging
free radicals and ROS, reducing inflammation, reducing mitochondria-specific ROS, and
possibly reducing circulating levels of homocysteine [56,66], all of which have been sci-
entifically linked closely to vascular disease [67–69], there may be mechanisms by which
creatine could potentially impact vascular health. Furthermore, the lack of clinical trials in
this area highlights a major gap in the creatine literature. Although the exact mechanisms
by which creatine exerts these non-energy-related benefits are still relatively speculative,
with CVD remaining the leading cause of mortality and the clear untapped potential of
creatine, there is a need for further research and insight into the more novel applications
and functions of creatine supplementation.

The following sections of this review aim to outline the current literature available
regarding creatine’s application for vascular health and function, in addition to potential
mechanisms by which creatine may contribute towards vascular health.

3. Existing Research on the Effects of Creatine Supplementation and Vascular Health

Since its isolation and extraction from skeletal muscle in 1832 by French chemist
Michel Eugène Chevreul, the metabolic, ergogenic and physiological application of creatine
has been extensively researched. Despite the recently found exciting potential of creatine
to serve as an adjuvant therapy in varying clinical applications, in addition to the variety
of non-energy-related properties that collectively highlight the expansive value of creatine,
there have been few studies investigating the role of creatine for vascular health. Following
an extensive literature search, we found only four clinical studies that reported investigating
the direct impact of creatine supplementation on vascular health and function. Two of
these studies [70,71] primarily looked at creatine’s impact upon the macrovasculature,
specifically pertaining to the larger blood vessels such as the aorta and sizeable arteries
in the brain and limbs; whereas, the remaining two studies [55,56] looked primarily at
the impact of creatine on the microvasculature, the portion of the vascular system that is
composed of the smallest vessels such as the arterioles and capillaries.

3.1. Creatine and the Macrovasculature

Arciero et al. [70] was among the first to investigate the impact of creatine, taken
either alone or in combination with resistance training, on blood flow of the lower leg
(calf) and forearm. This randomized, double-blind, placebo-controlled study allocated
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30 healthy male participants into one of three major groups: creatine only, creatine +
resistance training, and placebo + resistance training. Both creatine and placebo (dextrose)
supplementation protocols consisted of 20 g/day for the first 5 days, followed by 23 days
of 10 g/day. To determine the resulting impact of supplement and/or training on blood
flow, Arciero utilized the method of venous occlusion plethysmography, in which changes
in limb circumference in response to rapid occlusion and reperfusion are indicative of
limb blood flow, calculated as mL·100 mL−1·min−1. Following creatine supplementation,
the authors reported a significant increase in both calf and forearm blood flow; however,
these changes were seen only in the creatine + resistance training group and not in the
creatine alone or placebo group. Considering that effects were only significant when
supplementation was taken in combination with resistance training, the authors concluded
that these novel results indicate a “synergistic” interplay, or “additive” effect. Although
these findings support those of other studies, indicating that the benefits of supplements
are often augmented when used in combination with other physical interventions [72,73],
Arciero’s reported findings when taken alone provide no definitive evidence to suggest
that creatine could independently benefit vascular health.

Similarly, in a double-blind placebo-controlled study, Sanchez-Gonzalez et al. [71]
looked to determine the effect of three weeks of creatine supplementation (2 × 5 g/day), in
comparison to a maltodextrin placebo, on hemodynamic and arterial stiffness responses
after acute isokinetic exercise in 16 healthy young males. To determine hemodynamic
responses, heart rate was monitored continuously using bipolar electrocardiogram (ECG),
and arterial stiffness was assessed using the current non-invasive gold standard method,
pulse wave velocity (PWV) [74]. Authors reported that following the 21-day supplement
period, creatine attenuated the increase in systolic blood pressure (SBP) 5 min post-exercise,
and heart rate response at both 5- and 15-min post-exercise. It was also reported that
creatine suppressed the increase in brachial-ankle PWV (baPWV) following the fatiguing
bout of isokinetic exercise, and that those in the creatine group displayed a faster return
of heart rate to resting values in comparison to those in the placebo group. The authors
concluded that creatine supplementation contributed to improved hemodynamic and
vascular responses to acute isokinetic bouts of exercise. Although no direct mechanisms
were assessed, this effect was speculated to be due to a reduction in left ventricle afterload
and reduced muscle ammonia and lactic acid production, which would have otherwise led
to sympathetic-mediated increases in heart rate and blood pressures [75]. As previously
mentioned, increases in arterial stiffness often indicate the presence of impaired arterial
wall health and is a major contributor to the development of CVD; therefore, these results
suggest a potential benefit of creatine supplementation for vascular health. Furthermore,
heart rate recovery time following exercise is a powerful indicator of overall mortality [76],
again suggesting a benefit of creatine to cardiovascular health. These findings are in
contrast to that of Arciero et al.

3.2. Creatine and the Microvasculature

Moraes et al. [55] was the first to investigate the impact of creatine supplementation
on the systemic microcirculation, rather than macrocirculation. Moraes investigated the
effect of one week of 20 g/day micronized creatine, a commonly utilized “loading” pro-
tocol [49,77], on systemic microcirculation, microvascular reactivity, and skin capillary
density in young healthy males. In addition to microvascular assessments, Moraes also re-
ported on the impact of creatine on blood lipids such as low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C) and total cholesterol, all of which
have documented associations with CVD risk [78]. Furthermore, circulating homocysteine
levels were assessed, a sulfhydryl-containing amino acid known to adversely impact vas-
cular health and increase CVD risk [79]. Following supplementation, authors reported no
significant impact upon circulating homocysteine levels; however, a significant reduction
was seen in both total cholesterol and low-density lipoprotein cholesterol (LDL-C). It was
further reported that creatine significantly increased skin functional capillary density and
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recruitment post-occlusive reactive hyperemia, and that cutaneous microvascular vasodi-
lation induced by hyperemia also increased. Despite being extremely novel at the time,
this study was not without its limitations. For example, this study lacked a true control
group or placebo, was open label in that all participants were aware of the supplement they
were receiving, and assessed variables following a relatively short time frame of creatine
supplementation. Despite these noted limitations however, the improvements found by
Moraes hold great promise and suggest potential vascular-protective properties for creatine.
As mentioned previously in this review, the functional ability of ECs to synthesize and
release potent vasoactive compounds to control vasomotor tone is vital for the management
of blood flow, blood distribution, and blood pressures. The inability of ECs to release va-
soactive agents such as NO, or to generate endothelium-derived hyperpolarization factors
(EDHFs) to induce vasodilation, is a common underlining characteristic of a multitude of
vascular pathologies [80,81]. Moraes et al. demonstrated here that following even only
an acute period of creatine supplementation, microvascular reactivity and recruitment
significantly improved, indicating improvements in EC function and possible increases
in upstream contribution. Not to forget as well, creatine demonstrated the potential to
lower both LDL-C and total cholesterol, both of which positively impact vascular health
and reduce CVD risk [82]. Although no direct mechanisms by which creatine may have
imparted these vascular benefits was assessed or reported, these findings still remain
promising and bolster the need for further investigation into new novel mechanisms by
which creatine may operate.

Van Bavel et al. [56] further studied the effect of creatine supplementation on the
microvasculature, but chose to only include participants that followed a strict vegan diet
that was rich in fruits and vegetables and void of any animal-derived foods. Considering
that creatine is naturally found in meats and fish, it has been shown that those following
a vegetarian or vegan diet present with substantially lower creatine stores than those
ingesting an omnivorous diet [83]. Therefore, there is speculation that vegetarians or
vegans may benefit from creatine to a greater extent, due to the potential to store more
creatine during supplementation [83]. For this single-blinded, randomized study by Van
Bavel et al., forty-nine vegan subjects aged between 20 and 45 years were separated into
one of two major groups: creatine group (5 g/day for three weeks) or placebo group
(5 g/day maltodextrin for three weeks). Similar to Moraes et al., blood specimens were
collected before and after supplementation to determine any alterations in blood lipids
(total cholesterol, LDL-C and HDL-C) and homocysteine. To determine the impact of
supplementation on the microvasculature, laser speckle imaging with acetylcholine (ACh)
skin iontophoresis was used to assess cutaneous microvascular reactivity, and intravital
video-microscopy was used to measure skin capillary density and reactivity at both rest
and following post-occlusive reactive hyperemia. The authors reported a reduction in
homocysteine following creatine, however this was only reported in those previously
presenting with elevated levels of homocysteine (hyperhomocysteinemia). Although
regarded as statistically insignificant, there was also a trend towards the reduction in
LDL-C and total cholesterol in those who ingested the creatine supplementation. In regard
to the microvasculature, the authors reported that the basal capillary density of the creatine
group was significantly increased in comparison to the placebo group. Furthermore, the
authors reported a significant increase in capillary recruitment following post-occlusive
reactive hyperemia for those in the creatine group but not those in the placebo group.
These findings further support those reported by Moraes. Despite these promising results,
the authors did not assess specific mechanisms by which creatine may have yielded
these microvascular benefits. However, it was proposed in the concluding remarks that
reductions in vascular oxidative stress (reduction in ROS) may have resulted in these
vascular benefits; however, no biomarkers of oxidative stress were measured. Despite the
lack of knowledge regarding creatine’s mechanistic contribution to vascular improvements,
these findings further support the proposition that creatine may possess vascular-protective
properties.
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The four above-mentioned clinical trials are the only studies to directly explore the
effect of creatine on the vasculature, utilizing laboratory methods that are vascular-specific,
such as PWV, venous occlusion plethysmography, laser speckle imaging and microscopy.
Despite the scarcity of studies, Sanchez-Gonzalez et al., Moraes et al., and Van Bavel et al.
all reported significant improvements in vascular variables following creatine supplemen-
tation regimens that ranged from 7–21 days, during which time participants consumed
100–210 g of creatine in total over the entire 7–21 days. Furthermore, even though benefits
were not reported by Arciero et al. following creatine supplementation alone, there was a
noticeable and significant synergistic improvement when this supplement was combined
with resistance training. It is also important to highlight the primary commonality, and pos-
sible limitations, shared between these studies, in that all studies utilized relatively young,
healthy individuals as study subjects. Although the development of vascular pathology
and CVDs are multifactorial and can be influenced by a variety of lifestyle factors, the
primary unmodifiable risk factor for CVD is age [84,85], hence the vast proportion of CVD
deaths occurring in those aged 75 years and above [2]. Therefore, when considering the
integrity of the cardiovascular system of these young, healthy individuals, it seems justified
to assume that no vascular dysfunction, or need for improvement, was even present prior
to study involvement. Thus, if these authors reported benefits to the vasculature, albeit
minor but statistically significant, in this young demographic, one could argue that the
benefits of creatine may be even greater when applied in a population already at risk of
vascular dysfunction (chronic smokers, elderly, post-menopausal women), or those suffer-
ing from CVDs already. Hence, there is a clear need for further, more population-specific,
investigation into the potential of creatine to benefit vascular health.

4. The Presence and Function of Creatine within the Vascular Endothelium

Prior to proposing potential mechanisms by which creatine may be able to serve as a
therapeutic supplement for vascular health, it is important to note the presence of creatine
and its functional constituents within the vascular endothelium specifically.

Creatine that has either been consumed naturally via the diet or through supplemen-
tation is actively absorbed across cell membranes into the intracellular compartments via a
creatine transporter (CRT), also known as SLC6A8. This transporter is sodium-(Na+) and
chloride-(Cl−) dependent, requiring at least two Na+ ions and one Cl− ion for the transport
of one creatine molecule [86]. Although the vast majority of creatine stores can be found
within human skeletal muscle (~95%) [49], the presence of the CRT has been identified on
enterocytes [87], kidney epithelial cells [88], the blood–brain barrier [89], and the ECs that
line the vascular system [90]. Once located intracellularly, creatine can exist either in a free
form or in a phosphorylated form, phosphocreatine (PCr). Both creatine and PCr, together
with globally present creatine kinase (CK) isoenzymes, function as high-energy compounds
crucial for cellular metabolism, working as the known creatine-phosphocreatine system
(Cr-PCr system) [9]. In short, during cases of low cellular adenosine triphosphate (ATP)
levels or high energy demand, CK will catalyze the transfer of the N-phosphoryl group
from PCr to adenosine diphosphate (ADP) to resynthesize ATP and replenish the cells in-
tracellular ATP pool. Conversely, when ATP production from either glycolytic or oxidative
pathways are greater than ATP utilization, CK can function in reverse to capture and store
this cellular energy by replenishing PCr stores. For further, more in-depth information
regarding the cellular intricacies of the creatine system, readers are encouraged to read
reviews by Wallimann et al. [91] and Persky and Brazeau [92]. In addition to its role
as a temporal high-energy phosphate buffer, considering the complexity and variety of
CK isoenzymes and their subcellular compartmentalization and distribution, the Cr-PCr
system is also believed to function as a spatial high-energy shuttle. This shuttle serves
to quickly, and efficiently, shuttle high-energy phosphates (potential energy) between
sites of ATP production (such as the mitochondrial electron transport chain) and sites of
ATP utilization (such as ATP-gated ion channels, ATP-regulated receptors, ATP-regulated
ion pumps; contractile processes, cell motility, cell signaling, or organelle transport [93]).
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Taking into consideration the complexity and vast functionality of the Cr-PCr system, it is
clear that creatine plays a vital role in cellular function.

Decking et al. [90] investigated the importance and functional aspects of CK isoen-
zymes in a variety of ECs throughout the vascular system. Using both the ECs of the aorta
(AECs) and the microvasculature (MVECs) of pigs and rats, Decking looked to assess the
presence of varying CK isoenzymes in each subtype of ECs, the intracellular concentration
of energy phosphates, and the function of CK isoenzymes during substrate depletion. First
and foremost, supporting that of other studies [94,95], Decking reported that each variety
of EC demonstrated the ability to take up creatine from the medium, thus indicating the
presence and function of an EC-CRT. Through the use of phosphorus-31 nuclear mag-
netic resonance (31P-NMR) spectroscopy to monitor cellular energy status, Decking also
illustrated that porcine AECs contained a considerable amount of PCr, which suggested
the presence of cytosolic CKs. Furthermore, when incubated in a creatine-rich medium,
AEC concentrations of PCr increased, thus confirming the presence of a CRT and Cr-PCr
system. Interestingly, when the medium was devoid of creatine, PCr accumulation rate
was reduced by >90%. Decking had ultimately demonstrated not only the presence of
PCr in both types of ECs, but that these concentrations were reversible, thereby indicating
intricate intracellular control of energy substrates via a CK pathway. In regard to specific
isoenzymes, Decking reported only the brain-brain CK (BB-CK) isoenzyme being present
in the cytosol of cultured macro- and micro-ECs. However, both rat and pig ECs presented
with mitochondria-specific CKs (Mt-CKs). Taking into consideration the finding of both a
cytosolic CK and mitochondrial CK, Decking concluded that this strongly suggested the
presence of an active Cr-PCr system, or energy shuttle between compartments. Although
the expression and activity of CK and the Cr-PCr system varies between vascular beds, this
pioneering research supports the presence and function of creatine and the Cr-PCr system
within the vasculature. Other notable studies that complement the findings of Decking
et al., supporting the presence and function of creatine, CRT and CK in ECs, include those
by Loike et al. [96], Nomura et al. [54], and Sestili et al. [97].

5. Possible Application of Creatine for the Promotion of Vascular Health

Taking into consideration the additional non-energy related properties of creatine,
and the beneficial application of this supplement within other pathologies [98,99], there is
evidence to suggest that creatine may contribute to other novel mechanisms which could
therapeutically benefit vascular health. However, scientific evidence of potential novel
mechanisms is sparse. The following sections provide a unique perspective on creatine,
highlighting some promising properties of creatine that may contribute to vascular health
in a novel way, such as the impact of creatine on oxidative stress, nitric oxide (NO) and
endothelial nitric oxide synthase (eNOS), endothelium-derived hyperpolarization factors
(EDHFs), endothelial cell integrity, and the protection of cellular deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA).

5.1. Creatine, Oxidative Stress and Nitric Oxide Bioavailability

Oxidative stress is a pathological state of imbalance between the production of dam-
aging free radicals and their removal by antioxidant defenses [100]. The highly reactive,
unstable free radicals that characterize oxidative stress can be formed from many com-
pounds including oxygen and nitrogen, forming reactive oxygen species (ROS) and reactive
nitrogen species (RNS), respectively; or, reactive oxygen and nitrogen species (RONS) col-
lectively [101]. Unsurprisingly, the presence or progressive accumulation of oxidative stress
has been found to underline a multitude of diseases, including CVDs such as hypertension,
atherosclerosis, and stroke [67]. Furthermore, other notable lifestyle risk factors that are
closely associated with CVD such as smoking, alcohol abuse, lack of physical activity,
and poor diet (high fat intake) [10], similarly contribute to the production of harmful free
radicals [102]. Free radicals, being inherently unstable, often steal electrons from other
biomolecules to satisfy their need for valent shell completion. As a consequence of this,
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lipids, proteins, carbohydrates, RNA and even DNA can become oxidized (loss of an
electron), which alters their structure and often renders them dysfunctional. Fortunately,
biologically we possess an intricate antioxidant system poised to protect, quench and to
reduce the accumulation of free radicals before they can impose their harmful effects. The
antioxidant system is diverse in nature, expressing both enzymatic and non-enzymatic
processes which function to either directly or in indirectly reduce free radicals. However, de-
spite these natural defenses, the antioxidant system has been shown to slowly diminish and
become overwhelmed as a result of biological aging [103], in addition to being significantly
impaired by certain factors such as smoking [104], poor nutrition [105] and lack of physical
activity [106]. Despite the lifelong pressure put upon our antioxidant defenses, fortunately
antioxidants also exist in a variety of natural sources that we can ingest through our diet.
For example, foods rich in polyphenols [107], carotenoids [108], lycopene [109], vitamins
(A, C and E) [110], and flavonoids [111], have all been shown to support the body’s natural
antioxidant defenses. It is due to the benefit of these naturally occurring antioxidants that
antioxidant-containing foods and supplements have been well researched [44,112,113] and
used as a therapeutic strategy for the treatment of many diseases. It is important to note
that antioxidant supplementation, as with medications and other therapies, is not without
limitations. Despite promising in vitro data and the emphasis put upon positive clinical
trials, other clinical research has produced few promising results, reporting a variation in
effectiveness between diseases and populations, with further issues surrounding individual
antioxidant bioavailability and metabolism [114,115]. Therefore, although supplemental
antioxidant protection is theoretically sound and physiological promising, further clinical
research is still required to expand this field.

Considering the above findings, the question that remains is where does creatine
supplementation fit into the realm of antioxidant defenses against oxidative stress, and
ultimately improvement in vascular health? Despite creatine being structurally different
from other natural antioxidants, and rarely being marketed as a potential antioxidant, there
is evidence to suggest that creatine may possess both in-direct and direct-antioxidant prop-
erties [9,52,53]. For an in-depth perspective on creatine and its antioxidant potential readers
are suggested to read that by Sestili et al. [53]. Matthews et al. [62] was one of the first to
investigate the potential of creatine to protect against oxidative stress and neurotoxicity in-
duced by intrastriatal injections of malonate or intraperitoneal injections of nitropropionic
acid (3-NP), an animal model of Huntington’s disease. It was first reported that following
two weeks of 1% dietary creatine supplementation, PCr concentrations within striatal
slices significantly increased, suggesting the presence of a CRT and the ability of creatine
supplementation to increase brain stores of energy metabolites. Furthermore, the authors re-
ported that those animals consuming creatine for just two weeks had significantly reduced
striatal lesions following both malonate and 3-NP neurotoxicity, suggesting significant
neuroprotection. Finally, Matthews reported that creatine reduced markers of hydroxyl
(·OH) free radical generation. These findings led to the first postulation that creatine
may infer antioxidant-like properties. Following this study, Lawler et al. [52] investigated
the direct antioxidant properties of creatine. Lawler, using a highly controlled acellular
setting, looked to determine the impact of varying doses of creatine on five ROS systems:
xanthine oxidase for superoxide anions (O2

−), hydrogen peroxide (H2O2), peroxynitrite
(ONOO−), lipid peroxidation, removal of 2,2′-azino-bis3-ethylbenzothiazoline-6-sulphonic
acid (ABTS+) cation radical, and tert-butyl-hydroperoxide (tBOOH). Antioxidant scav-
enging capacity (ASC) was also assessed. Following these experiments, authors reported
that creatine exhibited significant oxidant scavenging potential of ionized radicals such
as ABTS+, O2

−, and ONOO–. Furthermore, there was a direct dose–response relationship
found between creatine and total ASC. All in all, despite being in a controlled acellular
setting, Lawler was the first to show the direct antioxidant potential of creatine, thereby
sparking the need and interest of further research both in vivo and in vitro. To approach
the issue regarding the need for further in vitro data, Sestili et al. [97] investigated the
ability of creatine to serve as an antioxidant within animal (murine myoblasts–C2C12)
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and human (promonocytic–U937; umbilical vein endothelial cells–HUVECs) cultured cell
lines that were oxidatively injured with H2O2, tBOOH, and ONOO−. Sestili reported
that creatine treatment significantly reduced the cytotoxic effects of all oxidative stressors,
consequently increasing cell vitality. Supporting that previously found by Lawler, Sestili
also reported a significant dose-dependent effect. Although no exact mechanism was
offered by Sestili, it is interesting to note that cellular concentrations of creatine increased
following supplementation, but had no impact upon antioxidant enzymes. Furthermore,
the antioxidant effects of creatine were abolished following the addition of a CRT inhibitor,
β-guanidinopropionic acid. This excitingly suggests that creatine offered these antioxidant
effects directly and were dependent upon intracellular creatine concentrations. In addition
to the promising findings outlined above, other studies that similarly support the ability
of creatine to protect and serve as an antioxidant include that by Fimognari et al. [116],
Rambo et al. [117], Sestili et al. [118], and Hosamani et al. [119].

Although the above aforementioned studies all elude to the ability of creatine to
serve as an antioxidant, most studies utilized oxidative stressors that were externally
derived (i.e., controlled in the experiment, added to the medium, added to the cell lines).
Meyer et al. [58] however, looked to determine whether creatine could directly serve as
an antioxidant against one of the largest contributing sources of ROS in the body, the
mitochondria. Mitochondria are complex organelles whose primary function is respiration,
or oxidative phosphorylation, promoting energy production in the form of ATP through a
series of intermittent stages termed the electron transport chain (ETC). Both O2

− and H2O2
are produced following the leakage of electrons from varying redox centers of the ETC and
other associated metabolic enzymes. Eleven distinct mitochondrial sites of O2

− and/or
H2O2 production have been identified, each with unique properties and contributing
to mitochondrial ROS (mtROS) formation in varying amounts [120]. Although, in small
amounts, mtROS is necessary for certain physiological processes such as cell signaling [120],
high production or accumulation of mtROS has been closely associated with cell death
(apoptosis) and cellular energy dysfunction, and has been shown to be associated with a
multitude of vascular pathologies such as atherosclerosis, stroke, and hypertension [67].
The rate of mtROS production has been found to be dependent upon mitochondrial
membrane potential, cellular PCr/Cr ratios, and adenine concentrations [121]. Adequate
creatine availability and functional mitochondrial creatine kinases (mt-CK) have similarly
been found to be necessary for the maintenance of ADP/ATP ratios that are favorable
for the respiratory chain to proceed at sustainable, low ROS producing rates [58]. Meyer
et al. was the first to show that exogenous creatine supplementation was capable of
stimulating efficient mt-CK function, through the augmentation of cellular PCr/Cr ratios
and stabilization of cellular ADP/ATP ratios. These collectively led to a reduction in
H2O2 production through mt-CK-dependent ADP recycling in adult male Wistar rats. An
additional study by Barbieri et al. [122] also demonstrated the protective effect of creatine
supplementation upon the mitochondrial membrane potential, thereby sustaining the
efficiency and integrity of the mitochondria in oxidatively injured (H2O2 treated) C2C12
mouse myoblasts. All in all, these findings support the ability of creatine to not only serve
as an antioxidant, but to also successfully reduce ROS production by facilitating healthy
mitochondrial function, which could therefore help reduce the risk of developing vascular
pathologies.

Despite the growing body of knowledge around creatine as an antioxidant, very few
studies have looked at the ability of creatine to exhibit these same properties in humans.
Rahimi et al. [123] investigated the effect of creatine supplementation (4 × 5 g/day for
7 days) on exercise-induced oxidative stress following an acute bout of resistance exercise.
This double-blind, placebo-controlled study utilized twenty-seven healthy young men, and
assessed oxidative stress through plasma malondialdehyde (MDA) and urinary 8-hydroxy-
2-deoxyguanosine (8-OHdG) immediately and 24-h post exercise. Rahimi reported that
those supplemented with creatine presented with significantly lower markers of 8-OHdG
immediately and 24-h post exercise, in comparison to placebo. Furthermore, plasma
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MDA concentrations were significantly higher in the placebo group post exercise. Rahimi
concluded that these results supported the ability of creatine to reduce oxidative damage
induced by acute resistance exercise. Despite these promising findings, however, further
research is still needed to fully determine the application of creatine as an antioxidant in
humans specifically.

Taking into consideration that many, if not all, CVDs are characterized by oxidative
stress and the subsequent vascular dysfunction [67,113,124–126], the ability of supplemen-
tal creatine to potentially serve as an antioxidant is just one of the novel ways in which it
may be able to benefit vascular health. Further expanding upon the promising implication
that creatine may serve against oxidative stress, it could be proposed that creatine could
benefit vascular health through its impact on nitric oxide (NO) and endothelial nitric oxide
synthase (eNOS).

One of the primary functions of healthy vascular ECs is to synthesize and release
vasoactive factors to aid in the control of vasomotor tone, stimulating vasodilation or
vasoconstriction to sustain healthy blood flow and regulation. NO, first described by
Furchgott & Zawadzki in 1980 [127], is one of the most crucial endothelium-dependent
vasodilators in the vascular system [128]. NO is synthesized in vascular ECs by the specific
eNOS enzyme, in which L-arginine is converted into NO and citrulline [129]. NO exerts its
vasodilatory properties in a paracrine manner by diffusing from ECs into adjacent VSMCs.
The inhibition of NO via the perfusion of NG monomethyl-L-arginine (L-NMMA) has been
shown to result in a dose-dependent increase in blood pressure due to increased global
vasoconstriction, which can then be reversed by reintroducing NO [130]. Furthermore, even
though NO is technically a free radical by definition, there is a clear association between
NO-deficiency and CVD risk; with a decrease in NO bioavailability or eNOS dysfunction
being linked to atherosclerosis [131], hypertension [132], Type II diabetes [133], arterial
stiffness [134], stroke [135], heart disease [80], and overall mortality [136]. Clearly, sufficient
NO is necessary for vascular health. Unfortunately, due to the short half-life and diffusion
distance of around 1–10 s and 50–1000 μm, respectively, NO is often targeted and rendered
biologically futile by the presence of other ROS such as O2

− [137]. In fact, the rate at which
NO and O2

− react occurs at the near-diffusion-limited rate of 6.7 × 109 M−1·s−1 [138];
therefore, nearly every collision between O2

− and NO results in the irreversible formation
of ONOO−, another biologically relevant cytotoxic free radical [139]. Thus, in situations in
which oxidative stress is high, overwhelming the antioxidant system, the bioavailability
of NO can be detrimentally reduced, thereby impairing vascular function. Evidence of
this can be seen in populations characterized by heightened levels of oxidative stress,
in which NO bioavailability is low and vascular health and function is impaired, such
as the elderly [140] and those with pathologies such as chronic kidney disease [141,142].
In addition to this, oxidative stress has also been shown to target important co-factors
necessary for eNOS to efficiently synthesize NO. For example, free radicals have been
shown to oxidize tetrahydrobiopterin (BH4) into dihydrobiopterin (BH2), consequentially
leading to eNOS uncoupling, the reduction in NO production, and the potentiating of
preexisting oxidative stress via the production of RNS [143,144]. The uncoupling and
oxidative damage to eNOS has also been linked closely with a variety of CVDs [144–146].

Taking into consideration that oxidative stress can hinder NO’s synthesis, function
and bioavailability, if creatine exhibits antioxidant properties it could be hypothesized that
creatine may mechanistically aid in the reduction and scavenging of ROS, thereby increas-
ing NO bioavailability and contributing to improved vascular health. Ahsan et al. [147]
investigated this novel theory and assessed the role of PCr in HUVECs injured by ox-
idized low-density lipoproteins (OxLDLs), a consequence of ROS, and its influence on
the eNOS pathway. Ahsan reported that following damaged induced by OxLDL insult,
HUVECs pre-treated with 10–30 mM of PCr had significantly reduced signs of endothelial
apoptosis (cell death), reduced ROS generation and improved NO content. Interestingly,
Ahsan also reported that those HUVECs treated with PCr had sustained eNOS signaling
via the phosphatidylinositol 3-kinase/protein kinase B/endothelial nitric oxide synthase
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(PI3K/Akt/eNOS) pathway. Ahsan therefore hypothesized that these PCr-mediated ben-
efits were due to, in part, the antioxidant activity of PCr and the ability of PCr supple-
mentation to modulate the PI3K/Akt/eNOS pathway. In addition to this, there is further
evidence that demonstrates the ability of other supplemental antioxidants to improve NO
bioavailability and eNOS coupling through ROS reduction, thereby supporting vascular
health [148–153]. Taking all of this into consideration, if creatine can truly serve as an
antioxidant and potential eNOS-stimulating supplement, creatine could serve as a vascular-
protective supplement. However, more clinical trials are needed to quantify and to truly
measure whether creatine supplementation could provide vascular benefits through this
novel antioxidant, eNOS stimulating, NO increasing mechanism, especially in humans.

5.2. Creatine and Endothelium-Derived Hyperpolarization Factors

In addition to the important endothelium-derived relaxing factor NO, the endothelium
is known to stimulate two additional relaxing factors, prostacyclin (PGI2—via the cyclooxy-
genase pathway [154]) and endothelium-derived hyperpolarization factor (EDHF) [155].
Although the contribution of NO and PGI2 to endothelium-dependent vasodilation and
control of both local and systemic blood pressures is well established [156], the exact contri-
bution of EDHFs are less known. Nevertheless, evidence suggests that EDHFs play a vital
role in the control of vasomotor tone, working in synergy with other vasoactive factors
to similarly contribute to blood pressure regulation [157]. For example, Scotland et al.
reported that following the inhibition of both NO and PGI2 pathways, vasodilation still
occurred following stimulation, highlighting the key compensatory role of EDHFs [158].
Furthermore, it has been shown that a reduction in the potential of ECs to stimulate EDHFs
is closely associated with increased CVD risk [159–162].

As made apparent by its given name, EDHFs stimulate vessel vasodilation through the
hyperpolarization of neighboring VSMCs. The hyperpolarization initialized within ECs can
either be propagated to neighboring VSMCs directly, via specialized myo-endothelial gap
junctions, or trigger an increase of potassium (K+) ion efflux into the subendothelial space.
The resulting increase in K+ within the interstitium can then activate calcium-dependent
potassium channels (KCa+), inwardly rectifying potassium channels (KIR+), or the sodium-
potassium pump (Na+-K+ pump) on VSMCs, causing VSMC hyperpolarization. This
hyperpolarization then causes the closure of smooth muscle voltage gated calcium (Ca2+)
channels, resulting in the reduction of intracellular Ca2+ concentrations and ultimately
vessel relaxation [155]. The initial EC derived hyperpolarization can be stimulated by
a variety of stimuli, including acetylcholine (ACh), mechanical factors such as shear
stress, and bradykinin. Upon stimulation by varying agonists, intracellular levels of
Ca2+ within the ECs increase, thereby activating endothelial-specific KCa+ channels that
initialize the original hyperpolarization. Currently, both myo-endothelial gap junction
coupling and fluctuations in K+ specifically (intracellularly and intercellularly), remain
comparably important and appropriate explanations for EDHF. However, it is clear by
the vast involvement of multiple channels, pumps and specialized gap junctions, that the
mechanism by which EDHFs function is multifactorial. It is evidential that the pathological
disruption or dysfunction of any of these structures would lead to the impairment of EDHF
stimulation, thereby reducing healthy vascular function.

Among the variety of influential K+ pumps that contribute to EDHFs and vascu-
lar tone regulation, is the ATP-sensitive potassium pump (KATP). The KATP has been
found to be widely distributed in a variety of tissues, including cardiac tissue (cardiac
myocytes [163]), pancreatic β cells [164], vascular ECs and VSMCs [165–168]. The KATP
channel consists of four pore-forming inward rectifier K+ channel subunits, in addition
to four sulfonylurea receptors (SUR) [168]. This specific KATP channel has been demon-
strated to play a crucial role in vascular tone regulation in a variety of studies utilizing
pharmacological approaches [169,170], transgenic mouse models [171,172], and in human
patients [173,174]. KATP channels, hence their name, are subjected to regulation by intracel-
lular ATP and ADP levels. High amounts of intracellular ATP reduces the vascular KATP

288



Nutrients 2021, 13, 857

channel activity (closure), whereas ADP concentrations between 0.1–3 mmol/L causes
stimulatory (opening) effects [175]. The inhibition, or blockage, of KATP channels has been
shown to decrease the extent of vasodilation in cerebral arterioles, basil arteries, coronary
arteries, mesenteric arteries and internal mammary arteries [168]. Taking into consideration
the evidence that supports the role in which KATP channels play in vascular tone, any
dysfunction or deterioration of these channels is likely to contribute to the pathogenesis of
many CVDs.

Therefore, how may creatine play a potential role in the support of EDHFs, thereby
supporting and potentially improving vascular health and function? As stated previously,
the Cr-PCr system functions as both a high-energy phosphate buffer and a spatial high-
energy phosphate shuttle [93]. Considering that KATP channels are regulated by ADP and
ATP, and that the Cr-PCr-system helps regulate metabolites within the cytosol and locally
around ATP-consuming proteins [93]; one could claim that through creatine supplementa-
tion, KATP channels could be benefitted. In a well-written review by Dzeja & Terzic [176],
the authors highlighted how the microenvironment of these specific channels harbors
several phosphotransfer enzymes, including CKs, that enable the local transfer and control
of ADP and ATP. It was concluded that through the delivery and removal of adenine
nucleotides at these KATP channels, that the ATP/ADP ratio could be controlled, thereby
influencing the opening or closing of the channel and vascular tone regulation. Other
studies, such as that by Selivanov et al. [177], further support the presence of CK enzymes
coupled to these specific KATP channels. Selivanov suggested that it is the collaboration
between CKs and adenylate kinases (AKs) that serves as the metabolic sensor of KATP
channels, in addition to controlling intracellular phosphotransfer fluxes, the regulation of
channel function and vascular response. In other words, increased intracellular levels of
creatine in tissues such as the endothelium, could help regulate KATP channels, hyperpo-
larizing the neighboring VSMCs, and contributing to the enhancement of EDHF mediated
vasodilation and ultimately vascular health. It is this hypothesis that Moraes et al. claimed
could have led to the improvement in microvascular reactivity and density he reported
following creatine supplementation [55].

Another study that could potentially support the hypothesis of creatine supporting
the function of EDHFs, is that conducted by Guerrero and colleagues [178]. Guerrero et al.
looked to investigate the impact of varying ATP-generating systems upon the function
of the Na+-K+ pump, also known as the Na+-K+-ATPase. As noted previously, the Na+-
K+ pump also contributes to the generation of VSMC hyperpolarization, and quite like
the described KATP channel, is ATP-dependent. Following the inducing and inhibition
of varying ATP-generating systems (glycolysis, oxidative phosphorylation, and the CK-
system), Guerrero concluded that even in the absence of glycolytic and oxidative ATP, the
CK system and 3 mM of supplemental PCr was able to support the ATP supply required
for Na+-K+ pump activity. Although this study was conducted in kidney cell epithelia,
these results suggest a role of the CK system and supplemental PCr in the function of
the Na+-K+ pump; a pump that has been evidentially shown to also contribute greatly to
the stimulation of EDHFs. Therefore, this could justify the need for similar experiments
investigating the role of creatine and ATP-dependent pumps in vascular cells specifically.

Despite the lack of direct evidence surrounding the impact or contribution of crea-
tine supplementation towards the function of pumps, channels and structural junctions
involved in the development of EDHFs, the evidence provided here outlines another novel
mechanism by which creatine could potentially benefit vascular health. This evidence
further emphasizes the need for future clinical trials, both in vivo and in vitro, to identify
the role creatine and the Cr-PCr system in EDHFs.

5.3. Creatine, Endothelial Cell Integrity, and Inflammation

As stated in previous sections, the ability of ECs to synthesize and release a variety of
vasoactive factors is paramount for overall vascular health [17], with the manifestation of
ED substantially increasing the risk of CVD development [15]. In addition to ED however,
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endothelial structural integrity and permeability is also closely associated with EC health
and CVD risk [179]. ECs line the entirety of the vascular system, directly facing the
vessel lumen. Therefore, ECs serve as a semi-permeable barrier between the blood and its
circulating components (water, nutrients, hormones, proteins) and the underlining tissues,
allowing for the selective movement and diffusion of both small and large molecules [180].
Evidence has shown that any destabilization in the junctions that connect each EC, or
disruption in the endothelial barrier itself can result in increased permeability (also known
as “endothelial leakiness”) and an increased risk of CVDs such as atherosclerosis, coronary
artery disease, stroke, and thrombosis [179,181].

Vascular EC barrier function has been shown to be critically supported by intercellular
junctions located between neighboring ECs [182]. Two major subtypes of intercellular
junctions include tight junctions (TJ) and adherens junctions (AJ); however, it is the TJs
that are majorly responsible for barrier function and the control of EC permeability [183].
In healthy physiological conditions, vascular ECs are regulated, and permeability is intri-
cately controlled. In vascular pathologies however, proinflammatory signals activate the
expression of varying adhesion molecules and the attraction of damaging leukocytes that
collectively destabilize and debilitate the endothelial barrier [179]. It is evident in diseased
vessels that barrier function of the ECs has been weakened, resulting in increased perme-
ability and pathological alterations in EC structure [179]. Risk factors that are associated
with these pathological changes include dyslipidemia [184], diabetes [185], obesity [186],
and smoking [187], all of which lead to chronic inflammation and the accumulation of ROS
(oxidative stress), which are also risk factors to barrier dysfunction [179]. Considering the
destructive consequences of such risk factors, therapeutically reducing these risk factors
and increasing the stability of TJs and the EC plasma membrane, could collectively help
prevent the manifestation of endothelial barrier dysfunction.

Nomura et al. [54] was among the first to report on the impact of creatine on inflam-
mation and EC cell membrane permeability. Using pulmonary ECs in culture, Nomura
demonstrated that upon incubation with a creatine, EC intracellular stores of creatine and
PCr significantly increased, signifying the presence of a CRT and CK system. When looking
closer at the impact of this increased creatine and PCr, Nomura reported that following 5
mM of supplemental creatine, neutrophil adhesion to ECs had significantly reduced. Addi-
tionally, following only 0.5 mM of creatine, the expression of inflammatory markers such as
intercellular adhesion molecule-1 (ICAM-1) and E-selectin was similarly reduced. Taking
into consideration the known impact these inflammatory markers have upon endothelial
permeability and CVD [188,189]; these results suggest potential benefits for creatine and EC
health. Nomura’s reported benefits, however, did not stop at a reduction in inflammatory
markers. Nomura also reported that following cytotoxicity induced by serotonin and
H2O2, 5 mM of supplemental creatine significantly reduced EC permeability, improved EC
membrane stability, and reduced overall EC leakiness. Collectively these findings support
the hypothesis that creatine may benefit EC stability, vascular protection, and health.

Similarly investigating the role of creatine in EC stability, Tokarska-Schlattner et al. [190]
proposed a novel mechanism in which creatine, due to its zwitterionic structure, may
directly interact with membrane phospholipids. Schlattner directly tested the lipid interac-
tion of both creatine and PCr, in addition to the cyclic analogues cyclo-creatine (cCr) and
phospho-cyclo creatine (PcCr), using liposome model systems. Following surface plasmon
resonance spectroscopy, authors reported a low affinity PCr/phospholipid interaction
which additionally induced changes in liposome shape, indicating alterations in the lipid
bilayers. In addition to this, authors reported that PCr efficiently protected against induced
membrane permeabilization in two separate models: induced liposome-permeabilization
by membrane-active peptide melittin, and erythrocyte hemolysis induced by doxorubicin
(oxidative drug), hypoosmotic stress or saponin (mild detergent). These excitingly novel
results were the first to demonstrate the potential of guanidino compounds, such as PCr,
to interact directly with membrane phospholipids, resulting in the modulation of mem-
brane properties and membrane stabilization. The authors thereby concluded that PCr,
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which could be augmented by supplemental creatine, could exert protective effects upon
cell membranes under pathological conditions. Therefore, creatine supplementation may
be able to stabilize EC membranes, attenuate EC leakiness, increase EC health and pro-
tect against vascular pathologies. Furthermore, taking into consideration the presence
of varying cell signaling molecules embedded within the lipid bilayer, such as G-protein
coupled receptors, mechanotransducers and bioactive lipids, it could be speculated that
the insertion of PCr within the lipid bilayer could have stimulatory or inhibitory effects
on these molecules, thereon impacting downstream pathways and protein signaling. This
speculative proposal, however, requires further investigation.

As previously mentioned, varying disorders such as diabetes have been shown to
both lead to and be characterized by endothelial leakiness. Considering the pleiotropic
benefits of creatine, Rahmani et al. [185] looked to determine the effect of creatine supple-
mentation on serum biochemical markers associated with diabetes [triglycerides (TGs),
total cholesterol, LDL-C, and HDL-C], and the endothelial permeability of coronary arteries
within diabetic rats. Thirty-two Wistar rats were allocated randomly into one of four
groups: control; supplemented creatine; diabetic; diabetic and creatine. Supplementary
creatine monohydrate was given to those allocated at a dose of 400 mg/kg/daily for
five months. Rahmani reported that following the supplementation period, those rats
undergoing creatine treatment had significantly reduced serum levels of TGs, cholesterol,
and LDL-C, with an additional positive increase in the more vascular-protective HDL-C.
Furthermore, coronary permeability was significantly reduced in the diabetic group treated
with creatine supplementation, in comparison to other un-treated groups. The authors
therefore concluded that not only did creatine serve as a lipid-lowering supplement but,
similar to that shown by Nomura et al. and Schlattner et al., creatine also reduced EC
permeability and leakiness.

Recently, Hall et al. [191] identified a unique requirement for creatine and the Cr/PCr
system within intestinal epithelial cells (IECs). Those suffering from irritable bowel disease
(IBD) have been shown to suffer from intestinal barrier dysfunction, or intestinal epithelial
leakiness. In a previous animal model of colitis, evidence suggests that creatine regulates
energy distribution within IECs and further reduces the severity of colitis [192]. Hall
and colleagues therefore looked to determine the importance of the CRT and Cr/PCr
system within human patients suffering from IBD, and in an animal model in which mice
presented with or without the CRT gene. Interestingly it was reported that the CRT was
found localized around the TJs of IECs, and that the CRT closely regulated the intracellular
creatine concentration and resultant barrier formation. Furthermore, in the absence of
creatine, the stability of TJs was significantly altered, resulting in increased intestinal
leakiness. Finally, in human biopsies, those suffering from IBD had reduced levels of
messenger-RNA encoding for the CRT. It was concluded by the authors that the CRT
regulates the energy balance in IECs needed for the sufficient function of TJs; therefore, it
is the CRT and intracellular creatine that regulates epithelial integrity and barrier function.
Despite this study being conducted in IECs specifically, what is interesting here is that
Hall et al. provides evidence that illustrates the need of operational CRTs and sufficient
intracellular creatine to maintain the efficient function of TJs. As alluded to earlier, in ECs
specifically, the healthy function of TJs is paramount for EC integrity and barrier health.
Therefore, one could hypothesize that through creatine supplementation and an increase
in EC intracellular creatine concentrations, TJ energy requirements could be sufficiently
managed, leading to efficient function of TJs, improved integrity and reduced risk of EC
leakiness.

EC leakiness underlines a multitude of CVDs and can be augmented by a variety of
risk factors such as inflammation, oxidative stress, diabetes and dyslipidemia. Thus far, we
have already outlined the potential for creatine to act as an antioxidant, which in itself could
have positive benefits upon vascular EC membrane stability. In addition to this however,
there is evidence to suggest that creatine supplementation could reduce circulating lipids,
reduce EC leakiness caused by inflammation and diabetes, and aid in the maintenance
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of TJ function. Despite the novelty of these properties, and the lack of true clinical trials,
again we are left with what could be another benefit of creatine supplementation, one that
could benefit vascular health through the improvement in EC integrity and reduction in
EC leakiness.

5.4. Creatine and Vascular DNA/RNA Protection

Without the protection, maintenance, and accurate repair of DNA in response to
disruption or damage, the intricate process of DNA replication and genetic coding can
fail. Conclusively, the integrity of DNA is vital for cellular health, and unless precisely
repaired in the event of corruption, nuclear DNA and mtDNA damage can lead to devas-
tating mutations or other deleterious cellular consequences [193]. Damage to both DNA
and ribonucleic acid (RNA) has been found to underline a plethora of vascular patholo-
gies such as hypertension [194], coronary artery disease [195], atherosclerosis [196], and
peripheral artery disease [197]. Furthermore, damage to mtDNA specifically has been
closely associated with a decline in mitochondrial function, increase in mtROS production,
mitochondrial apoptosis, and the manifestation of CVDs [198]. Although DNA and RNA
damage can be a natural consequence of the aging [193,199], damage can also be elicited by
factors such as ROS [200], radiation (such as ultraviolet rays [201]), and chemotherapeutic
drugs [202]. Taking into consideration that lifestyle factors such as obesity [203], poor
nutrition [204], smoking [29], and alcohol abuse [205] all lead to an increase in ROS, one
could connect these lifestyle factors to an increased risk of DNA and RNA damage also.
Despite DNA being a complex target for therapeutics, some promise has been found within
the use of RNA therapeutics for the treatment of CVDs [206] and vascular pathologies
specifically [207,208]. However, these therapeutic strategies are still relatively new; there-
fore, reducing inducers of DNA and RNA damage, such as ROS, could serve as a more
realistic target for immediate treatment strategies.

In addition to the plethora of non-energy related properties exhibited by creatine
supplementation, creatine has also been shown to protect against a variety of DNA and
RNA damage. Berneburg et al. [209] investigated the impact of creatine on mitochondrial
mutagenesis, function and mtDNA damage in cultured human skin fibroblasts, exposed
to intense UV-radiation. Following UV-radiation, mtDNA was extracted and analyzed
using real-time polymerase chain reaction (PCR) to determine DNA damage, and complete
mitochondria were analyzed for oxygen consumption, ATP content, and mitochondrial
membrane potential, used as markers for mitochondrial function. Following UV exposure,
mtDNA was significantly damaged, resulting in a decrease in mitochondrial function. The
authors further reported however, that mtDNA damage and mutagenesis, in addition
to functional assessments, were all normalized and improved by increasing intracellular
creatine levels. Furthermore, quite like that of other studies, creatine supplementation
resulted in a dose-dependent increase in intracellular creatine concentration. Berneburg
concluded here that increases in intracellular creatine played a significant protective role,
protecting fibroblasts from functional-deteriorations and mtDNA damage induced by
radiation.

Barbieri et al. [122] further investigated the impact of creatine supplementation on
mitochondrial biosynthesis and mtDNA in differentiating C2C12 cells under oxidative
conditions. Prior to analysis, creatine was preloaded to C2C12 cells by adding either 3 mM
or 10 mM over the first 24 h of differentiation. Cultures were then exposed to 0 or 0.3 mM
H2O2 for 1-h to induced oxidative stress. In regard to cell vitality, authors reported that
creatine supplementation of just 3 mM significantly improved cell vitality in response
to oxidative challenge. Barbieri further reported that creatine supplementation signifi-
cantly increased mitochondrial markers of biosynthesis, and aided in the protection of
mtDNA. Barbieri concluded that these results further supported the notion that creatine
was capable of protecting mitochondria and mtDNA against oxidative insult. Consid-
ering the association between mtDNA damage, mitochondrial apoptosis and vascular
pathologies [210–212], these findings suggest a potential benefit of creatine to support

292



Nutrients 2021, 13, 857

vascular health. On another interesting note, Barbieri found that creatine was capable of
activating adenosine monophosphate-activated kinase (AMPK) within C2C12 cells. In
ECs specifically, AMPK can phosphorylate and stimulate eNOS, thus the synthesis of NO.
Therefore, this could be another unique and novel molecular pathway to investigate in
future studies regarding creatine and vascular health.

In addition to those noted above, other studies that support the role of creatine
supplementation in the protection of DNA damage include that by Rahimi et al. [123]
and Mirzaei et al. [213], who both report the ability of creatine to protect DNA against
oxidative stress induced by exercise. Furthermore, Qasim & Mahmood [214] report findings
that suggest a DNA-protective role of creatine in human erythrocytes and lymphocytes
oxidatively challenged by H2O2.

In an attempt to explore creatine’s role in DNA protection within the vasculature
specifically, Guidi et al. [215] looked to evaluate the protective effects of creatine supple-
mentation on oxidatively injured nuclear DNA (nDNA) and mtDNA, in both an acellular
system using plasmid DNA and in vascular specific cultured HUVECs. To induce oxidative
damage, HUVECs pretreated with varying doses of creatine were exposed to 200 μM of
H2O2. A PCR-based assay was then used to assess the level of DNA damage in both
systems, and HUVEC cell viability was further determined 72 h post-oxidative damage.
Authors reported that creatine, in a dose-dependent manner, demonstrated the ability
to protect both nDNA and mtDNA against oxidative damage; however, these protective
benefits were more pronounced in HUVEC mtDNA than nDNA. Furthermore, HUVECs
pretreated with creatine for 24 h showed increased cell viability in comparison to controls,
and presented with significantly less mtDNA breaks and mutations. Guidi also concluded
that creatine could play an important role in protecting vascular EC mtDNA against oxida-
tive insults. Furthermore, Guidi proposed that creatine could aid in mitochondrial stability,
contributing to the stabilization of oxidative phosphorylation and the reduction of mtROS
production.

Although evidence suggests that creatine may protect DNA from detrimental damage,
less is known regarding creatine’s impact upon RNA which is comparably susceptible to
damage and similarly associated with vascular pathology risk. To address this, Fimognari
et al. [116] aimed to investigate whether cultured Jurkat T-leukemia cell RNA could be
protected against a variety of chemical insults, following either 1, 3 or 10 mM of crea-
tine. The RNA toxic compounds utilized in this study included ethyl methanesulfonate
(EMS), H2O2, doxorubicin (chemotherapy drug), spermine NONOate (a NO donor), and
S-nitro-N-acetylpenicillamine (SNAP). The authors reported that all chemical insults sig-
nificantly impaired cell vitality and damaged RNA. Creatine supplementation was found
to significantly reduce RNA-damaging activity; however, was found to only do so with
H2O2 and doxorubicin. Taking into consideration that H2O2 is a biologically prominent
free radical, despite the inability to counteract other chemical insults, these results can
still be considered promising. Fimognari concluded that creatine supplementation does
indeed exhibit RNA-protective properties and hypothesized that this could have been
partially due to its capacity to directly scavenge free radicals, and/or its ability to maintain
cellular energy stores. Taking into consideration the detrimental role DNA and RNA
damage plays in vascular pathologies [196,206], and the evidence that demonstrates the
ability of creatine to protect and attenuate damage elicited by varying toxic stimuli, one
could suggest that creatine may be a suitable therapeutic for the support of vascular health
through the promotion of DNA and RNA maintenance and health.

6. Discussion

Creatine’s popularity as an ergogenic aid exponentially increased following the suc-
cess of two notable Olympic gold medalists who consumed creatine supplementation
during the 1992 Barcelona Olympic games [216,217]. Since its success on a global platform,
the popularity of creatine has continued to grow, generating a substantial body of literature
supporting its beneficial ergogenic effects, including improvements in lean mass [218],
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fatigue resistance [219], and intermittent high-intensity exercise capacity [220]. Further-
more, considering the physiological impairments such as intellectual disability, seizures,
muscle weakness and gastrointestinal issues that symptomatically characterize genetic
diseases of creatine deficiency (such as arginine: glycine amidinotransferase deficiency,
guanidinoacetate methyltransferase deficiency, and creatine transporter deficiency); it
is clear that creatine plays a vital role in bioenergetics, metabolism and overall cellular
health. Due to its broad application and cellular importance, many have hypothesized the
potential therapeutic role of creatine. Creatine supplementation has since been shown to
benefit pathologies such as myopathies [60,61], chronic kidney disease [221], diabetes [57],
and neurodegenerative disorders [63]. Research has additionally highlighted other non-
energy related potentials of creatine, such as its ability to serve as both a direct- and
indirect-antioxidant [52,53].

Due to the widespread potential of creatine, some have argued this supplement as one
of the most promising, pleiotropic, nutritional supplement therapeutics currently available.
Creatine can also be sourced, however, in its natural form. Arguably more beneficial in its
whole food form due to the additional nutritional value, creatine concentrations can range
from 3–5 g/kg of raw meat [47]. Despite these natural sources of creatine, to successfully
ingest the recommended “loading” dose of 20 g/day required to rapidly increase skeletal
muscle stores [48,49], one would have to consume approximately 4 kg of meat per day.
Consuming this large amount of meat could be difficult for those with dietary restrictions,
those conscious of calorie intake, those wanting cheaper alternatives, or those who are
cautious of other macronutrients such as fat and protein. While skeletal muscle creatine
stores can similarly be increased through the ingestion of smaller amounts (3–5 g/day) over
longer durations of time [48], this would still require the consumption of 1 kg of meat a day,
which may be unachievable for many. Thus, creatine supplementation in the zero-calorie (if
unflavored), powdered monohydrate form specifically, has remained the most efficacious
method of increasing dietary creatine intake. Furthermore, creatine supplementation has
been found to exhibit an excellent safety profile. As covered by Kreider et al., clinical
populations supplemented with high levels of creatine (0.3–0.8 g/kg/day or 21–56 g/day
for a 70 kg individual) for up to 5 years, produced no reports of significant or severe
adverse events [49]. This tolerance and safety profile has been reported in both young and
older populations, over both acute and long-term periods [222]. The few common side
effects mentioned in creatine literature include bloating and weight gain from increases in
water retention [49], while serious adverse events such as kidney dysfunction are extremely
rare and are often only a consequence of poor adherence or compliance with dosing
recommendations.

Although creatine supplementation appears to have high therapeutic potential, sup-
porting published scientific literature is still limited in a variety of areas. For example,
although creatine has shown great promise and has benefited certain clinical populations,
there is scarce information on the role creatine plays within vascular health. Therefore,
throughout this review we have discussed the few studies that have directly shown the
potential of creatine supplementation to benefit vascular health. Furthermore, we have
elucidated the novel ways in which creatine may serve to alleviate various risk factors that
contribute to the development of vascular pathologies and CVDs. For example, we have
touched upon the ability of creatine to (see Figure 1):

1. Increase natural EC stores of high-energy metabolites [54,90].
2. Serve as both a direct- and indirect- antioxidant [52,58,62,97], scavenging free radicals

which could thereby improve eNOS efficiency, NO synthesis, and NO bioavailability.
3. Improve the integrity and efficiency of the mitochondria resulting in reduced mtROS

production [58,215].
4. Increase microvascular density, recruitment, and vasomotor function [55,56].
5. Improve EC membrane stability and decrease EC leakiness [54,185,190,191].
6. Aid in the function of EC and VSMC energy-dependent ion pumps [176–178], thereby

benefiting the propagation of EDHFs.
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7. Reduce circulating amounts of damaging lipids such as LDL-C and total choles-
terol [55,123].

8. Protect both DNA and RNA from cytotoxic stimuli such as oxidative stress [116,122,209,215].

Figure 1. Novel mechanisms by which creatine supplementation may benefit vascular health and function; PCr = phos-
phocreatine, Cr = creatine, EC = endothelial cell, DNA = deoxyribonucleic acid, RNA = ribonucleic acid, ETC = mitochon-
dria electron transport chain, mtROS = mitochondrial-specific reactive oxygen species, ROS = reactive oxygen species,
LDL = low density lipoprotein, TC = total cholesterol, PI3K/Akt/eNOS pathway = Phosphatidylinositol 3-kinase/Protein
kinase B/endothelial nitric oxide synthase pathway, eNOS = endothelial nitric oxide synthase, P = phosphorylation,
BH4 = tetrahydrobiopterin, NO = nitric oxide, ADP = adenosine diphosphate, ATP = adenosine triphosphate, CK = creatine
kinase, VSMC = vascular smooth muscle cell, Na+/K+ Pump = sodium/potassium pump, KATP = ATP-sensitive potassium
pump, EDHF = endothelium-derived hyperpolarization factor, ↓ = decrease/reduction in, ↑ = increase in, “blue dashed
line” = proposed pathway by Ahsan et al. [147], phosphorylation and stimulation of eNOS.

In addition to these novel ways by which creatine may serve a protective role in vas-
cular health, creatine has also been shown to help reduce inflammation and homocysteine;
both of which are closely associated with incidence of CVD [68,69]. For more information
regarding the impact of creatine on inflammation and homocysteine, readers are advised
to reference the review by Clarke et al. [223]. Furthermore, evidence also suggests the
potential of creatine and/or PCr to directly stimulate the synthesis of NO through the
PI3K/Akt/eNOS pathway in endothelial cells [147]; however, this interesting mechanism
requires further investigation.

7. Conclusions

To conclude, the current body of literature surrounding creatine’s more clinical applica-
tions, serving as a therapeutic or adjuvant therapy in human populations, is still relatively
new and requires further investigation. Despite the availability of numerous in vitro and
in vivo data supporting the potential of creatine to function in these new and novel ways,
there is very little translational science investigating the impact of creatine supplementation
on human vasculature, specifically. To date, only four studies have directly investigated the
effects of creatine on the vasculature in humans. Therefore, as highlighted throughout this
review, although there is evidence to suggest that creatine may possess unique properties
that may impart novel benefits upon the vasculature, further clinical research is needed to
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truly determine the impact of creatine supplementation on vascular health. Furthermore,
population specific clinical trials involving those at risk of, or presenting with, vascular
pathology would further contribute to the body of knowledge, helping to uncover the
potential applications of creatine supplementation within vascular health.
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Abstract: Based on theoretical considerations, experimental data with cells in vitro, animal studies
in vivo, as well as a single case pilot study with one colitis patient, a consolidated hypothesis can
be put forward, stating that “oral supplementation with creatine monohydrate (Cr), a pleiotropic
cellular energy precursor, is likely to be effective in inducing a favorable response and/or remission
in patients with inflammatory bowel diseases (IBD), like ulcerative colitis and/or Crohn’s disease”.
A current pilot clinical trial that incorporates the use of oral Cr at a dose of 2 × 7 g per day, over an
initial period of 2 months in conjunction with ongoing therapies (NCT02463305) will be informative
for the proposed larger, more long-term Cr supplementation study of 2 × 3–5 g of Cr per day for a
time of 3–6 months. This strategy should be insightful to the potential for Cr in reducing or alleviating
the symptoms of IBD. Supplementation with chemically pure Cr, a natural nutritional supplement, is
well tolerated not only by healthy subjects, but also by patients with diverse neuromuscular diseases.
If the outcome of such a clinical pilot study with Cr as monotherapy or in conjunction with metformin
were positive, oral Cr supplementation could then be used in the future as potentially useful adjuvant
therapeutic intervention for patients with IBD, preferably together with standard medication used
for treating patients with chronic ulcerative colitis and/or Crohn’s disease.

Keywords: pleiotropic effects of creatine (Cr) supplementation; inflammatory bowel diseases (IBD);
ulcerative colitis; Crohn’s disease; creatine kinase (CK); phosphocreatine (PCr); creatine transporter
(CrT); intestinal epithelial cell protection; intestinal tissue protection; creatine perfusion; organ
transplantation; Adenosine mono-phosphate (AMP); activated protein kinase (AMPK); liver kinase
B1 (LKB1); mitochondrial permeability transition pore (mPTP); reactive oxygen species (ROS); glucose
transporter (GLUT)

1. Introduction

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s
disease, are chronic and relapsing-remitting inflammatory disorders of the gastrointestinal
tract that may develop in genetically susceptible individuals in response to unknown
antigenic triggers. Although the etiology of IBD remains a conundrum, it seems definitive
that multiple factors, such as genetic predisposition, environment, malfunction of the
immune system and changes in the intestinal gut microbiota are involved in the onset
and progression of IBD (for review see [1]). Since, in most cases, IBD cannot be cured
completely, adjuvant therapies for IBD that may alleviate symptoms and thus improve
quality of life parameters of afflicted patients, is a poorly characterized area of study [2].

Oral supplementation with chemically pure creatine (Cr) monohydrate, a natural nu-
tritional supplement with pleiotropic beneficial influences, may fill such a gap in treatment
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options [3]. Cr may be a good candidate for an adjuvant treatment of IBD, since it has
been shown to generally improve the energy state of cells, to enhance resilience of cells
against several cell stressors, to modulate the immune system, to display anti-inflammatory
influences and to dampen nociceptive pain, as will be elucidated below.

Besides water, Cr is one of the most abundant single molecular compound in the
human body, with a propensity of 120–140 g in a 70 kg person and a concentration of
40–50 mM in fast-twitch skeletal muscle. Cr monohydrate has become a very popular and
the most effective ergogenic aid for athletic and recreational sports [4] and is used also
as clinical adjuvant therapeutic intervention for patients with neuromuscular diseases [5].
Millions of persons worldwide consume Cr and, as one of the most intensively studied
nutritional supplements, it is recommended as effective and safe by international sports
societies [6] and national associations for food safety, such as EFSA and others. A dosage
of 3–5 g of chemically pure Cr monohydrate per day as a long-term maintenance dose,
without interruption needed, is generally recommended. For athletes in weight lifting and
high-intensity performance disciplines, a short-term loading phase over 5–7 days with 20 g
per day is recommended to quickly load the endogenous Cr pool in the muscles before
switching to the above maintenance dosage [4]. Based on 30 years of practical experience
with Cr supplementation and a very large number publications on this issue, involving
athletes and regular people, as well as patients (children and elderly), oral supplementation
with chemically pure Cr monohydrate if taken within the officially recommended dosages
is safe for humans with no significant side effects (see the series of publications in this issue:
https://www.mdpi.com/journal/nutrients/special_issues/creatine_supplementation, ac-
cessed on 2 March 2021, and in an earlier issue (https://link.springer.com/journal/726/48
/8/page/1, accessed on 2 March 2021). As a matter of fact, Cr is necessary for optimal cell
and body physiology, for genetic defects in either one of the two enzymes for endogenous
Cr synthesis (AGAT or GAMT) or in the creatine transporter (CrT), the latter facilitating Cr
uptake into target cells, lead to more or less severe Cr-deficiency syndromes in transgenic
animal models, as well as in humans (for review see [7]).

1.1. The Phospho-Creatine Creatine Kinase System in Intestinal Epithelial Cells

The creatine kinase (CK)/phospho-creatine (PCr) system, with Cr as an energy pre-
cursor, plays a crucial physiological role for cells and tissues with high and fluctuating
energy requirements, including skeletal, heart and smooth muscles, brain and nervous
tissues, as well as other tissues and cells [3,8,9]. This also holds true for intestinal smooth
muscle and intestinal epithelial cells, where cytosolic brain-type BB-CK and mitochondrial
mtCK isoenzymes are prominently co-expressed [10] (see Figure 1). In addition, a specific
creatine transporter (CrT1), belonging to the X-linked gene SLC6A8, as a member of a
solute carrier family, is present in the apical cell membrane of intestinal epithelial cells [11].
By this electrogenic Na+- and Cl−-dependent Cr-cotransporter (CrT1), with a high affinity
for Cr (Km for Cr of 30 μM), epithelial cells of the intestine take up Cr ingested with the
diet, e.g., from meat and fish, as the most significant alimentary sources for Cr [12]. As
CrT1 function is dependent on Na+, inhibition of the Na+/Ka+-ATPase, e.g., by the action
of Lyn kinase, also inhibits Cr uptake into cells, as shown recently [13].
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Figure 1. Cr/CK shuttle and the intestinal mucosal barrier. Cr is derived from dietary sources in the gastrointestinal tract,
or by de novo synthesis primarily in the kidney and in the liver [12]. The Na+ and Cl− dependent creatine transporter
(CrT1), expressed in the apical membrane of intestinal epithelial cells, facilitates Cr uptake from the gut lumen [11,14].
Potential routes for Cr absorption into systemic circulation include paracellular movement by solvent drag transport, or via
basolateral Cr transport by the monocarboxylate transporter 12 (MCT12) [15]. Gut microbiota express specific enzymes
that can mediate Cr and creatinine (Crn) breakdown. In hypoxic intestinal epithelial cells, cytosolic CK localizes to apical
adherens junctions in complex with the actomyosin cytoskeletal network, providing a conduit for rapid ATP generation
during the energy-dependent processes of epithelial junction assembly and barrier restitution [16]. Adapted from [17].

In humans, a significant proportion of the Cr taken-up via CrT1 into intestinal epithe-
lial cells, is released into the blood stream by a basolateral monocarboxylate transporter,
MCT12, that works as a novel facilitative CrT2 transporter [15]. From the blood, Cr is
taken up by the target organs, such as skeletal and cardiac muscle, as well as neuronal
tissues and other cells [12]. The uptake of Cr by intestinal epithelial cells, followed by
trans-epithelial release into the blood stream leads to a systemic exposure of the body
by Cr that is then taken up by those target organs, which depend on Cr, via their own
CrT. Intestinal epithelial cells themselves also depend on the CK/PCr system for optimal
physiological function. In these cells, PCr works in a similar way, as has been shown to
be the case in other cells with high energy requirements [3], as an immediate high-energy
buffer and as an energy transport vehicle to guarantee the maintenance of locally high
PCr/ATP and ATP/ADP ratios in the vicinity of ATP-dependent processes, such as ion
pumps and metabolite transporters [3,8,9], thus increasing the thermodynamic efficiency of
intestinal epithelial cells [17] in a similar way as had been shown with other cells [3,8,10].

1.2. Creatine for Cytoprotection against Ischemia, Hypoxia, Oxidative Stress and Acidosis

Experimental and clinical data strongly support profound cell-protective properties of
creatine in neuronal cells and tissues in vitro and in vivo [18–20]. Similar beneficial effects
have also been observed with direct intra-venous phospho-creatine (PCr) injections against
hypoxic cardiovascular stress [21]. Hypoxia also seems to play a key role in the pathogene-
sis of intestinal mucosal epithelial diseases [22], compromising cellular energy metabolism
by lowering the cellular energy charge, i.e., the PCr/ATP ratio. Hypoxia renders cells
more vulnerable to cellular stressors, such as ROS, inflammation and toxins [20,23,24]. In
addition, hypoxia has been shown to diminish Cr uptake into cardiac cells [25]. Although
the above positive influences of Cr on cell metabolism and cell integrity have largely been
studied in other tissues and cells compared to in intestinal epithelial cells, the physiological
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workings of the CK/PCr system, the CrT and of creatine as such turned out to be very sim-
ilar in the different cells and, thus, they are likely to also hold true for intestinal epithelial
cells. Indeed, it was recently shown that hypoxia profoundly decreases levels of Cr, PCr
and total available energy (PCr + ATP + (0.5 × ADP) in intestinal epithelial cells [26]. Thus,
creatine supplementation is likely to normalize the intracellular Cr and PCr levels and thus
also the energy charge, exemplified as the PCr/ATP ratio, in intestinal epithelial cells. At
the same time, creatine supplementation is also highly cytoprotective against oxidative
stress by ROS [23,27]. Creatine also leads to a significant increase in cell survival after
hypoxic insult in vivo [19,20,28]. Recent work using transgenic mice that overexpress mtCK
in cardiac muscle by only 25% over the normal level, shows that hearts from these mice
functionally recover much better from ischemia reperfusion damage, with a significant
reduction in cardiac infarct size [29]. This complements nicely with earlier data showing
that transgenic mice overexpressing the creatine transporter (CrT) in heart and thus import-
ing more creatine into this tissue, are also more resistant to ischemia reperfusion-related
cardiac tissue damage. In addition, the extent of tissue damage is significantly lower in
the mtCK overexpressing mice compared to normal control mice without elevated creatine
concentrations in their heart muscle [30]. Given the cytoprotective role of creatine in the
setting of hypoxia and ischemia referenced above and the evidence that hypoxia occurs in
the setting of IBD [31] with associated intestinal cell barrier dysfunction [32], it follows that
creatine is likely to provide a protective influence on the concomitant hypoxia observed in
IBD.

Finally, as acidosis promotes lipid peroxidation and other manifestations of oxidant-
mediated damage in various cell types, this condition is also relevant for intestinal epithe-
lium. Acidosis, associated with inflammatory conditions, produces oxidative stress and
amplifies these effects, e.g., at an acidotic pH, the response of the intestine to an oxidative
insult is magnified [33]. In a rat model of chronic acidosis, creatine supplementation was
shown to exert direct anti-oxidant properties by directly scavenging ROS and creatine
abolished the chronic reduction in the expression levels of glucose transporter (GLUT2) [34].
Moreover, the administration of creatine under chronic acidosis led to functional strength-
ening of this jejunal acidotic phenotype, making the tissue more resistant to acidosis [34].
Thus, the beneficial influence and alleviation by creatine with respect to ischemic, oxidative
and acidotic insults is certainly relevant for intestinal epithelial tissue, as well as for the
entire intestine.

1.3. Creatine Stimulates Mitochondrial Respiration and Serves as an Anti-Apoptotic Effector

Mitochondrial creatine kinase (mtCK) and creatine stimulate mitochondrial respi-
ration [35] and thus contribute significantly to maintain a healthy energy state of cells,
especially under metabolic stress or toxic insults. Within this context, MtCK and creatine
also play a crucial role in an early event of apoptosis; that is, in controlling the opening
of the so-called mitochondrial permeability transition pore (mPTP) [36] that is sensitive
to cyclosporine A. The addition of creatine to liver mitochondria from transgenic mice
expressing mtCK in their livers, after a challenge by 40 mM calcium plus 5 mM atractylo-
side, prevents swelling of mitochondria and the release of apoptotic factors and reactive
oxygen species (ROS) in a similar fashion as the bona fide anti-apoptotic agent cyclosporine
A. In liver mitochondria from normal mice, which do not express mtCK in their liver,
no effect of creatine on mitochondrial swelling could be seen, indicating that the action
of mtCK, located in the mitochondrial inter-membrane space and present in all cells ex-
cept for liver, is necessary together with creatine to prevent challenged mitochondria from
swelling and mitochondrial permeability transition pore (mPTP) from opening [37]. Similar
anti-apoptotic protection by creatine or phospho-creatine could be observed with intact car-
diomyocytes [38], or with human umbilical vein endothelial cells that both were protected
by creatine from lipopolysaccharide (LPS)-induced apoptosis [39]. This anti-apoptotic
effect of creatine could also be demonstrated in vivo in hyper-cholesterolemic mice, where
pravastatin-induced mitochondrial mPTP opening in skeletal muscles was minimized by
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creatine [40]. A significant factor for cell protection by creatine is mediated by the action
of octameric mtCK that stabilizes mitochondrial contact sites and protects mitochondrial
and cell integrity [41]. Thus, creatine, together with mtCK, regulate mitochondrial ox-
idative phosphorylation and exert a significant anti-apoptotic effect on a variety of cells
by protecting them from different cytotoxic insults (for review [42]). In line with this
notion, the anti-apoptotic effects and preservation of the function and structural integrity of
mitochondria under metabolic stress was demonstrated directly in vivo in murine cardiac
muscle [30]. Intestinal epithelial cell apoptosis significantly contributes to the development
of ulcerative colitis and IBD in humans and mice, and therapies that target the inflamma-
tory cytokine TNF, as well as the p53-upregulated modulator of apoptosis (PUMA) that
are both upregulated in colitis tissues, have been found to inhibit apoptosis in intestinal
epithelial cells and to promote mucosal healing [43]. Taking the evidence for the role of
creatine in inhibition of apoptosis in other tissues and the finding that apoptosis contributes
to disease activity in IBD [44], it is thus very reasonable to postulate that creatine would be
anti-apoptotic in the mucosa of IBD patients as well.

1.4. Creatine as Anti-Inflammatory, Nociceptive and Immune Modulatory Compound

There is solid evidence in sports medicine, e.g., from ironman competitions, that
creatine supplementation reduces the plasma levels of pro-inflammatory cytokines and
prostaglandin E2 (PGE2) [45]. Very recent data have provided evidence that creatine
may also have the potential to lower pain sensitivity associated with inflammation by
antagonizing the acid-sensing ion channel (ASIC3) [46]. This effect is most likely based
on the structural similarity of creatine, itself a guanidino compound, to other guanidino
compound ligands of the ASIC3 pain receptor, such as GMQ and amiloride, that modulated
this ion sensing channel [46]. Thus, one may expect from creatine supplementation, as
an additional beneficial effect, an improvement of the abdominal pain associated with
intestinal inflammation. This is an important determinant of quality of life for patients
with IBD both in the setting of active inflammation as well as in IBD patients with irritable
bowel syndrome symptoms in the absence of inflammation [47].

Immune cells themselves express CK and seem to depend on the CK/PCr system
in a similar way to muscle and brain cells [3,10], as pointed out in a recent review [48].
For example, leucocytes express the CRT-1 transporter for the import of extracellular
creatine [49]. Additionally, in macrophages, CK has a functional impact on these cells by
supporting the formation of actin-based protrusions needed for macrophage motility and
phagocytosis [50]. In addition, the uptake and accumulation of creatine into macrophages
leads to the reprogramming and polarization of macrophages by modulating cellular
responses to cytokines, such as IFN-γ and Il-4, thus enhancing the ability of macrophages
to sense viral and bacterial antigens [51].

With regard to T cells, creatine kinase is involved in T cell development and activa-
tion [52] and creatine uptake regulates CD8 T cell immunity [53]. Thus, it seems obvious
that the CK/PCr system has a profound impact both on the innate and adaptive immune
response, exhibiting significant immune modulatory effects [54] and, therefore, it may be
inferred that patients with IBD, who often suffer from intestinal infections, may benefit by
creatine supplementation as a general activator of immune responses [54].

1.5. Creatine Affords Anti-Depressant Effects

There is growing evidence from human genetics, epidemiology, neuroimaging, as
well as from animal studies that disruptions in brain energy metabolism, e.g., brain energy
production, storage and utilization in the form of PCr and Cr [55] are implicated in the
development and maintenance of depression, and that creatine has the potential to improve
these disruptions in some depressive patients [56].

With respect to the clinical fact that many chronic colitis patients not only suffer from
abdominal pain but also from depression, it is important to note that creatine has been
shown to exert beneficial effects in the clinical management of depression, even in patients
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resistant to conventional anti-depression treatment [57,58]. Exciting new experiments
with animal models show that creatine is able to afford its anti-depressant-like effects in
a similar way as ketamine does [59,60]. Depression is a common finding in patients with
chronic diseases, including those with IBD in whom depression significantly worsens their
quality of life [61]. Thus, it will certainly be worthwhile to test the anti-depressant effects
of creatine supplementation in our cohort of chronic colitis patients.

2. Scientific Rationale Specifically for Intestinal Tissue

2.1. HIF Controls Creatine Kinase (CK) Expression and CK Together with Creatine Are Involved in
the Energetics of Mucosal Barrier Regulation

Fully charged cellular energy batteries are a prerequisite for optimal body function not
only for muscle and brain cells, but also for intestinal smooth muscle and epithelial cells.
Long-term decay or failure of cellular energetics, e.g., by chronic ischemia, inflammation
and progressive dysfunction of mitochondria, as well as deterioration of mucosal barrier
functions, are important aspects of IBD that are accompanied by a state of chronic inflam-
mation [17]. Mucosal surfaces of the lower gastrointestinal tract are subject to pronounced
fluctuations in oxygen (O2) tension, particularly during inflammation (Figure 2). As an
adaptive response to hypoxia, the hypoxia-induced transcription factors (HIF-1 and HIIF-2)
become stabilized [62]. An unbiased analysis of HIF target genes identified creatine kinases
(both cytosolic BB-CK and mtCK) and the major Cr transporter SLC6A8 that are all coordi-
nately regulated by HIF [16]. Further analysis revealed that cytosolic BB-CK is expressed
in a HIF-2 dependent manner and that this enzyme localizes to apical intestinal epithelium
cell adherence junctions, where it is critically involved in the ATP-dependent junction
assembly, epithelial integrity and mucosal barrier function (see Figure 1). This same study
revealed that tissue transcripts from 30 IBD patients (including both Crohn’s disease and
ulcerative colitis) showed a marked reduction in the expression of all three isoforms of CK
compared to non-IBD controls. In light of this observation, it is notable that the interaction
of epithelial junctions with the actin cytoskeleton is a significant energy sink within the
mucosa. Energy deficiencies associated with IBD, including those associated with microbial
dysbiosis, likely contribute to barrier dysfunction during active inflammation [63].

Figure 2. The PCr/Cr shuttle promotes mucosal barrier and wound healing by improving cellular
energetics and by stabilization of the adherence junctions. During active inflammation, such as that
seen in IBD, low O2 levels result in the stabilization of HIF and resultant induction of creatine kinase
(CK) isoenzymes and the Cr transporter (CrT1) within intestinal epithelial cells (see [16,62,63] for
further details). CK localizes to epithelial junctions that are stabilized by interactions with the actin
cytoskeleton. In response to epithelial disruption during inflammation, large amounts of ATP are
necessary to accommodate the demand for cytoskeletal reorganization, including the acto-myosin
ATPase at epithelial cellular junctions. Under such conditions, CK and CrT1 coordinately promote
wound healing and barrier function by generating ATP from PCr to efficiently promote homeostasis.
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2.2. Creatine Supplementation Regulates the Energy Balance of Intestinal Epithelial Cells,
Epithelial Integrity and Barrier Function

Patients with IBD present with intestinal barrier dysfunction that is likely related
to disturbed cellular energetics and dysbiosis. Since the CK/PCr system, as well as the
creatine transporter (CrT1) are involved in a plethora of processes that are important for
cellular energetics [3,8], also in intestinal epithelial cells [16,17,62] it is interesting that the
investigation of mucosal biopsied from 30 patients with Crohn’s disease and 27 patients
with ulcerative colitis both showed lower expression levels of CrT1, which might contribute
to the reduced barrier function of intestinal epithelium [14] (see Figure 3). Notably, in
intestinal epithelial cells (IECs), CrT1 localized specifically around tight junctions and
knockdown or overexpression of CrT1 in these cells corroborated the idea that CrT1,
besides regulating the intracellular creatine concentration in IECs, was also modulating
epithelial barrier formation and wound healing [14]. In CrT1 knockdown IECs—that is, in
the absence of adequate creatine transport—these cells transformed to a stressed, glycolysis-
predominant energy metabolism, resulting in leaky tight junctions and mislocalization
of actin and tight junction proteins [14]. Despite the significant impacts of CrT1 loss,
proliferation was not altered in CrT1 knockdown intestinal epithelial cells [14]. It is
noteworthy that metabolomic analysis has revealed that the actin cytoskeleton demands
nearly 20% of total available energy within the epithelium [26]. Taken together, these
data support the fact that CrT1, together with CK, phosphocreatine (PCr) and creatine,
regulates the energy balance of IECs and enforces the structural and functional integrity of
the tight-junction-actin cytoskeleton. These are excellent arguments that speak for a clinical
trial, using creatine supplementation directly on patients with IBD.

Figure 3. Decreased expression of CrT1 in IBD promotes barrier dysfunction. Normal expression of CrT1 on the apical
surface of intestinal epithelia (left panel) results in adequate supplies of Cr via dietary sources to promote healthy barrier
function and intestinal homeostasis. Patients with IBD express lower levels of CrT1 (right panel) and disrupt the Cr-PCr
energy shuttle to the extent that wound healing potential and barrier are dysfunctional (see [14,16] for further details).

2.3. Creatine Supplementation Maintains Intestinal Epithelial Energy Homeostasis and Protects
against Colitis in Animal Models

Oral creatine supplementation in mice with experimentally induced colitis markedly
ameliorated both disease severity and inflammation in TNBS and DSS mouse colitis mod-
els [16]. Furthermore, as an indicator for pathology, mucosal CK expression was lowered
in patients with ulcerative colitis and Crohn’s disease. Thus, a role for HIF-regulated
CK expression in intestinal epithelial homeostasis was established and this revealed a
fundamental link between cellular bioenergetics and mucosal barrier [16,64]; see schematic
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representation of CK function for maintaining intestinal mucosal barrier function in [17].
This model (see Figure 1) is representative of the well-documented PCr shuttling function
from mitochondria, via mitochondrial mtCK to intracellular sites of ATP consumption,
where cytosolic CK is specifically localized for in-situ ATP-regeneration [3,8,9,12].

2.4. Creatine-Loading Preserves Intestinal Barrier Function during Intestine Organ Preservation
by Static Cold Storage

Very recent data demonstrate that, in two rodent models, a single flush of intestines
with intraluminal preservation solution supplemented with 50 mM Cr significantly im-
proved intestinal barrier function and electrophysiology, reflecting superior mucosal in-
tegrity after 10 h of cold storage, in comparison to the placebo group without Cr [65].
Permeability and trans-epithelia resistance measurements remained at fresh tissue val-
ues and oxidative injury was controlled in the Cr group by the preferential utilization of
glutathione [65]. Thus, Cr supplementation of intestinal tissue improved graft quality,
among others, by preserving the cellular energy state in this tissue, which is reflected in
a greater PCr energy charge of 324% in Cr treated versus control intestinal tissue. The
significant improvement in cellular energy state, reflected by an increased PCr/ATP, as
well as ATP/AMP ratios in the Cr group, was most likely responsible for alleviating tissue
damage due to the ischemic storage of intestine. Thus, augmenting the cellular energy
reserves by Cr supplementation of intestinal tissue led to improved tissue integrity and
physiological function, such that a fully energized state is facilitated upon the reperfusion
of transplanted intestinal tissue [65]. Similar cell-protecting effects against ischemia or
ischemia-reperfusion tissue damage were already described for cardiac muscle and brain
tissues [3,7,19–21,23,55]. The above data show that perfusion of intestinal tissue of the
mouse, before transplantation, has a tissue protective effect and improves the results of
intestine organ transplantation. If these data are confirmed with human patients, the
perfusion of intestinal tissue with Cr could become a standard procedure in intestinal tissue
transplantation.

2.5. A Genetic Screen with Mice Susceptible for Colitis Reveals a Link to Creatine Metabolism

The data presented above are supported by a full-fletched genetic study involving
the screening of 36′530 third generation germ-line mutant mice, derived from N-ethyl-
N-nitroso-urea-mutagenized grandsires for abnormalities in intestinal homeostasis and
abnormalities after oral administration of dextran sodium sulfate (DSS) to induce colitis [66].
The team around Dr. Bruce Beutler, Nobelist in Physiology, 2011, of Texas Southwestern
Medical Center in Dallas, identified, among 27 mice susceptible to the colitis phenotype,
one mutant mouse that was strongly correlated with a missense mutation in one of the two
enzymes that are important for endogenous creatine biosynthesis; that is, arginine-glycine-
aminotransferase (AGAT) catalyzing the rate-limiting first step of creatine synthesis, mainly
taking place in the kidney [12]. The intestinal epithelium of the AGAT mutant mice dis-
played significantly increased cell death and decreased proliferation during DSS treatment,
compared to control mice under the same challenge. Then, the supplementation of homozy-
gous AGAT mutants with exogenous creatine ameliorated and significantly improved the
histological parameters and the colitis phenotype of these mice, respectively [66]. These
findings establish an in vivo requirement for the rapid replenishment of cytoplasmic ATP
by the CK/PCr-system within colonic epithelial cells for the maintenance of the mucosal
barrier after injury [66].

2.6. Involvement of AMPK Activation to Restore Adherence Junction Assembly in Intestinal
Epithelium

Adenosine monophosphate-activated protein kinase (AMPK), an evolutionarily con-
served serine/threonine protein kinase, plays a central role in the maintenance of the
cellular energy balance [67]. AMPK works as a cellular energy sensor, responding to
cellular energy stress situation, e.g., oxidative stress, ischemia and anoxia, as indicated by
an elevated AMP/ATP ratio. Under such conditions, specifically arising in pathological
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cases of IBD, AMPK is activated both by allosteric binding of AMP [68], as well as by
upstream kinases. For example, AMPK is phosphorylated and activated by liver kinase
B1 (LKB1) [69], a protein kinase that plays a conserved role in epithelial polarity and
regulation [70]. Several lines of experimental evidence point towards an important role of
AMPK in the regulation of epithelial adherence junction assembly and disassembly and
demonstrates an intriguing link between cellular energy status and adherence junction
function [71]. For example, the activation and phosphorylation of AMPK increases during
calcium-induced adherence junction assembly and this increase depends on the activity of
LKB1. Conversely, a kinase-dead mutant of AMPK inhibits adherence junction assembly
and barrier function, as measured by the localization of specific adherence junction proteins
and by trans-epithelial resistance, respectively [71]. In fact, metformin a widely prescribed,
clinically safe anti-diabetes drug and well-known activator of AMPK [72] promotes the
expression and assembly of adherence junctions via an AMPK-dependent way [73]. This is
corroborated by the fact that a reduced risk of IBD is consistently observed in patients with
type 2 diabetes mellitus, who have been treated with metformin [74].

Therefore, not only CK and the PCr/Cr energy support system, but also AMPK, as a
regulator of cellular energetics, play a direct role in the structural and functional integrity
or adherence junctions and thus for epithelial barrier function. These data would argue
that one could combine and thus enforce oral creatine supplementation with low-dose
metformin treatment as adjuvant therapy for IBD (see below).

2.7. Creatine Supplementation in One Single Case of Crohn’s Disease Improved Both Symptomatic
and Endoscopic Characteristics of Ulcerative Colitis

Fully in line with these pioneering data is a first single case study with a 33-year-old
patient with a two-year history of Crohn’s ileitis, who responded very well to creatine
supplementation (1.5 g per day, given as monotherapy for a time period of 6 months) with
both symptomatic and endoscopic improvement in disease activity [75]. Specifically, before
creatine supplementation, the colonoscopy of the patient showed large ulcers of 0.5–2.0 cm
in diameter with >30% ulcerative surface, 50–70% affected surface and no narrowing
(SDS-CD:7), whereas after creatine supplementation, the same patient presented with
aphthous ulcers <0.5 cm in diameter, <10% ulcerated surface, <50% affected surface and
no-narrowing (SES-CD:3) (see Figures 1–3 in [75]).

3. Proposal, Methodology and Clinical End-Points

Based on the theoretical concept of CK function and experimental evidence from the
DSS colitis mouse models, as well as on the single case clinical trial, plus the extensive
genetic screen that revealed a correlation of colitis to a failure in creatine metabolism
(mutated AGAT), a pilot clinical trial is ongoing. Indeed, a randomized, placebo-controlled
clinical pilot trial with creatine supplementation (2 × 7 g of creatine monohydrate per day,
ingested for 8 weeks, 6 patients per arm) is underway in 12 patients, aged 18–70, with
mild to moderate ulcerative colitis at the University of Colorado (NCT02463305). Note
that this study is not a monotherapy trial and patients taking mesalamine or thiopurines
will be allowed concomitant use of these drugs during the trial. The primary outcome
is improvement in the endoscopic score as an assessment of mucosal inflammation from
biopsy samples obtained before and after the 8-week treatment course. Multiple secondary
outcomes include intestinal permeability, as measured by urinary saccharide excretion test-
ing, symptom severity, colonic inflammatory biomarkers, CK and Cr levels from biopsies
and blood, intestinal microbiome as well as clinical remission status. This ongoing trial
should give insight into the tolerability, safety and efficacy of creatine monohydrate for
patients with ulcerative colitis.

(A) Creatine monotherapy trial: In addition to the current study mentioned above,
we believe that there is utility in conducting a detailed investigation into the long-term
effects of creatine supplementation in IBD which expands on the above study. Such
a Cr monotherapy trial could include a careful evaluation of 40 patients treated with
placebo (control group) and 40 patients treated with creatine monotherapy (2 × 3–5 g of
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Cr per day for a time of 3–6 months (verum group) and should be carried out by using
standard clinical questionnaires for ulcerative colitis and Crohn’s disease, (e.g., IBDQ).
Intestinal inflammation should be quantitatively assessed using established inflammation
biomarkers (e.g., fecal calprotectin, serum C-reactive protein) and intestinal permeability
should be quantified using urinary saccharide excretion. Finally, patients should undergo
pre- and post-treatment coloscopy, currently the gold standard of assessment for mucosal
inflammation. Patients with diagnosed colorectal cancers will be excluded from the study.
The reason for this precaution is that, in an animal model with orthotopically implanted
colorectal cancer cell lines, very high dosage of external Cr fed to these cancer mice
promoted cancer metastasis, resulting in a higher incidence of liver metastases compare to
control animals without externally added Cr [76]. However, the amounts of orally fed Cr
to the cancer mice corresponded to a calculated amount of 50–150 g of Cr/day for a human
of 70 kg body weight. On the other hand, in accordance with earlier studies [48,77,78],
the same authors found that Cr instead had an anti-proliferative effect on primary tumor
growth. As a matter of fact, Cr has convincingly been shown to represent an important
metabolic regulator controlling anti-tumor T cell immunity [53], which also represents a
key player in the etiology of IBD’s. Based on these results, Cr supplementation has been
proposed as a valid strategy in cancer protection and/or management [79], as well as to
prevent cancer-related loss of weight and muscle mass [80]. Questionnaires, measurement
of clinical parameters, as well as coloscopy, should be performed at the beginning and after
three and six months of the clinical study.

(B) Creatine treatment in combination with metformin: As stated above, metformin
has shown a great potential in experimental cell and animal models of IBD [71–73] and
offered interesting retrospective insights from patients with type 2 diabetes, who took
metformin [74]. Therefore, a combination treatment with 2 × 3–5 g Cr per day plus a low
dose of metformin (1 × 0.5–1.0 g/day) may be suggested, for the two are likely to work
synergistically and may provide better clinical results compared to creatine monotherapy
alone. Since the safety profile of both, creatine and metformin, is excellent, such a clinical
study should be straight-forward, considering that millions of people take either creatine
or metformin for other purposes.

4. Anticipated Outcome

The anticipated outcome will be a proof of concept from the ongoing Cr adjuvant
clinical pilot study in mild to moderate ulcerative colitis. It is also proposed that a Cr
monotherapy pilot using 2 × 3–5 g of chemically pure creatine monohydrate per day, given
for 3–6 months, either as a monotherapy or in combination with low dose metformin (1 ×
0.5–1.0 g per day) would potentially be able to improve several quality-of-life parameters
of patients with chronic colitis, e.g., improvement in muscle strength, mobility and vital
functions, with less fatigue and depression. Most importantly, one would expect a possibly
significant reduction or even alleviation of colitis symptoms, such as abdominal pain,
clinical symptoms and inflammation of the colon, as judged by coloscopy. Almost certainly,
since IBDs are multifactorial diseases with phenotypical and genetic subtypes, Cr is unlikely
solving all the problems associated with these serious diseases, but if Cr should indeed
turn out to be helpful in inducing such favorable responses or even the remission of the
ulcerative pathology in colitis patients, an inclusion of creatine supplementation, either
alone or in combination with metformin, as standard adjuvant therapeutic intervention
for ulcerative colitis and/or Crohn’s disease, could be envisaged, preferably together with
established medical treatment options. As a prerequisite for this, however, a multicenter
study with significant patient numbers will be needed. Excluding the animal experiments
and one human case, described above, no other clinical study with Cr supplementation has
been performed with IBD patients so far. Therefore, it is to be expected that, based on the
results of the proposed studies, either with creatine and metformin alone or in combination,
some potentially unique information concerning potentially beneficial effects of Cr on
colitis and Crohn’s disease should be revealed by such a study as a clinical endpoint.
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5. Conclusions

Based on the available experimental data and the scientific rationale, it seems appro-
priate and timely to propose a full-fletched clinical trial with oral creatine monohydrate
supplementation alone or in combination with metformin on patients suffering from IBD.
Depending on the outcome of the results proposed herein with Cr supplementation and/or
metformin alone or in combination, such treatments could in the future become a stan-
dard adjuvant therapeutic intervention for ulcerative colitis and/or Crohn’s disease that
could be combined with established medical treatments for these pathological situations,
hopefully for the benefit of IBD patients.
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Abstract: There is great need for the identification of new, potentially modifiable risk factors for the
poor health-related quality of life (HRQoL) and of the excess risk of mortality in dialysis-dependent
chronic kidney disease patients. Creatine is an essential contributor to cellular energy homeostasis,
yet, on a daily basis, 1.6–1.7% of the total creatine pool is non-enzymatically degraded to creatinine
and subsequently lost via urinary excretion, thereby necessitating a continuous supply of new
creatine in order to remain in steady-state. Because of an insufficient ability to synthesize creatine,
unopposed losses to the dialysis fluid, and insufficient intake due to dietary recommendations that
are increasingly steered towards more plant-based diets, hemodialysis patients are prone to creatine
deficiency, and may benefit from creatine supplementation. To avoid problems with compliance
and fluid balance, and, furthermore, to prevent intradialytic losses of creatine to the dialysate, we
aim to investigate the potential of intradialytic creatine supplementation in improving outcomes.
Given the known physiological effects of creatine, intradialytic creatine supplementation may help
to maintain creatine homeostasis among dialysis-dependent chronic kidney disease patients, and
consequently improve muscle status, nutritional status, neurocognitive status, HRQoL. Additionally,
we describe the rationale and design for a block-randomized, double-blind, placebo-controlled pilot
study. The aim of the pilot study is to explore the creatine uptake in the circulation and tissues
following different creatine supplementation dosages.

Keywords: creatine; intradialytic creatine supplementation; hemodialysis; muscle; protein energy
wasting; clinical trial; muscle weakness; chronic fatigue; cognitive impairment; depression; anemia

1. Introduction

End-stage kidney disease (ESKD) is one of the world’s leading causes of morbidity and
mortality. It is estimated that more than 2.5 million people received kidney replacement
therapy worldwide in 2010, and this number is projected to increase to over 5 million by
2030 [1]. Dialysis is a life-saving treatment, but unfortunately, the health-related quality
of life (HRQoL) of dialysis patients is poor and mortality risks are high, as compared
with the general population [2]. Although several potentially modifiable risk factors
(e.g., pre-dialysis care and nutritional status) and unmodifiable risk factors (e.g., age and
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genetics) for excess risk of mortality and poor HRQoL have been identified in dialysis-
dependent CKD patients, there is great need for the identification of new, potentially
modifiable risk factors [2–7]. We hypothesize that creatine deficiency is such a modifiable
risk factor, which underlies several important causes for impaired HRQoL in patients with
dialysis-dependent chronic kidney disease (CKD), including protein energy wasting (PEW),
sarcopenia, fatigue, muscle weakness, depression, cognitive impairment, and increased
susceptibility, as well as a higher risk of an adverse course of infectious diseases.

Creatine is a natural nitrogenous organic acid that is integral to energy metabolism,
and is crucial for proper cell functioning [8,9]. Creatine can be charged to the high-energy
product phosphocreatine by creatine kinase and ATP [4,10]. In the human body, the
majority of creatine (>90%) is present in skeletal muscle, cardiac muscle, smooth muscle,
the brain, and in the nervous tissue [8,9]. Furthermore, smaller amounts are present in
other tissues and cell types, including the kidney, erythrocytes, and leucocytes [8,9]. In
all these tissues and cells, the phosphocreatine–creatine circuit serves as an energy buffer,
facilitating quick transitions in energy requirements [9]. Importantly, on a daily basis,
approximately 1.6–1.7% of the total, mainly intracellular, creatine pool is non-enzymatically
degraded to creatinine, which subsequently leaves the cells and is excreted by the kidney
as a waste product in urine [11,12]. This loss necessitates a continuous replenishment of
the total creatine pool, with new creatine to remain in balance [12].

Generally, a common omnivorous diet can provide up to 50% of the daily requirement
of creatine replenishment from alimentary sources, like meat, fish, and dairy products [7,12].
Coverage of the other 50% requires endogenous synthesis, and the requirements for endoge-
nous synthesis increase if diets become more plant-based. The endogenous synthesis of
creatine involves a metabolic pathway, of which the first and rate-limiting step is primarily
situated in the kidney [13], where the enzyme arginine:glycine amidino-transferase (AGAT)
converts arginine plus glycine into the creatine precursor guanidinoacetate (GAA) [14],
which is exported from the kidney into circulation [8,12]. From there, GAA is taken up
into the liver where it is subsequently converted by the enzyme guanidinoacetate methyl-
transferase (GAMT) into creatine, and is released into the blood stream (Figure 1) [4,8,12].
Because the rate-limiting step of endogenous creatine synthesis takes place in the kidney,
and the capacity for the endogenous synthesis of metabolites by AGAT has been shown
to be almost halved after the donation of a kidney [7], it may be expected that patients
with dialysis-dependent CKD with heavily impaired kidney function would also have a
virtually absent capacity for endogenous creatine synthesis [4,7].

It should also be realized that, apart from decreased or absent endogenous synthesis,
creatine losses are likely higher in patients with dialysis-dependent CKD than in healthy
subjects. In healthy subjects, creatine losses will mainly be limited to the non-enzymatic
conversion of creatine to creatinine, as the majority of creatine is reabsorbed after glomeru-
lar filtration [15–17]. In patients with dialysis-dependent CKD, creatine losses will be the
consequence of the non-enzymatic conversion of creatine to creatinine and—on top of that—
of unopposed losses into the dialysate, because the dialysis filter cannot reabsorb creatine
after filtration from circulation [18]. The same holds true for amino acids, including the
AGAT substrates glycine and arginine, which are essential for the synthesis of the creatine
precursor GAA, and other valuable small water soluble molecules, like GAA itself [17,18].
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Figure 1. Simplified schematic overview of creatine homeostasis. AGAT-arginine:glycine amidino-
transferase; GAMT-guanidinoacetate methyltransferase.

The existing tendency towards a negative creatine balance in chronic dialysis patients
is further exacerbated by the current dietary recommendations for patients with CKD,
which are increasingly steered towards more plant-based diets [19,20]. The reasons for this
are that plant-based diets provide lower loads of phosphorus and acid than animal-based
diets, which may seem helpful for controlling hyperphosphatemia and acidosis. However,
a plant-based diet might put patients with dialysis-dependent CKD at an even higher risk
for a negative creatine balance and developing creatine deficiency, because plant-based
diets lack naturally derived creatine [21]. It should be noted that amino acids necessary
for the endogenous synthesis of creatine are present in plant-based foods, but because of
the absence of kidney function in patients with dialysis-dependent CKD, the enzymatic
capacity for the endogenous synthesis of creatine from these amino acids is severely
impaired [4,7]. This is underscored by the fact that even without dietary recommendations
toward a plant-based diet, roughly 43% of the general U.S. population has an average
intake of creatine below the recommended daily allowance of 1.0 g of dietary creatine per
day [22].

Together, the poor endogenous synthesis of creatine, unopposed loss of creatine
and creatine precursors during dialysis, and low dietary intake of creatine may add up
to creatine deficiency in patients with dialysis-dependent CKD. In general, the plasma
concentrations of small molecules tend to be higher in hemodialysis patients compared
with healthy individuals, because of a lower glomerular filtration rate. However, the
fasting plasma creatine and GAA levels are lower in dialysis patients compared with
healthy individuals [18]. This indicates that dialysis-dependent CKD, in comparison with
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normal subjects, have a generally lower level of creatine and its metabolites. This is
supported by the fact that skeletal muscle biopsies in CKD showed significantly low ATP
and phosphocreatine levels [23]. This notion is further supported by studies showing lower
phosphocreatine concentrations and a decreased phosphocreatine/ATP energy-charge
ratio in the hearts and skeletal muscle of patients on either hemodialysis or peritoneal
dialysis treatment, as shown by means of non-invasive in vivo 31P-NMR imaging [24–26].

2. Rationale

Creatine supplementation is frequently used among athletes, during rehabilitation,
and in patients with neuromuscular diseases [27–29]. We propose that creatine supplemen-
tation is particularly important for patients with dialysis-dependent CKD. The reasons why
this is likely to be of particular importance in these patients are because (1) the endogenous
synthesis of creatine in these patients is severely impaired because of the virtual absence of
kidney function accompanied by the virtual absence of the first enzymatic step required
for the endogenous absence of creatine from the amino acids arginine and glycine [4,7];
(2) unopposed losses of creatine to the dialysis fluid during dialysis sessions [17,18]; and
(3) inadequate intake of creatine due to advice towards a primary plant-based diet in these
patients [21]. All of this comes on top of the normally existing continuous non-enzymatic
conversion of approximately 1.6–1.7% of the endogenous creatine pool to creatinine, which
necessitates the continuous replenishment of creatine by the combination of endogenous
synthesis and dietary intake in order to remain in steady-state [11,12]. This is novel because,
until recently, it was not recognized that kidney function is an important contributor to
endogenous creatine synthesis, so the capacity of patients with dialysis-dependent CKD to
maintain creatine homeostasis in the light of ongoing conversion of creatine into creatinine
is severely impaired, and there are additional unopposed losses of creatine to the dialysis
fluid and an inadequate dietary intake. Patients with dialysis-dependent CKD could bene-
fit from creatine supplementation by allowing for the maintenance of their endogenous
creatine pools, which would help them to sustain bodily functions that depend on creatine
availability, including normal functioning of the muscles, heart, immune system, and
brain [24,30,31].

Thus far, only a few creatine supplementation trials have been performed in patients
with dialysis-dependent CKD. In a double-blind, randomized, placebo-controlled trial
with 10 patients, presenting with frequent muscle cramps during hemodialysis, an oral
dose of 12 g of creatine monohydrate or placebo was given before each dialysis session
for 4 weeks [32]. The authors found a 60% reduction in muscle cramps after four weeks
of creatine supplementation, while no difference was found in the placebo group. After a
wash-out period, the frequency of muscle cramps returned to the previous level. In another
double-blind, randomized, placebo-controlled trial with 30 hemodialysis patients, an initial
loading phase of 1 week, in which an oral dose of 40 g of creatine monohydrate or placebo
was given per day, was followed by a period of 3 weeks, in which an oral dose of 10 g
of creatine monohydrate or placebo was given per day [33]. It was evaluated whether
oral creatine supplementation could attenuate the loss of muscle mass and malnutrition-
inflammation score (MIS). MIS was developed to examine PEW in relation to inflammation,
and is made up of 10 components, namely: weight change, dietary intake, gastro-intestinal
symptoms, functional capacity, comorbidity, subcutaneous fat, signs of muscle wasting,
body mass index (BMI), serum albumin level, and total iron-binding capacity (TIBC).
Each of these 10 components of MIS has four levels for severity, ranging from 0 (normal)
to 3 (severely abnormal). The sum of all 10 components can therefore range from 0
(normal) to 30 (severely malnourished and inflamed) [34]. Compared with the placebo
arm, the creatine treated arm demonstrated a significant increase in lean body mass
after 4 weeks of supplementation. Additionally, the creatine treated arm demonstrated a
sizable reduction of MIS. However, to date, no studies have investigated whether creatine
supplementation in patients with dialysis-dependent CKD is able to improve muscle
strength, cognitive impairment, HRQoL, ability to perform daily tasks, infectious diseases,
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fatigue, or depression, individually or altogether. Furthermore, the aforementioned studies
each used oral creatine supplementation with either single or multiple doses throughout
the day, dissolved in relatively large volumes of water, which may negatively affect both
patient compliance and fluid balance.

To avoid problems with compliance and fluid balance, and, furthermore, to prevent
intradialytic losses of creatine to the dialysate, we aim to investigate the potential of
intradialytic creatine supplementation in improving muscle status and HRQoL. To do so,
the optimal creatine concentration in the dialysate in relation to maximal creatine uptake, as
well as the tolerability of the intradialytic creatine application, must be determined first. The
second goal of the study is to determine the effects of intradialytic creatine supplementation
of chronic hemodialysis patients on muscle mass, muscle strength, cognitive functions,
HRQoL, frailty, fatigue, and depression parameters.

3. A Clinical Pilot Study

3.1. Study Design and Setting

In this randomized, double-blind, placebo-controlled pilot study, a total of 16 hemodial-
ysis patients will be included, which will be divided into four groups (0.5 mM, 1.0 mM,
1.5 mM, and 2.0 mM) each consisting of three patients receiving creatine and one receiving
placebo. The study is a pilot study to generate data to allow for sample size calculations
for a future larger study to be performed, as no data on the standard deviations of changes
of intra-erythrocyte creatine concentrations over time and other outcome parameters over
time are currently available to allow for an adequate sample size calculation. So, no sample
size was calculated for the current study. The study will be conducted at the University
Medical Center Groningen (UMCG) and the Dialysis Center Groningen (DCG). The pro-
tocol was written in accordance with the Standard Protocol Items: Recommendations for
Interventional Trials (SPIRIT) guideline. Ethics committee approval will be obtained from
the UMCG, the Netherlands.

The study population comprises of patients with dialysis-dependent CKD being
treated with hemodialysis. The targeted study population of dialysis-dependent kidney
disease patients in the local study centers is primarily >55 years old, predominantly
Caucasian, with similar proportions of men and women, with approximately 50% of
patients having residual diuresis. Only subjects who provide written informed consent are
eligible. Additional inclusion criteria for this study are as follows:

- Age ≥ 18 years;
- Hemodialysis treatment in the UMCG or DCG;
- Dialysis vintage ≥2 months;
- Conventional hemodialysis, thrice weekly treatment with three to five hours per

dialysis treatment;
- Hemoglobin at previous routine monthly assessment greater than or equal to

6.5 mmol/L;
- Signed informed consent.
- Exclusion criteria for the current study are:
- Pregnancy;
- Presence of clinical signs of infection;
- Confirmed diagnosis of malignancies;
- Incapacity of the Dutch language;
- Inability to complete questionnaires.

3.2. Interventions, Blinding, and Randomization

In this study, creatine will be added to the dialysis fluid. Adverse events are defined
as any untoward medical occurrence in patients participating in the study. These adverse
events do not necessarily have to have a causal relationship with the treatment. No major
side-effects are expected. As the principle of intradialytic creatine supplementation is new,
this pilot study will take a step-up approach with block randomization. The hemodialysis
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patients are divided into four different dosage groups in which patients will continuously
receive either 0.5 mM, 1.0 mM, 1.5 mM, or 2.0 mM of creatine dissolved into the dialysis
fluid during the entirety of a dialysis session. Each group consisted of four patients, in
which three patients will be randomized to receive creatine and one patient received the
placebo. Randomization will be performed according to the subsequent blocks, each of
which will consiste of three patients receiving creatine and one receiving placebo. The first
randomization block will be assigned to a creatine dosage of 0.5 mM. If after one week no
adverse effects are observed, the next, higher dosage group will be started (Figure 2).

 

Figure 2. Timeline overview.

Oral supplementation has been extensively studied in the last thirty years, both in
athletes as well as in the general population, in various age groups ranging from children
to the elderly [35,36]. Oral supplementation with chemically pure creatine monohydrate,
as used in this study, if taken within the officially recommended dosages, is safe with no
significant side effects, except for moderate weight gain [33,37]. This weight gain is initially
due to water retention, and in the long term is due to an increase in fat free muscle mass [33].
In dialysis patients, the initial water retention can be compensated by the dialysis itself. The
increase in fat free muscle mass would, in fact, be beneficial for dialysis-dependent CKD, as
they often suffer from PEW and/or sarcopenia. On top of that, as the gastrointestinal tract
is spared when using intradialytic supplementation, complaints such as gastrointestinal
complaints and bloating are unlikely to occur.

The patients will receive creatine supplementation or placebo (hemodialysis qual-
ity water) during each hemodialysis session for a total length of 6 weeks. Creatine-
monohydrate, Creapure® “Pharma Quality” (not GMP), produced by AlzChem Trost-
berg, Germany will be used for the preparation of a 50 mmol/L stock solution of creatine
which will be added to the dialysis fluid to reach the projected dialysate concentrations, as
indicated above.

To ensure the double-blind design, optically similar solutions will be packed and
coded by Ace Pharmaceuticals, the Netherlands. The creatine solution will be added with
an infusion pump at a sampling tip on the afferent dialysis fluid hose for the artificial
kidney. Depending on the setting of the infusion pump and the dialysis flow, different
creatine concentrations (between 0.5 and 2.0 mM) will be reached. The total dialysis
treatment duration for the study was six weeks, with three dialysis sessions per week. The
total creatine uptake at the different dosages (0.5 mM, 1.0 mM, 1.5 mM, or 2.0 mM) will be
calculated as the added amount of creatine minus the creatine measured in the collected
hemodialysis fluid (the creatine that did not diffuse to the blood).

3.3. Measurements

Study measurements will be performed at baseline, week 3, week 6, and after a
washout period of 2 weeks. The primary outcome parameters of the study will be the as-

324



Nutrients 2021, 13, 2709

sessment of the plasma creatine and intra-erythrocyte creatine concentration. At each study
visit, the blood, interdialytic urine, and dialysate will be collected from each participant.
Blood will be drawn from the hemodialysis lines both prior to and after the hemodialysis
treatment. Participants with residual diuresis will be instructed to collect all of the urine
in the interdialytic interval prior to the hemodialysis session of the visit, according to a
strict protocol. At the end of the hemodialysis session prior to the hemodialysis session of
the study visit, participants will be instructed to start collecting all of the urine until the
start of the hemodialysis session of the study visit. For participants dialyzing thrice weekly,
this will be roughly 48 h. During the hemodialysis session, all dialysate will be collected
in a 200-L tank. The total dialysate volume will be measured by calculating the weight
difference of the tank before and after the hemodialysis session. At the end of hemodialysis,
all dialysate will be homogenized, and samples will be taken for analyses and storage.

Plasma, intra-erythrocyte, and urinary creatine concentrations will be measured
with liquid chromatography mass spectrometry (LC-MS/MS), validated according to
ISO 151 89 guidelines, using an LC30AD UPLC (Shimadzu, Kyoto, Japan) and an API-4500
mass spectrometer (SCIEX, Framingham, MA, USA). Creatine will be separated using a
Phenomenex Kinetex Evo™ C18 (2.6 μm, 100 Å, 150 × 4.6 mm) column, with a Phenomenex
SecurityGuard™ ULTRA cartridges for C18 (2.6 μm, 2 × 4.6 mm) guard column. Creatine
is detected using positive-ion electrospray ionization in the multiple reaction monitoring
mode using the following transitions: m/z 132→90 for creatine and m/z 135→93 for the
internal standard (D3-creatine). Data will be analyzed using Analyst MD 1.6.2 (Sciex). The
intra-assay and inter-assay coefficients of variation are 3.9% and 6.5% at 17 μmol/L and
1.7% and 1.7% at 1065 μmol/L, respectively.

Anthropometry measurements will include body weight in kilograms (kg), body
height in centimeters (cm), and hip and waist circumference both in centimeters (cm). Body
weight will be measured both before and after the hemodialysis session in lightweight
clothing without shoes using a calibrated digital measuring scale (seca 877, seca, Hamburg,
Germany). Body height will be measured before the start of the hemodialysis session using
a wall-secured stadiometer (seca 222). Waist and hip circumference will be measured in
centimeters (cm) twice after the hemodialysis session, using a measuring tape roll with a
standardized retraction mechanism (seca 201). Blood pressure (mmHg) will be measured
according to a standard clinical protocol, using an automatic device (Phillips Suresign
VS2+, Andover, MA, USA). Blood pressure (mmHg) will be measured before the start
of the hemodialysis session, each hour during the dialysis period, and at the end of the
hemodialysis session. Blood pressure will be measured in standing position before and
after the dialysis session. Patients will be asked to stand up straight for 1 min, after which
blood pressure and heart rate measurements will be performed. Body composition will
be determined using a multifrequency bioelectrical impedance analyzer (BIA, Quadscan
4000, Bodystat, Douglas, UK) at 5, 50, 100, and 200 Hz, which allowes for distinguishing
between lean body mass and fat body mass, taking into account the differences in volume
status [38]. According to recommendations [39], the BIA measurement will be performed
before the hemodialysis session, with the participant in a supine position with arms and
legs abducted from the body.

Hand grip strength will be assessed in kilograms (kg) in both arms with the Jamar Hy-
draulic Hand Dynamometer (Patterson Medical JAMAR 5030J1, Warenville, IL, USA) [40].
The hand grip strength will be assessed before the start of the hemodialysis session, in a
seated position, with shoulders in adduction, arms rotated into a neutral position, elbows
flexed to 90◦, and forearms and wrists held in a neutral position. After the participant is
positioned in the right way, they will be instructed to perform a maximal isometric contrac-
tion. To avoid the occurrence of motivation bias, all patients will be encouraged through
vocal commands at high volume [41]. Hand grip strength will be tested three times with
an interval of 30 s between each attempt. As it has been shown that the difference between
the arm with the fistulae compared with the contralateral is greater than the difference
between the dominant compared with the non-dominant hand [42], the measurements will
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be performed on the arm in which no fistula is present, and when no fistula is present in
either of the arms, measurements will be performed on the hand of the dominant arm.

The Short Physical Performance Battery (SPPB) is a relatively simple test that can be
used to gain insight into balance, gait, strength, and endurance [43], and will be performed
before the start of the hemodialysis session. The SPPB consists of three separate tests,
namely: a balance test, a walking test, and a repeated chair–stand test. For the balance test,
participants need to stand still for at least 10 s in three progressively difficult positions,
with the feet together in side-by-side, semi-tandem, and tandem positions. Lower limb
strength will be tested with the repeated chair–stand test. Participants will be asked to fold
their arm across their chests while standing up and sitting down five times as quickly as
possible, and the time will be recorded in seconds (s).

The 4 m Gait Speed Test (4MWT) will be used to measure locomotion [44–46]. For the
4MWT, two pylons will be placed 4 m apart and the subject will be instructed to walk at
their usual place. Time from start to end of the 4 m will be recorded in seconds (s). The
4MWT will be measured twice, before the start of the hemodialysis session.

Forced expiratory volume for 1 s (FEV1) will be measured in liters (L), both before the
start of the dialysis session as well as at the end of the hemodialysis session, by means of
an Asma-1 handheld spirometer (Vitalograph, Buckingham, UK) [47].

The 9-Hole Peg Test (9-HPT, Sammsons Preston Rolyan, Chicaco, IL, USA) requires
participants to place and remove nine pegs into nine holes, one at a time, as quickly as
possible, and is therefore a measure of hand dexterity [48]. Participants will be asked to
perform the 9-HPT with the dominant hand first and then with the non-dominant hand.

The following questionnaires will be administered: Six-Dimensional EuroQol Instru-
ment (EQ-6D) [49] and the Short Form 36 Health Survey (SF36) [50] to assess HRQoL;
Checklist Individual Strength (CIS) [51] to assess fatigue; Dialysis Symptom Indicator
(DSI) [16] to assess the prevalence, severity, and impact of symptoms in hemodialysis
patients; Groninger Frailty Indicator (GFI) [52] to identify frailty; Cognitive Failure Ques-
tionnaire (CFQ) [53] to assess cognitive failure; Patient Health Questionnaire-9 (PHQ-9) [54]
to measure depressive disorders and depression severity; and the Patient-Generated Sub-
jective Global Assessment (PG-SGA) [55–57] to assess nutritional status. Patients can fill
in the questionnaires at home before the start of the hemodialysis session, or during the
dialysis session with the help of a researcher.

3.4. Outcomes

The aim of the pilot study is to explore the creatine uptake in the circulation and
tissues following different creatine supplementation dosages. Therefore, the main pa-
rameters for the pilot study are the plasma creatine concentration and intra-erythrocytic
creatine concentration of both the pre- and post-hemodialysis samples. Intra-erythrocytic
creatine concentration will be used as a non-invasive proxy for creatine tissue uptake.
The secondary study parameters are hand grip strength as a measure of muscle strength,
the combined interdialytic urinary and intradialytic dialysate excretion of creatinine as a
measure of muscle mass [58], and bioelectrical impedance analysis (BIA) as a measure of
body composition. Other study parameters are N-terminal pro-brain natriuretic peptide
(NT-proBNP) as a cardiac function marker; high sensitivity troponin T (hs-TNT) as a cardiac
ischaemia marker; C-reactive protein as an inflammation marker; self-reported physical
health using the EQ-6D, SF36, and DSI; fatigue using the CIS; and cognitive functions using
the CFQ.

3.5. Statistical Analyses

Statistical analyses will be performed using R statistical software (Vienna, Austria)
(http://cran.r-project.org/ (accessed on 1 August 2021)). The results will be expressed as
mean ± standard deviation (SD), median (interquartile range), or number (percentage) for
normally distributed, skewed, and categorical data, respectively. For all of the analyses,
p-value < 0.05 will be considered statistically significant. To determine the effect of creatine
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supplementation on the primary and secondary outcomes, linear mixed-effect models
will be used to compare the change in outcome over time between the different treatment
groups. Linear mixed-effect models will be performed using the “lmer” function of the
“lme4” package. Treatment group, time, and the interaction between treatment group and
time will be used as fixed factors, and random intercepts and slopes will be added for the
subjects. To minimize the false positive rate, as recommended by Barr et al., we aim to use
the maximal random effect structure, even if a random effect does not improve the overall
model fit [59].

4. Discussion

Creatine supplementation as a nutritional intervention has been extensively studied
in several populations, showing promising results [60–62]. To date, almost all creatine
supplementation studies have been performed with oral supplementation. In dialysis-
dependent kidney disease patients, the oral supplementation of creatine is less suitable as
it requires dissolving the creatine in large volumes of water, which may negatively affect
the fluid balance. In addition, the causes for creatine deficiency in dialysis-dependent
kidney disease patients, being impaired endogenous synthesis [4,7], losses to the dialysis
fluid [17,18], and insufficient intake [19,20], are chronic in nature and therefore require
long-term supplementation of creatine. As many CKD patients are dependent on dialysis
for years, sometimes even lifelong, treating creatine deficiency with oral supplementation
requires a high level of compliance. In addition, oral supplementation does not prevent
losses of creatine to the dialysis fluid. In contrast to oral supplementation, intradialytic
supplementation offers the possibility to supplement creatine in a controlled manner, while
preventing unopposed losses of creatine to the dialysis fluid, volume overload due to the
necessary ingestion of large volumes of water, and potential problems with compliance.

A creatine deficient state is not without consequences. It has become increasingly
clear that low creatine levels play an important role in many different causes for impaired
HRQoL and have higher mortality rates in hemodialysis patients. For example, a recent
study showed that higher plasma creatine concentrations are associated with lower odds
of low muscle mass, low protein intake, hypoalbuminemia, and severe fatigue, indicating
a potential role for creatine supplementation in hemodialysis patients [18].

Protein-energy-wasting (PEW), a progressive depletion of protein and energy stores,
is highly prevalent in hemodialysis patients (up to 50–75%) and is associated with both
increased morbidity and mortality, and impaired quality of life. Potential causes of PEW
in patients with dialysis-dependent CKD include reduced protein and energy intake,
reduced physical activity, increased catabolism, reduced anabolism, and comorbidities
(e.g., diabetes), as well as the dialysis treatment itself, causing, among others, a loss of amino
acids to the dialysate [63,64]. Additionally, the situation is exacerbated by inflammatory
processes, and loss of residual renal function [63]. These causes often occur simultaneously
and exacerbate the general pathological state of dialysis patients.

It has been shown that oral creatine supplementation increases the intramuscular total
creatine (creatine plus phosphocreatine) concentrations [62] and, in parallel, significantly
increases muscle mass [65] and muscle performance for high-intensity and endurance
performance [62,66]. In addition, there is a growing body of evidence that creatine supple-
mentation, combined with moderate resistance training, can, at least partially, counteract
the loss of muscle mass caused by ageing or immobilization [67,68].

Furthermore, hemodialysis patients frequently suffer from fatigue [2,69]. The burden
of fatigue is underscored by the results of a cross-sectional study, in which 94% of the
patients would accept more frequent hemodialysis if it would increase their energy level,
but only 19% would do so for an increase in survival time of up to 3 years [70]. It has been
hypothesized previously that creatine administration plays an important role in reducing
both mental and muscular fatigue by increasing the brain content of phosphocreatine [71].
Therefore, intradialytic creatine supplementation may benefit hemodialysis patients by
potentially attenuating the fatigue often experienced with kidney disease.
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Another contributor to increased mortality and impaired HRQoL in hemodialysis
patients is cognitive impairment [72]. Cognitive impairment is associated with lower
compliance concerning nutritional restrictions, fluid restrictions, and medication [73]. The
underlying pathogenesis is not fully understood, but it has been indicated that creatine
supplementation improves brain health, improves cognition, and is effective at alleviating
brain ischemia and hypoxia [30]. Importantly, creatine has also been shown to alleviate
treatment-resistant depression, especially in women [74–76], and recent study results
indicate a significant negative relationship between dietary creatine intake and depression
in a nationally representative adult cohort in the USA, indicating that a low creatine
intake may enhance the incidence of depression [75]. Therefore, intradialytic creatine
supplementation may benefit hemodialysis patients by potentially improving the mental
complaints often experienced with kidney disease.

Additionally, as creatine has a positive impact on both the development and activa-
tion of the innate and adaptive immune response [31], dialysis patients who are supple-
mented with creatine may have a lower incidence of infections during the time of chronic
dialysis treatments.

Furthermore, as cardiovascular diseases are prominent pathologies in dialysis patients,
creatine, with its reported benefit for vascular health, such as alleviating oxidative stress
and inflammation [71,77,78], may be helpful in these respects in this vulnerable population.

During hemodialysis treatment, erythrocytes are subject to mechanical and oxidative
stress, potentially leading to anemia. Studies suggest that creatine, by its ability to inhibit
erythrocyte lipid peroxidation, may contribute to the maintenance of normal cell deforma-
bility [79–81]. Intradialytic creatine supplementation could potentially lead to reduced
losses of erythrocytes, and may therefore reduce the erythropoietin (EPO) requirements
of the dialysis patients. The reduced administration of EPO will circumvent the possible
EPO-supported progression of tumors and should markedly reduce costs to the healthcare
system [82,83].

5. Conclusions

Patients with CKD relying on dialysis treatments likely suffer from creatine deficiency
due to a decreased endogenous production of creatine and unopposed losses of creatine
from the blood into the dialysate. In the current study, we have provided the rationale for
intradialytic creatine supplementation and described the study protocol for a pilot study in
preparation for a large double-blind, placebo-controlled supplementation trial.

Intradialytic creatine supplementation may help to maintain creatine homeostasis
among dialysis-dependent CKD patients, and consequently improve important causes
for impaired HRQoL, including protein energy wasting (PEW), fatigue, muscle weakness,
depression, and cognitive impairment.
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Abbreviations

Abbreviations
AGA—arginine:glycine amidino-transferase; AMPK—AMP-activated protein kinase;

ATP—adenosine-tri-phosphate; Cr—creatine; PCr—Phosphocreatine; CK—creatine kinase;
ESKD—end-stage kidney disease; GAA—guanidinoacetate; GAMT—guanidino-acetate-
amino-transferase; HRQoL—health-related quality of life.
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Abstract: Post-viral fatigue syndrome (PVFS) is a widespread chronic neurological disease with no
definite etiological factor(s), no actual diagnostic test, and no approved pharmacological treatment,
therapy, or cure. Among other features, PVFS could be accompanied by various irregularities in
creatine metabolism, perturbing either tissue levels of creatine in the brain, the rates of phospho-
creatine resynthesis in the skeletal muscle, or the concentrations of the enzyme creatine kinase in
the blood. Furthermore, supplemental creatine and related guanidino compounds appear to impact
both patient- and clinician-reported outcomes in syndromes and maladies with chronic fatigue. This
paper critically overviews the most common disturbances in creatine metabolism in various PVFS
populations, summarizes human trials on dietary creatine and creatine analogs in the syndrome, and
discusses new frontiers and open questions for using creatine in a post-COVID-19 world.

Keywords: post-viral fatigue syndrome; chronic fatigue syndrome; creatine; GAA; creatine kinase

1. Introduction

Post-viral fatigue syndrome (PVFS) is a medical condition that is categorized among
other disorders of the nervous system (Code: 8E49) in the eleventh revision of the Interna-
tional Classification of Diseases [1]. According to the current codification system published
by the World Health Organization in 2019, PVFS covers chronic fatigue syndrome (CFS)
and benign myalgic encephalomyelitis (ME), puzzling conditions previously designated
as individual entities, and now systematized under the PVFS umbrella. Although some
CFS/ME cases are not preceded by a viral infection [2], all conditions share clinical fea-
tures that allow for a mutual medical/scientific exploration. Mainly characterized by a
prolonged severe post-exercise malaise, an impairment in various cognitive functions,
non-inflammatory myalgia and joint pain, and unrefreshing sleep, PVFS has an unknown
cause, no pathognomonic diagnostic criteria, and no approved medical treatment (for a
detailed review see [3–5]). Various viral infections have often been reported before the
first appearance of PVFS, including Epstein–Barr virus, cytomegalovirus, coxsackieviruses,
and coronaviruses, and the onset might be sudden or gradual [6]. Besides viruses, many
physiological and psychological factors appear to work together to predispose an individ-
ual to PVFS and to precipitate and perpetuate the illness [7], making this ailment even
more baffling and hard to tackle. Beyond other risk factors, creatine shortfall may be one
of the hallmarks of PVFS pathology, with compensating for the lack of creatine perhaps
seen as an adjunct management strategy in this mysterious disease [8]. This review paper
outlines the irregularities of creatine metabolism in PVFS, summarizes studies on creatine
supplementation in PVFS and similar syndromes, and discusses new frontiers of using
creatine by emphasizing COVID-19 pandemics and post-COVID-19 convalescence and
nutritional care.

2. Biomarkers of Creatine Metabolism in Post-Viral Fatigue Syndrome

A pioneering biochemical and muscle study from the late 1980s and early 1990s on pa-
tients with PVFS revealed minimal changes in surrogate markers of creatine turnover/muscle
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physiology. A mildly elevated creatine kinase (CK) and indistinguishable muscle biopsies
were found in 96 patients who had suffered from the PVFS, although enterovirus RNA was
present in the skeletal muscle of some patients up to 20 years after the onset of disease [9].
Preedy and co-workers [10] reported only minor abnormalities or expected outcomes after
a quantitative morphometric analysis of skeletal muscle fibers in 22 patients with PVFS.
Mean muscle RNA composition (mg RNA/mg DNA) was reduced by 15% in acute onset
PVFS, implying lower muscle protein synthetic potential (but not muscle bulk), while
plasma carnosinase and CK levels were within normal ranges. Another study demon-
strated mostly regular electromyographic and muscle histopathology studies, and normal
plasma CK levels in 35 patients with chronic fatigue [11], yet abnormal fiber density was
found in several patients who did not have acute-onset PVFS. Wassif and colleagues [12]
confirmed that the conventional biochemical markers (e.g., albumin, liver enzymes, CK,
and carnosinase) are insensitive to discriminate patients with CFS and other myopathies,
while histological examination revealed relatively mild abnormalities in 3 out of 10 pa-
tients with PVFS (e.g., macrophage infiltration and muscle fiber atrophy). An exciting trial
found that stress-induced neutrophil mobilization might be disrupted in CFS, with healthy
women demonstrating a strong correlation between exercise-induced neutrophilia and
plasma CK while this link was not observed in the CFS patients [13].

Studies following those seminal trials brought a somewhat better understanding of tis-
sue metabolism of creatine in PVFS by using magnetic resonance spectroscopy (MRS). Wong
and co-workers [14] were arguably the first who evaluated skeletal muscle metabolism in
CFS during rest and exercise using 31P MRS to reflect minute-to-minute intracellular high-
energy phosphate metabolism. The authors found that CFS patients and normal controls
have similar skeletal muscle metabolic patterns during and after exercise. However, CFS
patients reach exhaustion much more rapidly than normal subjects, at which point they also
have relatively reduced intracellular concentrations of ATP (adenosine triphosphate), while
no intergroup differences were found for muscle phosphocreatine levels. A follow-up study
confirmed that no significant metabolic abnormalities are associated with fatigue in CFS
patients, although abnormalities may be present in a minority of patients [15]. However,
other 31P MRS trials reported significantly reduced the maximal rate of post-exercise phos-
phocreatine resynthesis in CFS patients compared to sedentary controls [16], or decreased
resting values of phosphocreatine-to-phosphocreatine plus phosphate and increased pH
levels during exercise in the CFS population [17]. This implies CFS-driven perturbation in
energy metabolism, although not all studies reported an impaired rate of phosphocreatine
resynthesis after exercise [18,19]. Finally, Brooks and colleagues [20] demonstrated a trend
of reduced levels of hippocampal creatine in CFS patients as compared with controls
(8.6 mM vs. 10.9 mM), suggesting an impaired creatine metabolism in the brain as well.

Chronic fatigue syndrome in childhood also appears to be characterized by vascular
and metabolic alterations in the brain [21], with lower blood flow in the temporal and
occipital lobes and markedly higher blood flow in the basal ganglia and thalamus in patients
with CFS as compared to healthy children. This was accompanied by a notable elevation
of the choline-to-creatine ratio in children with CFS, which was arguably the first time
that a possible creatine alteration in CFS in the young brain has been described, although
no individual levels for brain metabolites were reported. A choline-to-creatine ratio is a
well-known surrogate 1H MRS biomarker of altered brain metabolism, with elevated levels
perhaps demonstrating a reduction in brain creatine (or an elevation in brain choline).
Soon afterward, an elevation in the choline-to-creatine ratio in the basal ganglia and white
matter was found in patients with histologically mild hepatitis C suffering from CFS [22].
Altered cerebral metabolism was also found in patients with CFS who demonstrated
higher N-acetyl aspartate-to-choline and choline-to-creatine ratios in the occipital cortex,
as compared to healthy controls [23,24]. Various cardiac bioenergetic abnormalities were
found in 12 CFS patients, with the mean phosphocreatine-to-ATP ratio in the CFS group
tending to be lower than that seen in the control group, with values consistent with
significant cardiac impairment [25]. In addition, the half-time for phosphocreatine recovery
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from end-exercise to baseline levels was prolonged in CFS patients. Van der Schaaf and
co-workers [26] used functional brain imaging in 89 women with CFS, evaluating the
possible link between the brain metabolism and clinical features of CFS. They found that
more pain in CFS was associated with reduced gray matter volume and decreased N-acetyl
aspartate-to-creatine ratio in the dorsolateral prefrontal cortex. Nevertheless, most of the
studies provided no absolute levels of creatine in relevant tissues, making the case for
creatine alterations in CFS incomplete.

Widespread metabolic abnormalities in CFS were corroborated in a recent whole-brain
magnetic resonance spectroscopy trial [27]. A notably elevated choline-to-creatine ratio
was found in the left anterior cingulate, with metabolite ratios correlated with fatigue in
seven brain regions. Specifically, creatine levels in the parietal cortex were lower in CFS
patients than in the control group (6.4 mM vs. 7.3 mM, p = 0.03), while in the putamen,
creatine was higher in patients than in controls (6.3 mM vs. 5.7 mM; p = 0.01), suggesting
location-specific variation in brain creatine in CFS. Patients with CFS also showed higher
brain temperatures than healthy controls in several brain regions, suggesting that neu-
roinflammation, mitochondrial dysfunction, and aberrant neuronal communication may
contribute to metabolic perturbations in the CFS brain. An elevated creatine excretion via
urine has been identified as a metabolomic signature of fibromyalgia syndrome, a chronic
condition similar to PVFS, with creatine urinary loss correlating well with fatigue and pain
severity [28]. The increased utilization of creatine to form ATP in CFS has been suggested
in a metabolomics trial [29], as illustrated by elevated urinary creatinine (an end product
of creatine metabolism) and decreased serum glycine (a precursor of creatine) in blood and
urine samples from 34 women with ME/CFS.

In the search for valid diagnostic/prognostic biomarkers of CFS, Nacul and co-workers [30]
recently reviewed lab tests from 272 people with CFS and 136 healthy controls participating
in the UK ME/CFS Biobank. The authors reported that patients with severe CFS actually
have lower CK levels compared to healthy controls and non-severe CFS patients, with
differences persisting after adjusting for sex, age, body mass index, muscle mass, disease
duration, and activity levels. This interesting discovery was corroborated in a consecutive
trial where among the 30 clinical parameters evaluated at the UK ME/CFS Biobank, only
blood CK levels showed statistically significant differences between groups, with levels
lower in CFS patients than in healthy controls (59.93 U/L vs. 88.67 U/L; p = 0.006) [31]. This
was accompanied by a CFS-driven dysregulation of microRNA profiles, which represent
genes interconnected with neuronal and endocrine-metabolic system pathways, including
an upregulation of NTRK1, which is essential for the development and survival of neurons,
and downregulation of MECP2 and AGO2 genes, which provide instructions for modifying
chromatin and RNA-mediated silencing, respectively. Low CK activity in CFS is perhaps
another indicator of an inadequate turnover of a key enzyme involved in creatine utilization
and may be a symptom of the low availability of cellular energy that might involve both
mitochondrial and cytosolic pathways [32,33].

3. Dietary Creatine and Alternatives in Syndromes with Prolonged Fatigue

Keeping in mind the fact that supplemental creatine has been investigated in a plethora
of neurological, neuromuscular, and immune disorders characterized by creatine deficit or
perturbation, it is odd that PVFS mainly remained outside of the scope of the creatine re-
search community. A single clinical trial on creatine supplementation in CFS was registered
at ClinicalTrials.gov in 2015 (NCT02374112), and the study is still on going, with no results
published so far. Besides, only a handful of trials evaluated the effects of supplemental
creatine and/or other guanidino compounds in the PVFS population or similar disorders
with prolonged fatigue of unknown source.

Almost 20 years ago, Brouwers and co-workers [34] assessed the effect of a polynu-
trient supplement on the fatigue severity, clinical symptoms, and physical activity of
patients with CFS. The authors conducted a prospective randomized placebo-controlled,
double-blind trial in 53 CFS patients who received a multi-component product specifically
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developed to have a high antioxidative capacity for ten weeks. The product contained
protein, carbohydrates, fat, trace elements, minerals, vitamins, and other components,
including creatine (1200 mg per 100 mL). The authors found no significant differences
between the placebo and the treated group on any of the outcome measures. Besides other
methodological limitations of this study (e.g., no assessment of the nutritional status of
CFS patients prior to the treatment, some components of the mixture having potential
contrasting effects), the creatine dosage used here appears to be insufficient as compared to
traditional supplementation regimens.

A research group from the University of Sao Paolo evaluated the effects of creatine
supplementation in fibromyalgia, a condition similar (if not equivalent) to CFS and char-
acterized by widespread musculoskeletal pain accompanied by fatigue, sleep, memory,
and mood issues [35]. The authors supplemented creatine (20 g of creatine monohydrate
for five days followed by 5 g per day throughout the trial) to 43 fibromyalgia patients in
a randomized, double-blind, placebo-controlled, parallel-group design, and monitored
muscle performance, cognitive function, sleep, and tissue metabolism at baseline and
16-week follow up. Creatine intervention provoked higher muscle phosphoryl creatine
levels when compared with the placebo group, accompanied by greater dynamic and iso-
metric muscular strength. The mental health domain from the 36-item Short-Form Health
Survey was also improved following creatine supplementation, along with incidental
memory from the Delay Recall Test, while the other markers of cognition, quality of life,
or sleep remained unchanged. Another randomized controlled crossover trial evaluated
the effects of supplemental guanidinoacetic acid (GAA), a natural precursor of creatine,
in 21 mid-age women with CFS [36]. Three months of oral GAA (2.4 g/day) induced
a significant elevation of total muscle creatine levels compared with the placebo group
(36.3% vs. 2.4%; p < 0.01), complemented by a superior rise in quadriceps isometric strength
and maximal oxygen uptake. GAA also attenuated several aspects of fatigue, such as
activity, motivation, and mental fatigue, and improved both physical and mental domains
of health-related quality of life assessed through the 36-item Short-Form Health Survey.
However, GAA demonstrated no effects on the main clinical outcomes, such as general
fatigue and musculoskeletal soreness at rest and during activity.

An interesting cross-sectional study assessed the dietary habits and food avoidance-
behaviors in women with CFS [37]. Although no homogeneous pattern of food habits was
established in this trial, CFS patients appear to often avoid many foods rich in creatine
(e.g., meat, milk, and dairy products). A connection between dietary intake of creatine and
clinical features of CFS has not been established so far; however, low creatine consumption
from food sources may play an essential role in the creatine metabolism irregularities
associated with CFS, and perhaps calls for creatine compensation through the prescription
of creatine-rich foods and/or creatine supplementation. Jenkins and Raymen also reported
intakes below the reference values for animal-based nutrients (e.g., vitamin D, vitamin
A, calcium, zinc, and iron) in CFS patients [38]. To understand this under-investigated
disorder will require careful nutritional approaches.

4. Alternative Mechanisms of Creatine Action

Both animal studies and human trials indicate the beneficial effects of supplemental
creatine in domains beyond cellular bioenergetics, including neuroprotection, immunomod-
ulation, and antioxidant activity (for a detailed review see [39]), domains often compro-
mised in syndromes with chronic fatigue. That being said, creatine may help individuals
cope with PVFS through several auxiliary means (Figure 1).
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Figure 1. Possible mechanisms of creatine action in post-viral fatigue syndrome.

For instance, creatine can act as a mediator of neuroprotection in a variety of neuro-
logical conditions, including traumatic brain injury [40], neurodegenerative diseases [41],
and cerebral ischemia [42]. This perhaps happens due to a creatine-mediated inhibition
of the mitochondrial permeability transition pore (MPTP), an inner membrane protein
linked to neuronal cell death, by stabilizing mitochondrial CK and stimulating the produc-
tion of phosphocreatine, which stabilizes ATP levels in the neuron [43]. Since neuronal
mitochondrial dysfunction and the opening of the MPTP play a vital role in PVFS develop-
ment [44], creatine may renew mitochondrial viability and perhaps alleviate the cognitive
dysfunction seen in the syndrome. In addition, creatine can act as a suppressor of acute and
chronic inflammation by downregulating membrane proteins (such as toll-like receptors)
that play a role in innate immunity [45]. Toll-like receptor upregulation seems to trigger
an inflammatory signaling cascade leading to neuroinflammation and neurodegenera-
tion in CFS/ME [46], and supplemental creatine may limit this hyperimmune response.
Furthermore, the antioxidant activity of creatine emerges as an additional mechanism that
is likely to play a supportive role in the creatine-cytoprotection paradigm [47]. For instance,
creatine possesses direct antioxidant activity and can protect mitochondrial DNA from
ROS-mediated damage [48]. Owing to the fact that oxidative stress is a major contributor to
debilitating chronic fatigue [49], using supplemental creatine to alleviate oxidative damage
might be a promising practice in PVFS. Finally, creatine acts as a partial agonist of central
GABAA receptors [50], and a modulator of the NMDA receptor [51], both employed in
regulating glutamatergic function. An impaired glutamatergic regulation and transport,
accompanied by endotoxin intolerance, have been suggested in fatigue syndromes [52],
and creatine may play a putative role as a fine-tuning agent of glutamate conveyance in
the PVFS brain.

5. Open Questions and Creatine in the Post-COVID-19 World

Before considering of whether dietary creatine (and creatine analogs) has any ther-
apeutic value in PVFS, a number of issues have to be addressed in more detail. Firstly, a
possible creatine deficiency in the syndrome should be described in terms of demographics
that include age, gender, ethnicity, co-morbidities, disease severity and duration, and tissue
specificity, among others. Secondly, the intervention protocols should be scrutinized for
both prospective and retrospective approaches, with creatine administered being through-
out the acute phase of viral infection to induce PVFS, or during an episode of persistent
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PVFS. We also have to investigate the effects of dietary creatine in tissues besides the
skeletal muscle, evaluating brain creatine in PVFS in a region-specific manner, and alter-
native mechanisms of creatine supplementation via both patient- and clinician-reported
outcomes and biomarkers. Creatine intervention specifics in PVFS should also be probed
for the chemical formulation that is most effective for sufficient brain uptake, the acceptable
dosages in terms of clinical efficacy and pharmacovigilance, and the optimal time span
of creatine intervention due to the rather prolonged character of the disease. Specifically,
recent data suggest that creatine can cross the blood–brain barrier but only with poor effi-
ciency [53]. The creatine transporter (CT1 or SLC6A8) is not present in the astrocytic feet,
which covers ~ 98% of the blood–brain barrier [54], implying somewhat limited uptake of
creatine by the brain from the circulation. This problem might be overcome by modifying
the creatine molecule to allow it to cross biological membranes by designing lipophilic
creatine derivatives that could more adequately enrich the brain creatine pool [55]. Robust
research designs that incorporate well-sampled long-term randomized controlled multi-
center trials are highly warranted in various PVFS cohorts, including survivors of the
coronavirus disease 2019 (COVID-19).

The COVID-19 pandemic caused by the severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) may bring PVFS into focus since coronaviruses are already recog-
nized for their role in PVFS etiopathogenesis [56]. The medical community has started to see
a large number of patients experiencing post-viral persistent fatigue following SARS-CoV-2
infection [57], calling for an effective and affordable treatment for COVID-19 convales-
cents. Dietary creatine has been recently suggested as a possible adjuvant therapeutic
agent for use in COVID-19 recovery [58], due to the beneficial effects demonstrated dur-
ing rehabilitation in various pulmonary conditions. Being a safe and inexpensive dietary
compound, creatine should be investigated post-haste as a possible component of nutri-
tional care for post-COVID-19 fatigue syndrome, along with other nutraceuticals, to reduce
post-viral fatigue, promote a swift recovery, and fortify future resistance in often poorly
nourished patients [59]. However, like other promising therapeutics for post-COVID-19
subjects, creatine requires accelerated yet attentive research and approval pathways, with
sufficient efficacy and safety guarantees. In particular, the effects of creatine on renal
function in elderly COVID-19 convalescents should be carefully monitored due to age- and
disease-specific kidney impairments that might be exacerbated by creatine intervention.

6. Conclusions

Currently, there is not enough evidence to unequivocally endorse supplemental crea-
tine for PVFS. However, the findings from initial trials on the metabolic substrate of PVFS,
along with promising results from interventional studies, emphasize the need to explore
creatine and similar compounds in this ever-prevalent yet baffling disorder. The need for
an effective, low-risk, and affordable dietary intervention to tackle post-COVID-19 fatigue,
which is going to remain an issue for years to come, perhaps provides a unique research
opportunity to explore creatine in PVFS using expedited yet diligent approaches.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: S.M.O. serves as a member of the Scientific Advisory Board on creatine in
health and medicine (AlzChem LLC). S.M.O. owns patent “Sports Supplements Based on Liquid
Creatine” at European Patent Office (WO2019150323 A1), and active patent application “Synergistic
Creatine” at UK Intellectual Property Office (GB2012773.4). S.M.O. has served as a speaker at Abbott
Nutrition, a consultant of Allied Beverages Adriatic and IMLEK, and an advisory board member
for the University of Novi Sad School of Medicine, and has received research funding related to
creatine from the Serbian Ministry of Education, Science, and Technological Development, Provincial

338



Nutrients 2021, 13, 503

Secretariat for Higher Education and Scientific Research, AlzChem GmbH, KW Pfannenschmidt
GmbH, and ThermoLife International LLC. SMO is an employee of the University of Novi Sad. SMO
does not own stocks and shares in any organization. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript.

References

1. World Health Organization. International Classification of Diseases for Mortality and Morbidity Statistics (11th Revision). 2019.
Available online: https://icd.who.int/browse11/l-m/en (accessed on 15 December 2020).

2. Unger, E.R.; Lin, J.S.; Brimmer, D.J.; Lapp, C.W.; Komaroff, A.L.; Nath, A.; Laird, S.; Iskander, J. CDC grand rounds: Chronic
fatigue syndrome-advancing research and clinical education. MMWR Morb. Mortal. Wkly. Rep. 2016, 65, 1434–1438. [CrossRef]

3. Lim, E.J.; Son, C.G. Review of case definitions for myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). J. Transl. Med.
2020, 18, 289. [CrossRef]

4. Sandler, C.X.; Lloyd, A.R. Chronic fatigue syndrome: Progress and possibilities. Med. J. Aust. 2020, 212, 428–433. [CrossRef]
5. Kim, D.Y.; Lee, J.S.; Park, S.Y.; Kim, S.J.; Son, C.G. Systematic review of randomized controlled trials for chronic fatigue

syndrome/myalgic encephalomyelitis (CFS/ME). J. Transl. Med. 2020, 18, 7. [CrossRef]
6. Morris, G.; Berk, M.; Walder, K.; Maes, M. The putative role of viruses, bacteria, and chronic fungal biotoxin exposure in the

genesis of intractable fatigue accompanied by cognitive and physical disability. Mol. Neurobiol. 2016, 53, 2550–2571. [CrossRef]
7. Afari, N.; Buchwald, D. Chronic fatigue syndrome: A review. Am. J. Psychiatry 2003, 160, 221–236. [CrossRef] [PubMed]
8. Ostojic, S.M. Postviral fatigue syndrome and creatine: A piece of the puzzle? Nutr. Neurosci 2020, in press. [CrossRef] [PubMed]
9. Archard, L.C.; Bowles, N.E.; Behan, P.O.; Bell, E.J.; Doyle, D. Postviral fatigue syndrome: Persistence of enterovirus RNA in

muscle and elevated creatine kinase. J. R. Soc. Med. 1988, 81, 326–329. [CrossRef] [PubMed]
10. Preedy, V.R.; Smith, D.G.; Salisbury, J.R.; Peters, T.J. Biochemical and muscle studies in patients with acute onset post-viral fatigue

syndrome. J. Clin. Pathol. 1993, 46, 722–726. [CrossRef] [PubMed]
11. Connolly, S.; Smith, D.G.; Doyle, D.; Fowler, C.J. Chronic fatigue: Electromyographic and neuropathological evaluation. J. Neurol.

1993, 240, 435–438. [CrossRef]
12. Wassif, W.S.; Sherman, D.; Salisbury, J.R.; Peters, T.J. Use of dynamic tests of muscle function and histomorphometry of quadriceps

muscle biopsies in the investigation of patients with chronic alcohol misuse and chronic fatigue syndrome. Ann. Clin. Biochem.
1994, 31, 462–468. [CrossRef]

13. Cannon, J.G.; Angel, J.B.; Abad, L.W.; O’Grady, J.; Lundgren, N.; Fagioli, L.; Komaroff, A.L. Hormonal influences on stress-induced
neutrophil mobilization in health and chronic fatigue syndrome. J. Clin. Immunol. 1998, 18, 291–298. [CrossRef] [PubMed]

14. Wong, R.; Lopaschuk, G.; Zhu, G.; Walker, D.; Catellier, D.; Burton, D.; Teo, K.; Collins-Nakai, R.; Montague, T. Skeletal muscle
metabolism in the chronic fatigue syndrome. In vivo assessment by 31P nuclear magnetic resonance spectroscopy. Chest 1992,
102, 1716–1722. [CrossRef] [PubMed]

15. Barnes, P.R.; Taylor, D.J.; Kemp, G.J.; Radda, G.K. Skeletal muscle bioenergetics in the chronic fatigue syndrome. J. Neurol.
Neurosurg. Psychiatry 1993, 56, 679–683. [CrossRef] [PubMed]

16. McCully, K.K.; Natelson, B.H.; Iotti, S.; Sisto, S.; Leigh, J.S., Jr. Reduced oxidative muscle metabolism in chronic fatigue syndrome.
Muscle Nerve 1996, 19, 621–625. [CrossRef]

17. Block, W.; Träber, F.; Kuhl, C.K.; Keller, E.; Lamerichs, R.; Karitzky, J.; Rink, H.; Schild, H.H. 31P-MR- [31P-mr spectroscopy of
peripheral skeletal musculature under load: Demonstration of normal energy metabolites compared with metabolic muscle
diseases]. Rofo 1998, 168, 250–257. [CrossRef]

18. McCully, K.K.; Smith, S.; Rajaei, S.; Leigh, J.S., Jr.; Natelson, B.H. Blood flow and muscle metabolism in chronic fatigue syndrome.
Clin. Sci. 2003, 104, 641–647. [CrossRef]

19. McCully, K.K.; Smith, S.; Rajaei, S.; Leigh, J.S., Jr.; Natelson, B.H. Muscle metabolism with blood flow restriction in chronic fatigue
syndrome. J. Appl. Physiol. 2004, 96, 871–878. [CrossRef]

20. Brooks, J.C.; Roberts, N.; Whitehouse, G.; Majeed, T. Proton magnetic resonance spectroscopy and morphometry of the hippocam-
pus in chronic fatigue syndrome. Br. J. Radiol. 2000, 73, 1206–1208. [CrossRef]

21. Tomoda, A.; Miike, T.; Yamada, E.; Honda, H.; Moroi, T.; Ogawa, M.; Ohtani, Y.; Morishita, S. Chronic fatigue syndrome in
childhood. Brain Dev. 2000, 22, 60–64. [CrossRef]

22. Forton, D.M.; Allsop, J.M.; Main, J.; Foster, G.R.; Thomas, H.C.; Taylor-Robinson, S.D. Evidence for a cerebral effect of the hepatitis
C virus. Lancet 2001, 358, 38–39. [CrossRef]

23. Puri, B.K.; Counsell, S.J.; Zaman, R.; Main, J.; Collins, A.G.; Hajnal, J.V.; Davey, N.J. Relative increase in choline in the occipital
cortex in chronic fatigue syndrome. Acta Psychiatr. Scand. 2002, 106, 224–226. [CrossRef] [PubMed]

24. Chaudhuri, A.; Condon, B.R.; Gow, J.W.; Brennan, D.; Hadley, D.M. Proton magnetic resonance spectroscopy of basal ganglia in
chronic fatigue syndrome. Neuroreport 2003, 14, 225–228. [CrossRef]

25. Hollingsworth, K.G.; Jones, D.E.; Taylor, R.; Blamire, A.M.; Newton, J.L. Impaired cardiovascular response to standing in chronic
fatigue syndrome. Eur. J. Clin. Investig. 2010, 40, 608–615. [CrossRef] [PubMed]

26. Van der Schaaf, M.E.; De Lange, F.P.; Schmits, I.C.; Geurts, D.E.M.; Roelofs, K.; van der Meer, J.W.M.; Toni, I.; Knoop, H.
Prefrontal structure varies as a function of pain symptoms in chronic fatigue syndrome. Biol. Psychiatry 2017, 81, 358–365.
[CrossRef] [PubMed]

339



Nutrients 2021, 13, 503

27. Mueller, C.; Lin, J.C.; Sheriff, S.; Maudsley, A.A.; Younger, J.W. Evidence of widespread metabolite abnormalities in Myalgic
encephalomyelitis/chronic fatigue syndrome: Assessment with whole-brain magnetic resonance spectroscopy. Brain Imaging
Behav. 2020, 14, 562–572. [CrossRef] [PubMed]

28. Malatji, B.G.; Meyer, H.; Mason, S.; Engelke, U.F.H.; Wevers, R.A.; van Reenen, M.; Reinecke, C.J. A diagnostic biomarker
profile for fibromyalgia syndrome based on an NMR metabolomics study of selected patients and controls. BMC Neurol. 2017,
17, 88. [CrossRef]

29. Armstrong, C.W.; McGregor, N.R.; Lewis, D.P.; Butt, H.L.; Gooley, P.R. Metabolic profiling reveals anomalous energy metabolism
and oxidative stress pathways in chronic fatigue syndrome patients. Metabolomics 2015, 11, 1626–1639. [CrossRef]

30. Nacul, L.; de Barros, B.; Kingdon, C.C.; Cliff, J.M.; Clark, T.G.; Mudie, K.; Dockrell, H.M.; Lacerda, E.M. Evidence of clinical
pathology abnormalities in people with myalgic encephalomyelitis/chronic fatigue syndrome (me/cfs) from an analytic cross-
sectional study. Diagnostics 2019, 9, 41. [CrossRef]

31. Almenar-Pérez, E.; Sarría, L.; Nathanson, L.; Oltra, E. Assessing diagnostic value of microRNAs from peripheral blood mononu-
clear cells and extracellular vesicles in myalgic encephalomyelitis/chronic fatigue syndrome. Sci. Rep. 2020, 10, 2064. [CrossRef]

32. Germain, A.; Ruppert, D.; Levine, S.M.; Hanson, M.R. Metabolic profiling of a myalgic encephalomyelitis/chronic fatigue syndrome
discovery cohort reveals disturbances in fatty acid and lipid metabolism. Mol. Biosyst. 2017, 13, 371–379. [CrossRef] [PubMed]

33. Tomas, C.; Brown, A.; Strassheim, V.; Elson, J.L.; Newton, J.; Manning, P. Cellular bioenergetics is impaired in patients with
chronic fatigue syndrome. PLoS ONE 2017, 12, e0186802. [CrossRef] [PubMed]

34. Brouwers, F.M.; Van Der Werf, S.; Bleijenberg, G.; Van Der Zee, L.; Van Der Meer, J.W. The effect of a polynutrient supplement on
fatigue and physical activity of patients with chronic fatigue syndrome: A double-blind randomized controlled trial. QJM 2002,
95, 677–683. [CrossRef]

35. Alves, C.R.; Santiago, B.M.; Lima, F.R.; Otaduy, M.C.; Calich, A.L.; Tritto, A.C.; de Sá Pinto, A.L.; Roschel, H.; Leite, C.C.; Benatti,
F.B.; et al. Creatine supplementation in fibromyalgia: A randomized, double-blind, placebo-controlled trial. Arthritis Care Res.
2013, 65, 1449–1459. [CrossRef] [PubMed]

36. Ostojic, S.M.; Stojanovic, M.; Drid, P.; Hoffman, J.R.; Sekulic, D.; Zenic, N. Supplementation with guanidinoacetic acid in women
with chronic fatigue syndrome. Nutrients 2016, 8, 72. [CrossRef] [PubMed]

37. Trabal, J.; Leyes, P.; Fernández-Solá, J.; Forga, M.; Fernández-Huerta, J. Patterns of food avoidance in chronic fatigue syndrome: Is
there a case for dietary recommendations? Nutr. Hosp. 2012, 27, 659–662. [PubMed]

38. Jenkins, M.; Rayman, M. Nutrient intake is unrelated to nutrient status in patients with chronic fatigue syndrome. J. Nutr. Environ.
Med. 2005, 15, 177–189. [CrossRef]

39. Riesberg, L.A.; Weed, S.A.; McDonald, T.L.; Eckerson, J.M.; Drescher, K.M. Beyond muscles: The untapped potential of creatine.
Int. Immunopharmacol. 2016, 37, 31–42. [CrossRef]

40. Dolan, E.; Gualano, B.; Rawson, E.S. Beyond muscle: The effects of creatine supplementation on brain creatine, cognitive
processing, and traumatic brain injury. Eur. J. Sport Sci. 2019, 19, 1–14. [CrossRef]

41. Marques, E.P.; Wyse, A.T.S. Creatine as a neuroprotector: An actor that can play many parts. Neurotox. Res. 2019, 36, 411–423. [CrossRef]
42. Balestrino, M.; Sarocchi, M.; Adriano, E.; Spallarossa, P. Potential of creatine or phosphocreatine supplementation in cerebrovas-

cular disease and in ischemic heart disease. Amino Acids 2016, 48, 1955–1967. [CrossRef] [PubMed]
43. Beal, M.F. Neuroprotective effects of creatine. Amino Acids 2011, 40, 1305–1313. [CrossRef] [PubMed]
44. Morris, G.; Maes, M. Mitochondrial dysfunctions in myalgic encephalomyelitis/chronic fatigue syndrome explained by activated

immuno-inflammatory, oxidative and nitrosative stress pathways. Metab. Brain Dis. 2014, 29, 19–36. [CrossRef] [PubMed]
45. Leland, K.M.; McDonald, T.L.; Drescher, K.M. Effect of creatine, creatinine, and creatine ethyl ester on TLR expression in

macrophages. Int. Immunopharmacol. 2011, 11, 1341–1347. [CrossRef] [PubMed]
46. Gambuzza, M.E.; Salmeri, F.M.; Soraci, L.; Soraci, G.; Sofo, V.; Marino, S.; Bramanti, P. The role of toll-like receptors in chronic

fatigue syndrome/myalgic encephalomyelitis: A new promising therapeutic approach? CNS Neurol. Disord. Drug Targets 2015,
14, 903–914. [CrossRef] [PubMed]

47. Sestili, P.; Martinelli, C.; Colombo, E.; Barbieri, E.; Potenza, L.; Sartini, S.; Fimognari, C. Creatine as an antioxidant. Amino Acids
2011, 40, 1385–1396. [CrossRef]

48. Guidi, C.; Potenza, L.; Sestili, P.; Martinelli, C.; Guescini, M.; Stocchi, L.; Zeppa, S.; Polidori, E.; Annibalini, G.; Stocchi, V. Differential
effect of creatine on oxidatively-injured mitochondrial and nuclear DNA. Biochim. Biophys. Acta 2008, 1780, 16–26. [CrossRef]

49. Lee, J.S.; Kim, H.G.; Lee, D.S.; Son, C.G. Oxidative stress is a convincing contributor to idiopathic chronic fatigue. Sci. Rep. 2018,
8, 12890. [CrossRef]

50. Koga, Y.; Takahashi, H.; Oikawa, D.; Tachibana, T.; Denbow, D.M.; Furuse, M. Brain creatine functions to attenuate acute stress
responses through GABAnergic system in chicks. Neuroscience 2005, 132, 65–71. [CrossRef]

51. Royes, L.F.; Fighera, M.R.; Furian, A.F.; Oliveira, M.S.; Fiorenza, N.G.; Ferreira, J.; da Silva, A.C.; Priel, M.R.; Ueda, E.S.; Calixto,
J.B.; et al. Neuromodulatory effect of creatine on extracellular action potentials in rat hippocampus: Role of NMDA receptors.
Neurochem. Int. 2008, 53, 33–37. [CrossRef]

52. Rönnbäck, L.; Hansson, E. On the potential role of glutamate transport in mental fatigue. J. Neuroinflamm. 2004, 1, 22. [CrossRef]
53. Béard, E.; Braissant, O. Synthesis and transport of creatine in the CNS: Importance for cerebral functions. J. Neurochem. 2010,

115, 297–313.

340



Nutrients 2021, 13, 503

54. Ainsley Dean, P.J.; Arikan, G.; Opitz, B.; Sterr, A. Potential for use of creatine supplementation following mild traumatic brain
injury. Concussion 2017, 2, CNC34. [CrossRef] [PubMed]

55. Adriano, E.; Gulino, M.; Arkel, M.; Salis, A.; Damonte, G.; Liessi, N.; Millo, E.; Garbati, P.; Balestrino, M. Di-acetyl creatine ethyl
ester, a new creatine derivative for the possible treatment of creatine transporter deficiency. Neurosci. Lett. 2018, 665, 217–223.
[CrossRef] [PubMed]

56. Lam, M.H.; Wing, Y.K.; Yu, M.W.; Leung, C.M.; Ma, R.C.; Kong, A.P.; So, W.Y.; Fong, S.Y.; Lam, S.P. Mental morbidities and
chronic fatigue in severe acute respiratory syndrome survivors: Long-term follow-up. Arch. Intern. Med. 2009, 169, 2142–2147.
[CrossRef] [PubMed]

57. Townsend, L.; Dyer, A.H.; Jones, K.; Dunne, J.; Mooney, A.; Gaffney, F.; O’Connor, L.; Leavy, D.; O’Brien, K.; Dowds, J.; et al.
Persistent fatigue following SARS-CoV-2 infection is common and independent of severity of initial infection. PLoS ONE 2020, 15,
e0240784. [CrossRef]

58. Ostojic, S.M. Can creatine help in pulmonary rehabilitation after COVID-19? Ther. Adv. Respir. Dis. 2020, in press. [CrossRef] [PubMed]
59. Butters, D.; Whitehouse, M. COVID-19 and nutriceutical therapies, especially using zinc to supplement antimicrobials. Inflam-

mopharmacology 2020, in press. [CrossRef] [PubMed]

341





Citation: Marshall, R.P.; Droste, J.-N.;

Giessing, J.; Kreider, R.B. Role of

Creatine Supplementation in

Conditions Involving Mitochondrial

Dysfunction: A Narrative Review.

Nutrients 2022, 14, 529. https://

doi.org/10.3390/nu14030529

Academic Editor: Theo Wallimann

Received: 14 December 2021

Accepted: 24 January 2022

Published: 26 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Review

Role of Creatine Supplementation in Conditions Involving
Mitochondrial Dysfunction: A Narrative Review

Robert Percy Marshall 1,*, Jan-Niklas Droste 1, Jürgen Giessing 2 and Richard B. Kreider 3

1 Medical Department, RasenBallsport Leipzig GmbH, 04177 Leipzig, Germany; jan-niklas.droste@redbulls.com
2 Faculty of Natural and Environmental Sciences, Institute of Sports Science, Universität Koblenz-Landau,

76829 Landau, Germany; giessing@uni-landau.de
3 Exercise & Sport Nutrition Lab, Human Clinical Research Facility, Department of Health & Kinesiology, Texas

A&M University, College Station, TX 77843, USA; rbkreider@tamu.edu
* Correspondence: Robert.Marshall@redbulls.com

Abstract: Creatine monohydrate (CrM) is one of the most widely used nutritional supplements
among active individuals and athletes to improve high-intensity exercise performance and training
adaptations. However, research suggests that CrM supplementation may also serve as a therapeutic
tool in the management of some chronic and traumatic diseases. Creatine supplementation has been
reported to improve high-energy phosphate availability as well as have antioxidative, neuroprotective,
anti-lactatic, and calcium-homoeostatic effects. These characteristics may have a direct impact on
mitochondrion’s survival and health particularly during stressful conditions such as ischemia and
injury. This narrative review discusses current scientific evidence for use or supplemental CrM as
a therapeutic agent during conditions associated with mitochondrial dysfunction. Based on this
analysis, it appears that CrM supplementation may have a role in improving cellular bioenergetics
in several mitochondrial dysfunction-related diseases, ischemic conditions, and injury pathology
and thereby could provide therapeutic benefit in the management of these conditions. However,
larger clinical trials are needed to explore these potential therapeutic applications before definitive
conclusions can be drawn.

Keywords: mitochondriopathia; cardiac infarction; chronic fatigue syndrome; long COVID; ischemia;
hypoxia; stroke; neurodegenerative diseases; oxidative stress; noncommunicable disease

1. Introduction

Creatine (N-aminoiminomethyl-N-methyl glycine) is a naturally occurring and nitro-
gen containing compound synthesized from the amino acids glycine, methionine that is
classified within the family of guanidine phosphagens [1,2]. About one half the daily need
for creatine is obtained from endogenous synthesis while the remaining is obtained from the
diet, primarily red meat, fish, or dietary supplements [3,4]. Creatine is mainly stored in the
muscle (95%) with the remaining found in the heart, brain, and testes [3–6], with about 2/3
in the form of PCr and the remaining as free creatine [4,5,7]. The metabolic basis of creatine
in health and disease has been recently reviewed in detail by Bonilla and colleagues [1] (see
Figure 1). Briefly, adenosine triphosphate (ATP) serves as the primary source of energy
in most living cells. Enzymatic degradation of ATP into adenosine diphosphate (ADP)
and inorganic phosphate (Pi) liberates free energy to fuel metabolic activity. However,
only a small amount of ATP is stored in the cell. Energy derived from the degradation of
phosphocreatine (PCr) serves to resynthesize ADP and Pi back to ATP to maintain cellular
function until glycolysis in the cytosol and oxidative phosphorylation in the mitochondria
can produce enough ATP to meet metabolic demands. Creatine also plays an important
role in shuttling Pi from the mitochondria into the cytosol to form PCr to help maintain
cellular bioenergetics (i.e., Creatine Phosphate Shuttle) [8]. In this way, PCr can donate its
phosphate to ADP, thereby restoring ATP for cellular needs leaving creatine in the cytosol
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to diffuse back into the mitochondria to shuttle the next phosphate to locations far from its
production site [8]. The ATP stored in the cells is usually sufficient for energy depletion that
lasts less than two seconds. However, another two to seven seconds of muscle contractions
are fueled by depleting available PCr stores [9]. Together, the ATP–PCr energy system
provides energy to fuel short-term explosive exercise. Increasing PCr and creatine in muscle
provides an energy reserve to meet anaerobic energy needs, thereby providing a critical
source of energy particularly during ischemia, injury, and/or in response to impaired
mitochondrial function [8,10].

Figure 1. General overview of the metabolic role of creatine in the creatine kinase/phosphocreatine
(CK/PCr) system [1]. The diagram depicts connected subcellular energy production and cellular
mechanics of creatine metabolism. This chemo-mechanical energy transduction network involves
structural and functional coupling of the mitochondrial reticulum (mitochondrial interactosome and
oxidative metabolism), phosphagen and glycolytic system (extramitochondrial ATP production), the
linker of nucleoskeleton and cytoskeleton complex (nesprins interaction with microtubules, actin
polymerization, β-tubulins), motor proteins (e.g., myofibrillar ATPase machinery, vesicles transport),
and ion pumps (e.g., SERCA, Na+/K+-ATPase). The cardiolipin-rich domain is represented by parallel
black lines. Green sparkled circles represent the subcellular processes where the CK/PCr system is
important for functionality. Several proteins of the endoplasmic reticulum–mitochondria organizing
network (ERMIONE), the SERCA complex, the TIM/TOM complex, the MICOS complex, the linker
of nucleoskeleton and cytoskeleton complex, and the architecture of sarcomere and cytoskeleton are
not depicted for readability. ANT: adenine nucleotide translocase; CK: creatine kinase; Cr: creatine;
Crn: creatinine; CRT: Na+/Cl−-dependent creatine transporter; ERMES: endoplasmic reticulum-
mitochondria encounter structure; ETC: electron transport chain; GLUT-4: glucose transporter type 4;
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HK: hexokinase; mdm10: mitochondrial distribution and morphology protein 10; MICOS: mito-
chondrial contact site and cristae organizing system; NDPK: nucleoside-diphosphate kinase; NPC:
nuclear pore complex; PCr: phosphocreatine; SAM: sorting and assembly machinery; SERCA:
Sarco/Endoplasmic Reticulum Ca2+ ATPase; TIM: translocase of the inner membrane complex; TOM:
translocase of the outer membrane complex; UCP: uncoupling protein; VDAC: voltage-dependent
anion channel. Reprinted with permission. See Bonilla et al. [1] for more details about the metabolic
basis of creatine in energy production and disease.

Numerous studies over the last three decades have shown that creatine monohydrate
(CrM) supplementation (e.g., 4 × 5 g/day for 5–7 days or 3–6 g/day for 4–12 weeks)
increases muscle creatine and PCr content by 20–40% [5,11–15] and brain creatine content
by 5–15% [16–21]. Creatine monohydrate supplementation has been reported to safely
improve high-intensity exercise performance by 10–20% leading to greater training adap-
tations in adolescents [22–26], young adults [27–38], and older individuals [21,39–48]. No
clinically significant side effects have been reported other than a desired weight gain [49].
Additionally, there is little to no evidence that CrM causes anecdotal reports of bloating,
gastrointestinal distress, disproportionate increase in water retention, increased stress on
the kidneys, increased susceptibility to injury, etc. [49,50]. In fact, studies directly assessing
whether creatine causes some of those issues found no or opposite effects. As a result,
there has been interest in assessing whether CrM supplementation may benefit a number
of clinical populations including conditions that impair mitochondrial function [6]. The
rationale is that since CrM supplementation can increase high-energy phosphate avail-
ability and also has antioxidant, neuroprotective, anti-lactatic, and calcium-homoeostatic
effects, increasing phosphagen availability may help improve cell survival and/or health
outcomes in conditions in which mitochondrial function is compromised (e.g., ischemia,
injury, and/or non-communicable chronic diseases). The purpose of this review is to exam-
ine the literature related to the role of CrM supplementation in the management of various
conditions characterized by mitochondrial dysfunction and make recommendations about
further work needed in this area.

2. Methods

The methodological basis of this narrative review is a selective literature search in
the PubMed database, supplemented by a free Internet search (German and English). In a
first explorative step, the search terms “creatine supplementation” and/or “mitochondrial
dysfunction” and “creatine” and/or “mitochondrial disease” were used. After a first
analysis of the searched literature identifying 68 articles, a new selective literature search
was performed in the sources described above using the terms mentioned above, adding
relevant cited sources and cross-references. Subsequently, titles, abstracts and finally full-
text articles were examined by the scientific team with regard to the suitability of the articles
in terms of content and, in a subsequent step, in terms of quality. After the qualitative
criteria had been verified, the content exploration was carried out following thematic
questions related to the role of creatine in context: (1) Ergogenic role in mitochondrial
dysfunction; (2) Noncommunicable chronic diseases (NCD); (3) Cardiovascular disease
and ischemic heart failure; (4) Traumatic and ischemic CNS injuries; (5) Neurodegenerative
disorders; (6) Psychological disorders; and (7) Chronic Fatigue Syndrome, Post Viral Fatigue
Syndrome and Long COVID.

3. Creatine’s Ergogenic Role in Mitochondrial Dysfunction

Although there is not clear definition of mitochondrial dysfunction, it generally refers
to conditions that reduce the ability of the mitochondria to contribute to production of
energy in the form of ATP. However, any alteration of normal mitochondrial function could
be called “mitochondrial dysfunction” as well [51]. Mitochondrial dysfunction can be
of primary origin through inheriting pathological altered mitochondrial DNA (mtDNA)
or acquiring secondary dysfunction through aging and exposure to mtDNA damaging
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processes [52,53]. This can be due to traumatic ischemic (blood deficient) or anoxic (oxygen
deficient) as well as chronic conditions. Most common reasons for mitochondrial dys-
function are hypoxia, overexpression of reactive oxygen species (ROS), and an alteration
of the intracellular calcium homoeostasis. Since creatine supplementation increases the
availability of PCr, it may help cells withstand ischemic challenges and/or offset energy
deficits associated with mitochondrial dysfunction

3.1. Acute, Traumatic Mitochondrial Dysfunction

Figure 2 shows the schematic sequence of an acute traumatic mitochondrial dysfunc-
tion with possible subsequent ischemia. The mechanical forces of injury result in an influx
of calcium, potassium, and sodium. A calcium gradient is created, which reduces mitochon-
drial function [54,55]. In addition, an injury can lead to short-term ischemia (hypoxia) due
to swelling, edema formation, development of neuroinflammation, obstruction of vessels,
or hemorrhage [56]. The resulting oxygen deficiency interrupts the respiratory chain in
the mitochondria. In both cases, the cell must switch to the energetic emergency plan
and produce energy glycolytically, thereby increasing lactate production [57–61]. Oxygen
radicals are generated, causing oxidative stress. This leads to cell damage and ultimately to
cell death (apoptosis) [62–64]. If sufficient creatine phosphate reserves are present, the cell
can compensate short-term energy deficits. ATP-dependent calcium transporters can coun-
teract the calcium gradient under consumption of ATP and PCr, maintain the cell milieu,
and thus normalize mitochondrial function [65,66]. Oxygen radicals can be intercepted [67].
Even transient hypoxia of a few seconds can be counteracted by the body in this way [68].
There is evidence that creatine and cyclocreatine inhibit the mitochondrial–creatine kinase–
adenine nucleotide translocator (Mi-Cr-ANT) complex and the mitochondrial permeability
transition that is associated with ischemic injury and apoptosis [69]. Additionally, cre-
atine enhances the ability of Mi-CK to shuttle ADP for oxidative phosphorylation and
PCr formation, thereby decreasing mitochondrial membrane and production of reactive
oxygen species (ROS) [70]. Since impairment in cellular energy production and increased
oxidative stress are common features in several neuromuscular degenerative diseases,
creatine supplementation may provide some therapeutic benefit [69,70]. In support of this
premise, Sakellaris et al. [71,72] reported that oral administered creatine can be used as an
additional supplement in treatment of acute mitochondrial dysfunction after brain injury.
These studies showed clear improvement in clinical outcomes of patients with additional
creatine-supplementation in comparison to no creatine-intake. Table 1 shows the level of
evidence in humans that creatine supplementation may have a positive effect on treatment
outcomes in patients with traumatic brain injury.

 
Figure 2. Cont.
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Figure 2. Panel A: Intracellular cascade after injury, infarction or contusion leads to mitochondrial
dysfunction. Panel B: Impact of creatine on mitochondrial dysfunction. Green shows direct in-
crease/stimulation of Cr/PCr, red shows direct decrease/inhibition of Cr/PCr, dotted line represents
indirect impact of Cr/PCr on cellular pathways. ATP is adenosine triphosphate; Cr is creatine; PCr
is phosphocreatine; ROS is reactive oxygen species; mPTP is mitochondrial permeability transition
pore. Adapted from Dean et al. [55].

Table 1. Level of evidence for creatine supplementation in acute traumatic mitochondrial dysfunction.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Sakellaris
et al. [71]

Traumatic
brain injury Human

0.4 g/kg per
day for
6 months

Yes 39

Improved self-care,
cognition, behavior
functions and
communication

Direct
effect on
disease

Sakellaris
et al. [72]

Traumatic
brain injury Human

0.4 g/kg per
day for
6 months

Yes 39 Reduced fatigue,
headache and dizziness

Direct
effect on
disease

3.2. Chronic, Atraumatic Mitochondrial Dysfunction

Many chronic diseases such as cancer and age-related pathological conditions have
been related to an altered mitochondrial function [73–101]. Chronic mitochondrial dysfunc-
tion is usually caused by slow changes in mitochondrial homeostasis eventually leading
to an increase in ROS/NOS, glycolysis, and hyper-acidosis. There are multiple factors
that directly damage mitochondrial function (Figure 3). Hypoxia is a common factor in
conditions such as solid tumor, ischemia, or inflammation that leads to a depletion of
oxygen and eventually through production of ROS to an alteration of intracellular proteins,
lipids and DNA [89]. On the other hand, research was able to prove that malignant cells
tend to create energy under glycolytic conditions although sufficient oxygen is provided.
This pathological mechanism is called “Warburg Effect” [102,103]. This leads to an increase
in cell acidity and an increase in ROS with damaging of DNA. Other factors leading to
chronic mitochondrial dysfunction are toxic metals or reactive nitrogen species (NOS) [104].
An increase in ingested carbohydrates bigger than the individual needs leads to hyperin-
sulinemia. As a chronic condition, this will lead to an increase in receptor for advanced
glycation end products (RAGE). Thus, nitrosative stress increases, manipulating mitochon-
drial function [105–109]. Increasing stress will lead to an intracellular accumulation of
ammonium [110–112], ROS [113], lactate [114], ultimately inhibiting the Krebs cycle and
oxidative metabolism.
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Figure 3. Warburg Effect: glycolysis produces 2 ATP instead of 36 ATP, in pathological tissues even
despite aerobic conditions. Glc is glucose, Oxy is oxygen, ATP is adenosine triphosphate. Adapted
from Vander Heiden et al. [91].

Typical factors that lead to a disturbance in the cellular respiration are hypoxia, in-
flammation, viruses, mutations, oncogenes, age, radiation, and carcinogens [115]. The
ultimate, most common denominators are reactive species which damage mtDNA. As soon
as cellular defense systems such as antioxidants, intracellular energetic buffer, and enzy-
matic reactions are worn down, chronic alteration of cellular organelles begins [116]. As
mentioned above, it is hard to differentiate in chronic mitochondrial dysfunction whether
pathological conditions lead to hypoxia that produces ROS/NOS which eventually harms
mtDNA or whether an altered mtDNA leads to an overexpression of ROS/NOS damaging
itself [117]. It is widely accepted, however, that this chronic status is a vicious circle leading
to a lethal cellular condition harming the host.

Magnetic resonance spectroscopy (MRS) is an analytical tool that detects electromag-
netical signals that are produced by the atomic nuclei within the molecules. Thus, it can
be used to (non-invasively) measure concentrations for specific molecules in tissue. This
technique has extensively been used in neurological research to identify phosphorus and
proton metabolites in tissue in vivo [118–121]. Using this, research was able to prove mito-
chondrial dysfunction in patients with bipolar disorders. These patients also suffered from
an impaired energy production [122], increased levels of lactate (hyperacidotic state) [123]
and PCr concentration [114,124,125]. Therefore, it was assumed that creatine supplementa-
tion could improve clinical outcome in cases of mitochondrial dysfunction. Creatine is able
to buffer lactate accumulation by reducing the need for glycolysis [126], reducing ROS [127]
and restoring calcium homeostasis. Table 2 presents an overview of the level of evidence
for creatine supplementation for chronic, atraumatic mitochondrial dysfunction.
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Table 2. Level of evidence for creatine supplementation for chronic, atraumatic mitochondrial
dysfunction.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Guimarães-
Ferreira et al.
[128]

- Animal/
vitro

5 g/kg per
day for
6 days

no 39 Decrease in ROS in
muscle tissue Anima model

Kato et al.
[124]

Bipolar
disorder Humans None No

25 (disease)
vs. 21
(control)

Abnormal energy
phosphate
metabolism in
bipolar disorder

No intervention,
only descriptive,
observational
findings

4. Noncommunicable Chronic Diseases (NCD)

Modern ways of (unhealthy) living like over nutrition, exposure to toxic substances,
and sedentarism combined with an individual’s genetic background led to the development
of NCD [90]. Four disease clusters are associated with NCD such as cardiovascular diseases,
cancers, chronic pulmonary diseases, and diabetes mellitus [129]. NCD are associated with
low-grade inflammation and an increase in oxidative stress [130]. Through the past decades,
they have become the biggest health threat of modern society [131–133]. Lately, there has
been a link established between NCD and mitochondrial dysfunction. Reduced oxygen
consumption rates have been shown in cardiovascular diseases such as hypertension and
atherosclerosis. Additionally, they suffer from calcium overload due to mitochondrial
calcium mishandling and ROS overproduction [134–137]. Obesity [138–141] as well as
diabetes mellitus [142–149] are associated with an increased mitochondrial fragmentation
rate, impaired ATP production, as well as ROS overproduction and calcium mishandling.
In regards to creatine and its connection to mitochondrial dysfunction, reduced levels
were detected in human myocytes in diabetes mellitus [150], obesity [151], and hyper-
tension [152]. Not surprisingly, NCD are the most common factors contributing to the
development of an acute ischemic heart attack or acute ischemic brain disease (Figure 4).

Figure 4. Mitochondrial dysfunction and non-communicable diseases. Adapted from Diaz-Vegas
et al. [90].
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Table 3 shows some of the studies that have been conducted on creatine supplemen-
tation in noncommunicable chronic diseases. Creatine’s benefits in physical activity and
thus counteracting NCD development have been widely explained [20,153–163]. There is,
however, substantial evidence for the beneficial effects of supplementation even without
combining it with sports. The sole intake of creatine has been able to significantly lower
blood lipids such as cholesterol and triglycerides, slow down the development of fatty liver,
and lower the HbA1C in human and animal studies, thus improving the clinical outcome
and progression of the metabolic syndrome [164–166].

Table 3. Level of evidence of creatine’s role in noncommunicable chronic disease.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Rider et al.
[151] Obesity Human None None 64

Deranged cardiac
energetics and diastolic
dysfunction in obesity
group

Observational,
disease related
changes in
metabolism

Scheuermann-
Freestone et al.
[150]

Diabetes
Type 2 Human None None 36

Impaired myocardial and
skeletal muscle
metabolism (reduced
PCR/ATP ratio)

Observational
disease related
changes in
metabolism

Lamb et al.
[152] Hypertension Human None None 24

Altered high-energy
phosphate metabolism in
hypertension. Cardiac
dysfunction correlates
with metabolic alterations

Observational,
disease related
changes in
metabolism

Gualano et al.
[164]

Diabetes
Type 2 Human

5 g creatine for 12
weeks + physical
activity program

Yes 25

Improved glycemic
control in
supplementation group
(by GLUT-4 recruitment)

Direct effect on
disease related
metabolic
effects

Earnest et al.
[165]

Hyper-
cholester-
inaemia

Human

4 × 5 g creatine for
5 days and
afterwards 2 times
per day for 51 days
(orally)

Yes 34

Minor reduction of total
cholesterol during
supplementation.
Reduction of
triacylglycerol’s and very-
low-density-lipoprotein c
4 weeks after finishing
supplementation

Direct effect of
supplementa-
tion on
metabolism.

Deminice et al.
[166] Fatty liver Animal

Control vs. 0.25%
choline diet vs.
0.25% choline + 2%
creatine diet

None 24

Prevention of fat liver
accumulation and hepatic
events in creatine-fed
group

Animal model

5. Cardiovascular Disease and Ischemic Heart Failure

Optimal replenishment of creatine reserves was able (in experimental studies) to
slow down disease progression of the other above mentioned NCD and cardiomyopathy.
Therefore, creatine supplementation has been identified to be of special therapeutic interest
in treatment of cardiovascular diseases and their course [167,168]. The heart has its own
four creatine kinase (CK) isozymes, proving the importance of ensuring filled energy
depots [169]. A gradual reduction of myocardial total creatine content has been shown on
chronic heart failure in human as well as animal studies [170–173]. The ratio of PCr/ATP has
been defined to better judge myocardial creatine metabolism [174]. Low ratios have been
positively correlated with low contractile function, more severe heart failure symptoms,
and a higher risk of mortality [175–177].

Creatine supplementation in patients with chronic heart failure and similar animal
studies have not shown any beneficial effect on clinical outcome, neither on myocardial
creatine concentrations [178–180]. The transmembrane Creatine-Transporter (CrT) seems
to be the limiting factor in this matter [181]. Question remains if other creatine-analogues
that pass intracellular without the need of CrT might prove of better help in cardiovascular
diseases. The energy deficiency resulting from local hypoxia during an ischemic heart attack
leads to mitochondrial dysfunction, which in turn can have arrhythmogenic consequences
and lead to sudden cardiac death [182–184]. Therefore, it is not surprising that creatine
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plays a critical role during a cardiac ischemic event [185,186]. First in vitro studies allow the
hypothesis that saturation of myocardial creatine stores may lead to protection in the event
of a transient ischemic attack [49]. In this context, in animal studies, filled ATP stores have a
positive inotropic, apoptosis-protective effect and counteract a post-ischemic inflammatory
cascade [187].

Intravenous in vivo administration of phosphocreatine was able to confer significant
myocardial protection after bypass surgery [188], resulting in a reduction in the incidence
of ventricular fibrillation and myocardial infarction as well as arrhythmias [189]. The newly
developed special form of creatine, cyclo-creatine, deserves special attention. After an oral
loading phase prior to elective cardiac interventions (PCI, ACVB, HTX), cyclo-creatine
has a similar protective effect against lethal events [183,187,190,191]. However, large-scale
human studies have yet to confirm the initial promising results. Table 4 summarizes the
level of evidence available on the role of creatine in cardiovascular disease and ischemic
heart failure [187–191].

Table 4. Level of evidence for creatine supplementation for chronic, atraumatic mitochondrial
dysfunction.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Elgebaly
et al. [187] - Animal/

vitro
500 mg/kg
BW no 6

Better aortic flow,
coronary flow, cardiac
output, stroke volume,
and stroke work

Animal
model

Cisowski
et al. [188]

Cardiac
surgery Humans

6 g 3 days
pre-surgery,
intra-surgical
and two days
post- surgery
i.v.

yes 40

Reduced arrhythmic
events, reduced need
of ionotropic
medication

Direct effect
on surgical
procedure

Ruda et al.
[189]

Ischemic
myocardial
infarct

human 2 g bolus + 4
g/h over 2 h Yes 60 Reduced arrhythmic

events

Direct effect
on short term
outcome

Chida et al.
[192]

Dilated
Cardio-
myopathy

Human None None 13

Plasma BNP level was
correlated negatively
with the myocardial
phosphocrea-
tine/adenosine
triphosphate

Observational
finding

Roberts
et al. [191]. None Animal Oral creatine-

feeding None Not clear
Higher cellular ATP
during ischemia in
creatine-fed rat hearts

Animal
model

6. Traumatic and Ischemic Central Nervous System Injuries

Mitochondrial function and ATP production are crucial for the neuronal survival and
excitability [193]. At the same time, however, mitochondrial dysfunction leads to the over-
production of ROS and neuronal apoptosis which is closely related to neurodegenerative
diseases and cerebral ischemia [193–197]. Whereas earlier research mainly focused on
mitochondrial bioenergetic roles, new studies have shown the importance of apoptotic
signaling, mitochondrial biogenesis, and mitophagy in the development of cerebrovascular
disease and stroke. Mitochondrial health is therefore essential for neurological survival
and rehabilitation [198,199]. Reperfusion injury is another acute complication feared by
medical doctors involving mitochondria and clinical outcomes [200,201]. Following reper-
fusion of the injured brain tissue, excessive ROS and calcium produced under hypoxic
conditions are washed in the body’s periphery, causing damage on cellular and molecular
level [202]. Intracellular calcium deregulation enhances neuronal cell death after stroke,
giving the stability of the mitochondrial (calcium) permeability transition pore (mPTP) a
special predictive measure [203].
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The acute protective effects of creatine on the central nervous system (CNS) have
long been known. Similar to the effect in the myocardium, energy buffering for short-
term hypoxic conditions can be achieved by saturating intracellular PCr. This may lead
to protection against ischemia and cell death, as well as calcium gradients created by
mechanical stimuli [204–206]. In animal experiments, researchers were able to show that
idiopathically caused brain damage and spinal cord injuries developed to a lesser extent
after creatine oral administration [207,208]. Creatine supplementation also had a positive
effect on infarct sizes after insult in ischemic mouse models [209]. These results suggest
that creatine administration may lead to preventive CNS protection against concussions,
traumatic brain injury, spinal cord injury, and insults [210].

Adding to the above-mentioned protective effects of Creatine during a hypoxic situa-
tion, special advantages of creatine on the CNS have been proven. The term excitotoxicity
describes the destruction of neuronal cells due to pathological activation of its excitatory
receptors [202]. Research was able to show that excitatory amino acids, such as Glutamate,
become more neurotoxic when the cell’s energy levels are reduced by hypoxia [211]. Acti-
vation of the glutamate NMDA receptor correlates with reduced ATP and PCr levels [212].
Creatine was able to protect animal brain tissues from the apoptotic effects of excitatory
amino acids [213,214]. Lastly, it was shown that Creatine stabilizes mPTP in rodent studies,
thus protecting brain tissue from apoptosis and cell death [67]. Table 5 presents a summary
of the level of evidence related to creatine supplementation for traumatic and ischemic
CNS injuries [205–207].

Table 5. Level of evidence for the role of creatine supplementation in individuals with traumatic and
ischemic CNS injuries.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Zhu et al.
[206]

None/induced
ischemia Animal

2% creatine-
supplemented
diet for 4 weeks

None 6 per
group

Reduction in
ischemia induced
infarct size

Animal
model

Turner et al.
[205]

None/induced
hypoxia Human 7-ds oral creatine-

supplementation Yes 15

Less decrease in
cognitive
performance,
attentional
capacity,
corticomotor
excitability for
creatine-group

Human
brain
metabolism

Hausmann
et al. [207]

None/induced
spinal cord
injury

Animal
4 weeks oral
creatine-
supplementation

none 20

Better locomotor
scores after 1 week
for creatine-group.
Less scar tissue for
creatine-group
after 2 weeks

Animal
model

Sullivan
et al. [208]

None/induced
traumatic brain
injury

Animal

Mice: 0.1 mL/10
g/BW creatine
monohydrate
injection for 1, 3
or 5 days

none 40 mice/
24 rats

Reduction of brain
tissue damage size
by 36% mice and
50% rats

Animal
model

Rats: 1% creatine
diet for 4 weeks.

Prass et al.
[209]

None/induced
experimental
stroke

Animal

Creatine-rich
diet (0%, 0.5%,
1%, 2% for 3
weeks

None Unclear

Reduction of
infarct size by 40%
in 2% creatine-fed
group

Animal
model
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7. Neurodegenerative Disorders

Ageing has been defined as a “progressive accumulation of changes with time that
are associated with or responsible for the ever-increasing susceptibility to disease and
death” [215]. Brain tissue is due to its high-energy demands especially vulnerable to
mitochondrial deficits, ROS, hypoxia, and energy depletion [216,217]. Although ROS are
of special need to neurons and brain tissue needed for synaptic plasticity, learning and
memory function, their overproduction is closely related to nitration of proteins, mtDNA
impairment and the development of neurodegenerative diseases, ageing, and cognitive
deficits [218–220]. Insulin resistance and diabetes mellitus deteriorate these conditions
and accelerate cognitive decline as well as incidence of neurogenerative diseases [221–
223]. RAGE and ammonium level up the documented damage to mitochondria, neuronal
cells, and brain tissue [224–226]. Alzheimer’s disease has already been named “type 3
diabetes“ [227]. Pathologically altered mitochondria have been shown to be swollen, have
altered membrane potential, and reductions of ATP levels [228]. Therefore, mitochondrial
protection and reduction of oxidative stress have been suggested to be of high therapeutic
importance for the treatment of neurodegenerative disorders [229]. Anti-inflammatory
nutrition, caloric restriction, as well as the use of supplements have been discussed to
be improve mitochondrial functioning and cognition [230–233]. Various studies have
also shown that creatine supplementation has a positive effect on cognition and brain
function [234,235]. The effect was greater the more the participant was exposed to external
stressors (e.g., hypoxia, sleep deprivation, etc.) [45,205] or the more complex the tasks were
performed [236]. In this context, intake led to a lower need for sleep, earlier wake-up times,
and improved sleep behavior [237].

Neurodegenerative diseases are usually characterized by the destruction or dysfunc-
tion of neurons in a specific brain area. Depending on the affected brain area, course,
and severity, the forms of the disease differ. These include Alzheimer’s disease (MA),
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), Huntington’s disease (MH),
and Parkinson’s disease (MP). Impaired energy balance with mitochondrial dysfunction
and oxidative stress are common to all diseases [238]. Similar findings have been made
with intellectual disability-related diseases [239]. This bioenergetic deficit is thought to lead
to apoptosis and necrosis and ultimately to neuronal degeneration [240]. Therefore, it is
reasonable to assume that an improvement in mitochondrial health could enable a positive
influence on the course of the disease. Table 6 provides a summary of the level of evidence
related to the role of creatine supplementation for neurodegenerative disorders [45,234,236].
Initial studies suggest that creatine supplementation may be neuroprotective. For example,
in 2013, Kley and coworkers [241] conducted a Cochrane review on the role of creatine
monohydrate supplementation for treating muscle disorders. The researchers found sound
evidence from randomized clinical trials that creatine supplementation increased strength
and functional capacity in muscular dystrophy and idiopathic inflammatory myopathy
while having no effect in patients with metabolic-related myopathies and McArdle dis-
ease. More long-term research is needed to evaluate the long-term effects of creatine in
neurodegenerative diseases that impair muscle function.
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Table 6. Level of evidence for the role of creatine supplementation in individuals with neurodegener-
ative disorders.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Hammett
et al. [234] None Human

20 g/d
creatine for 5
days + 5 g/d
for 2-days

Yes 22

Reduction of stress related
blood oxygen level
dependent in fMRI in
creatine-group

Human
metabolic
response

Watanabe
et al. [235] None Human 8 g/d for

5-days Yes 24

Reduction of mental fatigue
and increased brain oxygen
consumption in
creatine-group

Human
metabolic
response

McMorris
et al. [236] None Human 4 × 5 g/d yes 20

Better in central complex
executive tasks with creatine
while sleep deprivation

Human
metabolic
response

McMorris
et al. [45] None Human 4 × 5 g/d Yes 15

random number generation,
forward number and spatial
recall, and long-term
memory

Human
metabolism

8. Psychological Disorders

In the 1980s, a link was established between bioenergetic deficits and depression [190,
242–244], bipolar disorders [114,245,246], and obsessive–compulsive disorders [247,248]. It
is believed that there is an increase in energy demand with depletion of PCr stores at the
onset of disease [124,249]. In clinical trials with depressed patients [250–252], a positive
effect on subjective impairment after adjuvant creatine supplementation could be demon-
strated. The higher the increase in cerebral PCr after creatine supplementation, the lower
the depressive or manic symptoms [253]. The combination of antidepressants and creatine
was more effective than simple pharmacological medication [254]. Creatine administration
was even effective when drug therapy with SSRIs proved to be ineffective [255]. In this
content, creatine has also been discussed as a potential therapeutic agent in the treatment
of drug addiction and its psychic related disorders [256]. Positive effects of creatine supple-
mentation have also been reported in post-traumatic stress disorders [257]. Schizophrenic
and stress patients seem to gain no benefit from creatine intake. There is, however, ongoing
debate on higher dosage for a needed benefit in these sub-groups [258]. Table 7 presents a
summary of the literature related to the effects of creatine supplementation on individuals
with psychological disorders [251,252,255].

Table 7. Level of evidence for the role of creatine supplementation in individuals with psychologi-
cal disorders.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Kondo
et al. [250]

Adolescent
major
depressive
disorder

Human 4 g/d creatine
for 8 weeks None 15

Reduction in
children-depression
symptom scores.
Significant increase in
brain phosphocreatine
level.

Direct effect on
disease (no
RCT)

Roitman
et al. [251]

Treatment
resistant
depression

Human
3–5 g/d
creatine for 4
weeks

None

8 unipolar
depressed
patients and
two bipolar
patients

Development of
hypomania/mania in
bipolar patients.
Improved Hamilton
Depression Rating
Scale, Hamilton
Anxiety Scale, and
Clinical Global
Impression for 7 of 8
unipolar depressed
patients

Direct effect on
disease (no
RCT)
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Table 7. Cont.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Toniolo
et al. [252]

Depressive
episode of
Bipolar Type 1
and Type 2

Human 6 g/d creatine
for 6 weeks Yes 35

No significant
difference in
Montgomery-Åsberg
Depression Rating
Scale by intervention
but higher remission
rate in creatine
supplemented group

Direct effect on
disease

Kondo
et al. [255]

Adolescent
with SSRI
resistant major
depressive
disorder

Human

0 g vs. 2 g vs. 4
g vs. 10 g
creatine sup-
plementation
for 8 weeks

Yes 34

Clinical depression
scores correlated
inversely with brain
phosphocreatine (PCR)
levels. PCR level
improved with higher
dose.

Potential direct
effect on
disease

9. Chronic Fatigue Syndrome, Post Viral Fatigue Syndrome, and Long COVID

Fatigue is the most characteristic symptom of an energy deficit. There does not, how-
ever, exist a proper definition of the fatigue syndrome [259]. Fibromyalgia is a similar
pathological entity closely related to CFS. Initially thought to be purely a psychological
problem, linking fatigue to depression or other psychiatric diseases, newer research has
been able to prove a metabolic dysfunction causing the symptoms [99,260,261]. Linking this
clinical state with mitochondrial dysfunction was first able when lowered mitochondrial
ATP levels were shown using MRS on patients with fatigue syndrome [262]. Later muscle
biopsies and serum biomarkers have been able to show reduced mitochondrial biomark-
ers [263,264]. These markers have been Carnitine and CoQ10 [265]. On a mitochondrial
level fatty acid metabolism was altered, electron transport chain was disrupted, there was
a greater need in glucose concentrations and higher levels of lactate were shown [266].
Higher creatinine excretion via urine was shown to correlate positively with fatigue and
pain severity. Being the end product of creatine, this urine marker could imply a higher
turnover and depletion of the body’s creatine storage [267]. More recent hypotheses state
that these alterations have been caused by an activation of immune–inflammatory pathways
due to viral infections (e.g., Epstein Barr, Q Fever, Ross River Infection) [268].

Long COVID is a persistent fatigue state after Sars-2-CoV-2 infection [269,270]. Inter-
estingly, even asymptomatic patients exhibited raised biomarkers involved in inflammation
and stress response [271]. Long COVID, Chronic Fatigue Syndrome, and Post Viral Fatigue
Syndrome are believed to be the same entity [248,272]. Supplementation of guadinioacteic
acid, a precursor of creatine, was able to attenuate several aspects of fatigue in fibromyalgia
patients [273]. In combination of experimental findings as well as these first promising
clinical outcomes, creatine might be an important key in the rehabilitation process of CFS
and Long COVID patients [274]. Table 8 summarizes the available literature on the effects
of the creatine precursor GAA on chronic fatigue and Post-COVID syndrome [274].

Table 8. Summary of literature on the effects of creatine precursors on chronic fatigue and Post-
COVID syndrome.

Study Disease Subject Treatment Randomized Subjects Efficacy Effect Role

Ostojic et al.
[264]

Chronic
Fatigue
syndrome

Human

2 g, 4 g oral
Guanidi-
noacetic Acid
for 3 months
vs. placebo

Yes 21

Higher muscle
creatine-phosphate
level and better
oxidative capacity.
However, no
significant
improvement of
fatigue symptoms

Direct effect
on disease
related
metabolism
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10. Conclusions

This review summarizes creatine’s impact on mitochondrial function besides restoring
ATP-storage. Creatine monohydrate is one of the best-known nutrient supplements mainly
being used for improvement of athletic performance. However, there is growing evidence
for a broader therapeutic spectrum of this nitrogen–amino-compound. Various health-
promoting effects on cell-metabolism after the intake of creatine have been shown. Its im-
pact on mitochondrial integrity has become of special interest. Mitochondrial dysfunction
has become a central pathological hallmark of non-communicable diseases. The supple-
mentation of creatine monohydrate may have some synergistic effects in the treatment of
CND. This seems to be directly related to its protective effects on mitochondria. Different
from pharmaceutical products, the intake of creatine is safe age- and gender-independent
with nearly no side-effects [49,50]. Although these findings are promising, much of the
available data has been generated with in vitro or animal studies. Therefore, there is a
need to conduct more clinical trials in humans to assess the potential therapeutic effects of
creatine monohydrate supplementation on conditions influencing mitochondrial function.
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Abstract: In 2011, we published a paper providing an overview about the bioavailability, efficacy,
and regulatory status of creatine monohydrate (CrM), as well as other “novel forms” of creatine that
were being marketed at the time. This paper concluded that no other purported form of creatine
had been shown to be a more effective source of creatine than CrM, and that CrM was recognized
by international regulatory authorities as safe for use in dietary supplements. Moreover, that most
purported “forms” of creatine that were being marketed at the time were either less bioavailable,
less effective, more expensive, and/or not sufficiently studied in terms of safety and/or efficacy.
We also provided examples of several “forms” of creatine that were being marketed that were
not bioavailable sources of creatine or less effective than CrM in comparative effectiveness trials.
We had hoped that this paper would encourage supplement manufacturers to use CrM in dietary
supplements given the overwhelming efficacy and safety profile. Alternatively, encourage them
to conduct research to show their purported “form” of creatine was a bioavailable, effective, and
safe source of creatine before making unsubstantiated claims of greater efficacy and/or safety than
CrM. Unfortunately, unsupported misrepresentations about the effectiveness and safety of various
“forms” of creatine have continued. The purpose of this critical review is to: (1) provide an overview
of the physiochemical properties, bioavailability, and safety of CrM; (2) describe the data needed
to substantiate claims that a “novel form” of creatine is a bioavailable, effective, and safe source of
creatine; (3) examine whether other marketed sources of creatine are more effective sources of creatine
than CrM; (4) provide an update about the regulatory status of CrM and other purported sources of
creatine sold as dietary supplements; and (5) provide guidance regarding the type of research needed
to validate that a purported “new form” of creatine is a bioavailable, effective and safe source of
creatine for dietary supplements. Based on this analysis, we categorized forms of creatine that are
being sold as dietary supplements as either having strong, some, or no evidence of bioavailability
and safety. As will be seen, CrM continues to be the only source of creatine that has substantial
evidence to support bioavailability, efficacy, and safety. Additionally, CrM is the source of creatine
recommended explicitly by professional societies and organizations and approved for use in global
markets as a dietary ingredient or food additive.

Keywords: dietary ingredients; ergogenic aids; exercise; performance

1. Introduction

Creatine (N-(aminoiminomethyl)-N-methyl glycine) is a naturally occurring nitrogen-
containing compound that plays an integral role in cellular metabolism. While creatine is
commonly referred to as an amino acid, it is not actually an amino acid in the traditional
sense. It is not incorporated into proteins or an essential, conditionally essential, and
non-essential amino acid that serves as building blocks of protein. Instead, creatine is an
amino acid derivative that is endogenously synthesized from the amino acids arginine
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and glycine by L-arginine: glycine amidinotransferase (AGAT) to guanidinoacetate (GAA).
The GAA is then methylated (i.e., CH3 group added) by the enzyme guanidinoacetate
N-methyltransferase (GAMT) with S-adenosyl methionine (SAMe) to form creatine [1].
The kidney, liver, pancreas, and some areas within the brain contain AGAT. Most GAA is
formed in the kidney and converted by GMAT to creatine in the liver [2–4]. The primary
role of creatine is to bind with inorganic phosphate (Pi) in the cell to form phosphocreatine
(PCr), and thereby serve as a high-energy phosphate source of energy to resynthesize
adenosine triphosphate (ATP) that has been degraded to adenosine diphosphate (ADP) +
Pi as a source of energy to fuel cellular metabolism [5]. Creatine also plays a critical role
in translocating energy-related intermediates from the electron transport system in the
mitochondria to the cytosol [6,7].

About 95% of creatine is stored in the muscle, with the remaining amount found in
other tissues like the heart, brain, and testes [8,9]. About two-thirds of creatine is bound
with Pi and stored as PCr with the remaining one-third stored as free creatine (Cr). The
total creatine pool (Cr + PCr) is about 120 mmol/kg of dry muscle mass for an individual
who consumes a diet with red meat and fish [10]. The body breaks down about 1–2% of the
intramuscular creatine pool into creatinine, which is excreted in the urine [10–12]. Daily
degradation of creatine to creatinine is greater in individuals with larger muscle mass and
individuals with higher levels of physical activity [13]. Creatine synthesis provides about
half of the daily need for creatine [2]. The remaining creatine needed to maintain normal
tissue levels is obtained in the diet primarily from red meat and fish [14–17] or dietary
supplements containing a bioavailable source of creatine [14–16]. Since creatine stores are
not fully saturated on vegan or omnivorous diets that typically provide 0 to 1.5 g/day
of creatine, daily dietary creatine needs have been estimated to be 2–4 g/day [2,6,15].
For this reason, dietary supplementation of creatine has been recommended to optimize
creatine stores [5,6]. The most extensively studied and effective form of creatine found
in nutritional supplements that professional organizations recommend for use is creatine
monohydrate (CrM) [14,15,17,18]. Over the last 30 years, several studies have shown that
CrM supplementation (e.g., 5 g/day for 5–7 days or 3–5 g/day for 30 days) increases blood,
muscle, and tissue levels of creatine and PCr by 20–40% [11,12,19,20]. Co-ingesting CrM
with carbohydrates [20–22] and carbohydrate and protein [23] promotes more consistent
and greater creatine retention. The increased creatine levels have been reported to enhance
high-intensity exercise performance and exercise training adaptations [14,15,24]. Further-
more, there is accumulating research that CrM supplementation may have health and
clinical benefits in populations that may benefit from increasing creatine availability to the
cell [5].

In 2011, we published a paper overviewing the known pharmacokinetics, bioavail-
ability, efficacy, and regulatory status of various purported “forms” of creatine “marketed
with claims of improved physical, chemical, and physiological properties in comparison to
CrM” [25]. The article concluded that “the efficacy, safety, and regulatory status of most of
the newer forms of creatine found in dietary supplements have not been well-established”
and “there is little to no evidence supporting marketing claims that these newer forms of
creatine are more stable, digested faster, more effective in increasing muscle creatine levels,
and/or associated with fewer side effects than CrM” [25]. Similarly, in its most recent
position stand on creatine supplementation, the International Society of Sport Nutrition
(ISSN) concluded: (1) “Creatine monohydrate is the most extensively studied and clinically
effective form of creatine for use in nutritional supplements in terms of muscle uptake
and ability to increase high-intensity exercise capacity”; (2) “Claims that different forms
of creatine are degraded to a lesser degree than creatine monohydrate in vivo or result
in a greater uptake to muscle are currently unfounded [25]”; and, (3) “Clinical evidence
has not demonstrated that different forms of creatine such as creatine citrate [22], creatine
serum [26], creatine ethyl ester [27], buffered forms of creatine [28], or creatine nitrate [29]
promote greater creatine retention than creatine monohydrate [25].” These conclusions were
reiterated more recently in a review related to myths and misconceptions about creatine
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supplementation noting “there are no peer-reviewed published papers showing that the in-
gestion of equal amounts of creatine salts [30–33] or other forms of creatine like effervescent
creatine [22], creatine ethyl ester [27,34,35], buffered creatine [28], creatine nitrate [29,36],
creatine dipeptides, or the micro amounts of creatine contained in creatine serum [26,37,38]
and beverages (e.g., 25–50 mg) increases creatine storage in muscle to a greater degree than
creatine monohydrate [25]. Most studies show that ingestion of these other forms have less
physiological impact than creatine monohydrate on intramuscular creatine stores and/or
performance and that any performance differences were more related to other nutrients
that creatine is bound to or co-ingested within supplement formulations.”

Despite this clear scientific evidence, guidance from professional organizations, and
regulatory challenges of selling other forms of creatine in the global marketplace, companies
continue to market “new forms” of creatine that are purportedly more stable, bioavailable,
and/or effective than CrM. Some have argued that mentioning some of the forms of creatine
described in our 2011 paper served as validation or an endorsement that these forms of
creatine were valid sources of creatine rather than the intended conclusion that these
purported forms of creatine were not scientifically validated, safe, effective, and regulatory
approved sources of creatine for dietary supplements. The intent of this comprehensive
review is to provide an update regarding (1) how creatine is absorbed from food and/or
dietary supplements into the body; (2) whether sources of creatine currently marketed
and/or used in dietary supplements are bioavailable sources of creatine; and (3) whether
any of these purportedly alternate forms of creatine are as effective in increasing creatine
stores in the body to a greater degree than CrM. Based on this assessment, compounds
commonly marketed as sources of creatine will be categorized as: (1) Strong evidence to
support bioavailability, efficacy, and safety; (2) limited evidence to support bioavailability,
efficacy, and safety; or (3) no evidence to support bioavailability, efficacy, and safety.

2. Methods

This paper was conducted as a systematic review of the literature related to sources of
creatine marketed as ingredients for dietary supplements or found in dietary supplements,
food products, and/or beverages marketed as containing creatine. This was accomplished
by performing a PubMed search of the US National Library of Medicine database of
different sources of creatine found in dietary supplements related to solubility, stability,
bioavailability, supplementation, and performance. In addition, we conducted patent
searches of the United States Patent and Trademark Office, the European Patent Office, the
Japan Patent Office, and World Intellectual Property Organization (WIPO) mainly when
no articles were found from a PubMed search on the purported form of creatine. We also
reviewed company websites to assess claims and studies they cited to support claims, as
well as publicly available reports of studies submitted as evidence to the court in cases
related to these purported forms of creatine. To assess the current regulatory status, we
conducted a search of key markets around the world, including the US Food and Drug
Administration (FDA); the Therapeutic Goods Administration in the Department of Health
of Australia; Health Canada; the State Administration for Market Regulation of China; the
European Union Commission; the Japan Ministry of Health, Labor and Welfare; and the
Korea Food and Drug Administration. The information obtained from this search was used
to assess the legal and regulatory status related to the sale of purported forms of creatine in
these marketplaces. Figure 1 shows a Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) flow chart [39].
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Figure 1. PRISMA flow chart.

3. Bioavailability

Bioavailability refers to the degree or rate at which a drug or substance is absorbed
into the body, reaches the intended target site, and is available to influence physiological
activity [40]. In terms of nutrients, bioavailability refers to the amount of the nutrient
contained in the food or supplement that is delivered to the target tissue and available
in the intended tissue for metabolic activity [40]. If food or supplement contains a large
number of nutrients, but only a small percentage of the nutrient is liberated from the food
or supplement, transported through the blood to the tissue, and ultimately taken up by
the tissue, it is not very bioavailable. Similarly, if a similar quantity of food or supplement
delivers less of the active nutrient to the target tissue than another food or supplement of
equal quantity, it is comparatively less bioavailable. In the case of creatine, individuals
who consume meat and fish in their diet typically have a plasma creatine level of around
25 μmol/L (about 3.75 μg/mL), and a muscle creatine content of about 120 mmol/kg dry
muscle mass (DMM) [11,12,19,20]. Muscle creatine levels are typically lower in individuals
following a vegan diet [41,42] and the elderly, who may not consume as much protein in
their diet or have more difficulty digesting dietary protein [43,44]. Plasma creatine levels
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increase after consuming creatine-containing food and dietary supplements containing a
bioavailable source of creatine in proportion to the amount creatine ingested and digestion
rate [2,41,42,45,46].

For a dietary source of creatine to be bioavailable, creatine must be: (1) absorbed as
creatine into the blood and transported to tissues [2,25]; (2) transported into tissue via tissue-
specific creatine transporter genes (e.g., CRT1 or SLC6A8 in muscle) [6,7]; and (3) increase
tissue and cellular creatine and PCr content by a physiologically meaningful amount to
influence metabolic activity (e.g., 20–40% in muscle and 10–20% in brain) [5,12,15,20,24,47].
In creatine research, the efficacy of creatine supplementation is determined by assessing the
magnitude in which creatine supplementation protocol increases muscle creatine content as
typically measured from muscle biopsy samples and/or muscle and brain creatine content
as determined from magnetic resonance spectroscopy (MRS) [15]. Since oral ingestion of
CrM is nearly 100% bioavailable (i.e., it’s either absorbed by tissue or excreted in urine),
whole-body creatine retention with CrM supplementation can also be estimated as the
difference between daily intake of CrM and urinary creatine output [22]. Purported forms
of creatine that do not increase blood creatine concentrations, do not increase uptake of
creatine through tissue-specific creatine transporters, and ultimately do not increase tissue
creatine levels by physiologically meaningful amounts would not affect creatine-related
metabolic function. This is regardless of whether the purported form of creatine is more
solubility in water, is more stable under various temperature and pH conditions outside of
the body, or is delivered in food, gel, and liquid sources, as will be discussed below.

In support of this contention, classic experiments by Harris et al. [12] indicated that a
dose of orally ingested creatine should ideally increase plasma creatine levels to greater
than 500 μmol/L (75 μg/mL) to optimize tissue uptake. They reported that oral inges-
tion of 1 g or less of CrM had negligible effects on blood creatine content (i.e., rarely
exceeding 100 μmol/L (15 μg/mL)). However, ingestion of one oral dose of 5 g of CrM
(equivalent to about 1.1 kg of uncooked beef) resulted in plasma creatine levels of about
800 μmol/L (120 μg/mL) after 1 h of ingestion. It sustained plasma creatine above 200
μmol/L (30 μg/mL) for over 4–5 h (see Figure 2A). Supplementation of 5 g of CrM every 2 h
maintained peak plasma creatine to levels exceeding 1000 μmol/L (150 μg/mL). Moreover,
ingesting 5 g of CrM, 4 to 6 times a daily for 2-days or more significantly increased muscle
creatine content of about 35%. Creatine uptake into the muscle was greatest during the first
two days of CrM supplementation and declined over the next few days as muscle creatine
levels became fully saturated. Subsequent studies from Hultman and colleagues [11] inves-
tigated the effects of various CrM supplementation strategies on changes in muscle creatine
content. These experiments revealed that: (1) consuming 4 × 5 g of CrM per day for 6-days
(i.e., creatine loading strategy) significantly increased muscle free creatine content by 33%
and returned to baseline within 4-weeks after supplementation; (2) ingesting 4 × 5-g doses
of CrM for 6-days followed by ingestion of 2 g/day of CrM for 28 days maintained a 36%
increase in muscle creatine levels; and (3) ingesting 3 g/day of CrM for 35 days (i.e., low
dose supplementation strategy) resulted in a gradual 16.7% increase in muscle creatine
content. About 70% of the increase in the total creatine pool was observed in changes in
free creatine content in the muscle.

Harris and associates [45] also conducted two experiments assessing the bioavailability
of CrM in solution compared to creatine obtained from meat, crushed lozenges, and
suspended in gel (see Figure 2B,C). In the first study, the researchers reported that ingestion
of 2.5 g of CrM in solution (providing about 2.2 g of creatine) promoted a more rapid
and greater increase in peak plasma creatine (287 ± 115 μmol/L or 42 μg/mL) than
ingesting 408 g of lightly cooked steak containing 5.4 g (182 ± 52 μmol/L or 27 μg/mL).
However, ingesting 5.4 g of creatine in lightly cooked meat promoted a more sustained
increase in plasma creatine. Nevertheless, both strategies resulted in similar increases in
area under the curve (AUC) values (507 ± 205 and 518 ± 153 μmol/h/L, respectively).
In the second study, the researchers reported that ingestion of 2 g of CrM in solution
resulted in peak plasma creatine levels of 386 ± 88 μmol/L (57 μg/mL) with an AUC of
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622 ± 193 μmol/h/L. This compared to the peak value of 269 ± 67 μmol/L (41 μg/mL)
with an AUC of 399 ± 196 μmol/h/L when CrM was administered in suspended gel and a
peak creatine level of 277 ± 53 μmol/L and an AUC of 438 ± 131 μmol/h/L when CrM was
administered as crushed lozenges. Collectively, these findings and are important because
they demonstrate: (1) ingestion of 5 g of creatine from meat or 2–2.5 g of CrM administered
in fluid, gels, and solids increased plasma creatine content by physiologically significant
amounts needed to promote creatine uptake into the muscle; (2) the optimal single dose of
CrM to increase plasma creatine levels is 5 g, but that ingesting 2–3 g will increase plasma
creatine to sufficient levels to promote creatine uptake to tissue; (3) ingesting 5 g of CrM, 4
to 6 times a day for as little as 2 days was sufficient to significantly increase muscle creatine
levels; (4) ingesting 5 g of CrM, 4 times a day for 6 days (i.e., 120 g total) increased muscle
free creatine by about 35%; (5) consuming 3 g/day of CrM for 35 days (i.e., 105 g total)
promoted a gradual 16.7% increase in muscle creatine; and (6) they provided a scientific
basis for CrM supplementation recommendations and data for comparison of the efficacy
of other purported forms of creatine marketed in dietary supplements [15].

 

Figure 2. Changes in plasma creatine concentrations after administration of 5 g of creatine mono-
hydrate (CrM) in solution (A) [12]; water, 2 g of CrM administered in solution, or 408 g of slightly
cooked meat containing 5.4 g of creatine (B) [45]; or 2 g of CrM provided in solution, gel suspension,
or in a hard candy lozenge (C) [45].

3.1. Methods to Assess Bioavailability
3.1.1. Assess Chemical Structure

The first step in assessing the bioavailability of a purported novel form of creatine is to
determine whether the purported source of creatine contains a creatine molecule. Although
this seems obvious, as will be seen below, some purported sources of creatine do not
contain the complete creatine molecule. Instead, they only contain a portion of the creatine
molecule structure or rearrange the chemical structure such that the compound is not
really creatine. Moreover, some purported sources of creatine bind or complex compounds
to creatine (or a portion of its structure) with bonds so strong (e.g., amide bonds) they
would not likely break down into creatine through normal digestion, and therefore would
not likely increase creatine levels in the blood or tissues. In other words, they are simply
not bioavailable sources of creatine. Consequently, assessing the chemical structure of a
purported form of creatine and whether associated bonds would easily disassociate into a
creatine molecule is the first question that should be asked when evaluating claims about a
purported “novel form” of creatine.
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3.1.2. Assess Changes in Blood Creatine Content

The next step is to determine if the purported source of creatine is absorbed through
normal digestive processes into the blood and increases plasma creatine levels in a physio-
logically significant manner. Purported forms of creatine that do not significantly increase
plasma creatine above normal fasting levels (i.e., about 25 μmol/L or 3.75 μg/mL) would
have no effect on muscle creatine content because it would not deliver any creatine to
tissues for uptake by creatine transporters. Likewise, sources of creatine that increase
plasma creatine levels by less than 100 μmol/L (15 μg/mL) would not be considered viable
sources of creatine for dietary supplements because they would not deliver enough creatine
to target tissue to significantly increase creatine content [12,45]. Viable sources of creatine
in dietary supplements should increase plasma creatine levels above 200–500 μmol/L
(30–75 μg/mL) within the first hour of oral ingestion and promote a large increase in the
AUC of creatine over a 4-to-5 h period [11,12,45]. However, an increase in plasma creatine
alone does not provide definitive proof that a purported source of creatine is bioavailable or
effective. Differences in plasma creatine after ingestion of a bioavailable source of creatine
only suggests that absorption rates may differ. Higher blood creatine could mean that the
source is not taken up as quickly into tissue, while lower levels could mean that less appears
in the blood or creatine absorption into tissue is faster [48]. Ultimately, the source of creatine
must be transported into tissues by creatine-specific transporters and increase tissue levels
of creatine in physiologically significant amounts to affect creatine-related metabolism (i.e.,
20–40%). Thus, it cannot be assumed that a purported source of creatine will be effectively
transported into muscle based on solubility properties in fluid and/or changes in blood
concentrations alone because sources of creatine that are not effectively transported into
tissue could have higher plasma levels than those that promote a more rapid transport into
the tissue. Consequently, it is important to assess the difference between arterial content
(amount of creatine delivered to tissue) and venous creatine content or measure the amount
of creatine retained in tissues directly to determine the amount of orally ingested creatine
taken up by tissue.

3.1.3. Assess Changes in Tissue Creatine Content

Thus, the third step in verifying the bioavailability of a purportedly novel source of
creatine is to directly assess the effects of oral ingestion at recommended dosages on tissue
creatine content. This is most often done by determining changes in muscle creatine content
since 95% of creatine is stored in skeletal muscle. So-called forms of creatine that have been
marketed as creatine but do not have any data showing the source of creatine increases
muscle creatine content in humans should not be considered a viable source of creatine
until such data are available. Purported sources of creatine that increase blood levels of
creatine but do not increase tissue levels of creatine in physiologically effective amounts (i.e.,
20–40% in muscle and 10–20% in brain) are not bioavailable sources of creatine. Purported
sources of creatine that do not deliver similar increases in muscle creatine content than
equivalent doses of CrM are less bioavailable sources of creatine than CrM. Moreover,
purported derivatives or analogs of creatine that have no measurable effects on plasma
creatine levels and do not increase muscle creatine content are not bioavailable sources of
creatine, and therefore could have no physiological effects that have been reported in the
literature from CrM supplementation. Likewise, if a form of creatine does not significantly
increase muscle and/or brain creatine content in humans at the recommended dosages,
it should not be considered a viable source of creatine for a dietary supplement. This
includes making claims that lower doses of a purportedly more bioavailable source of
creatine (e.g., 1–2 g) or “sprinkling” physiologically insignificant amounts of CrM or other
purported creatine sources, derivatives, or analogs of creatine in supplements or beverages
(e.g., 25–250 mg) promote similar or better benefits as CrM loading (e.g., 4 × 5 g/day for
5–7 days) or long-term supplementation (e.g., 3 g/day).
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4. Physio-Chemical Properties

Figure 3 shows the structure of creatine and CrM. Creatine monohydrate was the first
source of creatine marketed as a dietary supplement and remains the most common source
of creatine found in dietary supplements [25]. Creatine monohydrate is considered the
gold standard to compare other purported sources of creatine because of its well-known
physiochemical properties, high bioavailability, stability, low cost, and a large number of
studies that have demonstrated efficacy and safety [15,25]. CrM has been so extensively
studied compared to other purported forms of creatine that when creatine supplementation
is discussed in the literature, it is understood the authors are referring to CrM unless
otherwise specified [15,17,18,49]. Nevertheless, CrM is formed by crystallization with water
forming monoclinic prisms that hold one molecule of water per molecule of creatine [25].
This provides a powder containing 87.9% creatine that readily dissociates into creatine and
water upon oral ingestion. The water in CrM can also be removed when exposed to heat
at about 100 ◦C yielding anhydrous creatine that is 100% creatine [25]. However, due to
the increased temperature used during the drying, anhydrous creatine contains higher
amounts of the impurity creatinine. Creatine appears as internal salt and is considered a
fairly weak base (pKb 11.02 at 25 ◦C) that forms salts with strong acids (i.e., pKa < 3.98) [25].
Creatine can also complex with other compounds via ionic binding (i.e., the attraction of
positive cation and negative anion charges).

Figure 3. Chemical structure of creatine and creatine monohydrate.

Pischel and Gastner [50] described the basic process of industrial synthesis of CrM.
The process involves adding acetic acid to an aqueous sodium sarconsinate solution and
stirring to a pH value of about 10 and a temperature of about 80 ◦C. An aqueous cyanamide
solution is then added to the medium and agitated to facilitate the reaction. After cooling,
the crystalline CrM is filtered, separated, and then dried [50]. Creatine monohydrate is
manufactured by using water as solvent in Germany has produced 99.9% pure CrM with no
contaminants under the brand name Creapure®. Other sources of CrM, particularly from
China, have been reported to contain contaminates like dicyandiamide, dihydrotriazine,
dimethyl sulphate, thiourea, creatinine, and/or higher concentrations of heavy metals
like mercury and lead due to the use of different chemical precursors, poorly controlled
synthesis processes, using organic solvents, and/or less than adequate filtration methods
that increase production of these contaminants [50]. For this reason, creatine monohydrate
manufactured by AlzChem in Germany is considered the gold standard of creatine and has
been the primary source of creatine used in hundreds of clinical trials conducted on CrM to
establish safety and efficacy [15,25].

5. Stability

Creatine monohydrate is very stable in powder form, showing no signs of degradation
to creatinine over years, even at elevated temperatures [25]. For example, Jäger [51] reported
that CrM powder showed no signs of degrading to creatinine even with temperatures up to
40 ◦C (104 ◦F) for more than three years. Additionally, even when CrM was stored at 60 ◦C
(140 ◦F), creatinine could only be detected in trace amounts after 44 months of storage [51].
However, creatine is not as stable in solution due to intramolecular cyclization that converts
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creatine to creatinine (see Figure 4A). Generally, creatine degrades to creatinine in solution
at a faster rate as pH decreases and temperature increases [25,52–54]. For example, as
seen in Figure 4B, Harris and coworkers [55] reported that creatine is relatively stable for
3 days in solution at neutral pH (6.5 to 7.5) However, the rate of degradation to creatinine
increased when stored at 25 ◦C when pH decreased (e.g., 4% at 5.5 pH; 12% at 4.5 pH; and
21% at 3.5 pH) [55]. However, as described below, the conversion of creatine to creatinine is
halted at pH levels < 2.5. For this reason, it is recommended that CrM should be consumed
immediately after it is mixed in an acidic beverage or refrigerated to slow the degradation
to creatinine and consumed within a couple of days. However, recent reports presented
shelf-life stability data of CrM suspended in a solution of 70% for 13-months at neutral pH
and 100% for 12 months at a pH of 2.8 [56,57].

Figure 4. Conversion of creatine to creatinine (A) and influence of pH on creatine stability in solution
(B). Creatine stability figure adapted from Howard and Harris [55].

As mentioned above, the degradation of creatine can be limited or prevented when
creatine is in very low or very high pH environments [25]. In this regard, a pH > 12.1
promotes the deprotonation of the acid group. This makes it more difficult for intramolec-
ular cyclization to form creatinine [25]. On the other hand, when pH is <2.5, the amide
functional group on the creatine molecule is protonated and prevents the intramolecular
cyclization (see Figure 5) [25]. Since stomach acid is generally less than 2.5, less than 1% of
CrM is degraded to creatinine during digestion and 99% of creatine is taken up by tissue or
excreted in urine after ingestion [12,25,58,59].

Figure 5. Influence of pH on creatine stability in solution.

6. Solubility

One of the limitations in terms of developing consumer products containing CrM is
that CrM powder is not highly soluble. For example, when mixing CrM in solution, some
CrM residue remains at the bottom of the glass requiring consumers to add more fluid,
swirl, and quickly ingest to ensure they consumed all the creatine. While this has no effect
on creatine bioavailability as CrM is nearly 100% bioavailable [12,25,58,59], there has been
interest in finding ways to improve the solubility of creatine. The solubility of creatine in
water increases linearly with increasing temperature. In this regard, about 6 g of creatine
dissolves in one liter of water at 4 ◦C (39.2 ◦F) while 14 g/L are dissolved at 20 ◦C (68 ◦F),
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34 g/L are dissolved at 50 ◦C (122 ◦F); and, 45 g/L are dissolved at 60 ◦C (140 ◦F) [25]. This
is the reason that some researchers initially administered CrM to participants in warm to hot
water [12] or hot tea [60]. Creatine solubility can also be improved by administering CrM
in lower pH solutions like juices and sport drinks that generally have pH levels ranging
from 2.5–3.5 [61] and/or blending CrM with carbohydrate and/or protein powders or in
juice which helps suspend CrM in solution, reduce sedimentation, and enhance creatine
uptake into muscle [20–23,62].

Dissolving creatine in more acidic environment is also the rationale in providing
creatine in the form of easily disassociated creatine salts. Adding an acidic moiety to a
creatine molecule lowers the pH of the water. For example, adding tri-creatine citrate
to water yields a pH of 3.2 and increases solubility to 29 g/L whereas adding creatine
pyruvate to water yields a pH of 2.6 and increases solubility to 54 g/L [63]. Creatine
hydrochloride (HCl) has also been marketed as a pH lowering source of creatine with
greater solubility than CrM [64,65]. While lowering pH and/or mixing creatine salts into
solution enhances solubility, the amount of creatine contained in these forms of creatine salt
must be equalized to CrM to deliver the same amount of creatine to the blood and tissues.
In this regard, CrM contains 87.9% creatine whereas creatine citrate (40.6%), di-creatine
citrate (57.7%), creatine pyruvate (59.8%), and creatine HCl (78.2%) contain less creatine by
weight compared to CrM. Therefore, one would need to mix 1.54, 1.34, 1.32, and 1.11 times
more of these forms of creatine in solution to deliver the same amount of creatine than CrM.
Additionally, while mixing CrM in common juices and beverages with pHs ranging from
2.5–3.5 [61] would enhance solubility, it would also promote the conversion of creatine to
creatinine over time [66]. Therefore, it is best to consume creatine salts or CrM with acid
beverages soon after it is mixed so that the conversion of creatine to creatinine would be
halted upon entering a more acidic environment in the stomach.

With that said, the only real advantage of mixing CrM in an acidic beverage is that
it would leave less CrM in crystalized form at the bottom of a cup to swirl and consume
during the last drink. If an individual consumes all the CrM (soluble or not), it will be
bioavailability in terms of intestinal absorption, transport of creatine in the blood, transport
of creatine through tissue-specific creatine transporters, and uptake of creatine into tissues.
Similarly, if a bioavailable source of creatine is consumed at physiologically effective doses,
it is not degraded during digestion, and it increases blood and tissue creatine content by
physiologically meaningful amounts (i.e., 20–40%), it does not matter whether a form of
creatine has better mixing characteristics and/or is more soluble. Research has clearly
shown that CrM is not degraded into creatinine during normal digestion, it is nearly 100%
bioavailable [12,25,58,59], and markedly increases blood and tissue creatine content. There
are no data showing that any other purported form of creatine is more effective in increasing
tissue creatine content than CrM [62]. Therefore, claims that a given form of creatine is
more effectively absorbed than CrM because it is more soluble in water is unsupported
marketing hyperbole.

7. Purported Creatine Related Compounds

Table 1 provides a list of creatine-related compounds that are listed in PubChem when
doing a search on the word creatine. As of this writing, 88 creatine-related compounds
are listed in the PubChem database. A few others that have been mentioned in patents,
published literature, or on international regulatory authorities’ lists are also mentioned at
the bottom of Table 1. While not all these compounds have been used in dietary supple-
ments or assessed for bioavailability, it provides an overview of the types of creatine-related
compounds that have been developed. Interestingly, some creatine derivatives and analogs
that have been marketed as bioavailable sources of creatine in dietary supplements are
not listed in this database because the molecular structures have been altered such that
the compound does not contain the creatine molecule. Consequently, they should not be
considered a bioavailable source of creatine unless studies show that it increases creatine
levels in the blood and target tissue (i.e., muscle and brain). This view is consistent with
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the United States FDA definition that a dietary supplement is considered a new dietary
ingredient (NDI) if the ingredient has been chemically altered from its natural form [67].

Table 1. Theoretical creatine content of purported sources of creatine-related compounds in the
PubChem database based on molecular weight.

Compound
Molecular
Formula

Molecular Weight
(g/mol)

Theoretical Percent
Creatine by MW †

Difference from
CrM (%)

Creatine (Creatine Anhydrous) C4H9N3O2 131.13 100.0 13.8
Creatine Monohydrate C4H11N3O3 149.15 87.9 0.0
Magnesium Creatine C4H9MgN3O2 155.44 84.4 −4.0
Creatine Ethyl Ester C6H13N3O2 159.19 82.4 −6.3
Methyl-Amino-Creatine C5H12N4O2 160.17 81.9 −6.9
Creatine Hydrochloride C4H10ClN3O 167.59 78.2 −11.0
Creatine Methyl Ester Hydrochloride C5H12ClN3O2 181.62 72.2 −17.9
Creatine Nitrate C4H10N4O5 194.15 67.5 −23.2
Creatinol-O-Phosphate C4H12N3O4P 197.13 66.5 −24.3
Tri-Creatine Citrate C14H26N6O11 585.50 67.2 −23.5
Phospho-Creatine C4H10N3O5P 211.11 62.1 −29.3
Creatine Pyruvate C7H13N3O5 219.20 59.8 −31.9
Creatine Beta-Alaninate C7H16N4O4 220.23 59.5 −32.3
Creatine Lactate C7H15N3O5 221.21 59.3 −32.6
Creatine Benzyl Ester C11H15N3O2 221.26 59.3 −32.6
Di-Creatine Citrate C14H26N6O11 454.39 57.7 −34.3
Creatine Sulfate C4H11N3O6S 229.21 57.2 −34.9
Creatine Pyruvate Monohydrate C7H15N3O6 237.21 55.3 −37.1
Di-Acetyl Creatine Ethyl Ester C10H17N3O4 243.26 53.9 −38.7
Creatine Sulfate Monohydrate C4H13N3O7S 247.23 53.0 −39.7
Creatine Ethyl Ester Pyruvate C9H17N3O5 247.25 53.0 −39.7
Sodium Creatine Phosphate C4H8N3Na2O5P 255.08 51.4 −41.5
Creatine Taurinate C6H16N4O5S 256.28 51.2 −41.8
Creatine Pyroglutamate C9H16N4O5 260.25 50.4 −42.7
Creatine Malate C8H15N3O7 265.22 49.4 −43.8
Creatine Glutamate C9H16N4O6 276.25 47.5 −46.0
Creatine Orotate C9H13N5O6 287.23 45.7 −48.1
Creatine Carnitine C11H24N4O5 292.33 44.9 −49.0
Creatine Ethyl Ester Malate C10H19N3O7 293.27 44.7 −49.1
5-Hydroxytryptamine Creatine C14H21N5O3 307.35 42.7 −51.5
Creatine Trinitrate C4H12N6O11 320.17 41.0 −53.4
Creatine α-ketoglutarate C11H20N4O7 320.30 40.9 −53.4
Creatine Citrate C10H17N3O9 323.26 40.6 −53.9
D-Gluconic Acid Creatine Salt C10H21N3O9 327.29 40.1 −54.4
Creatine Monohydrate Dextrose C10H23N3O9 329.30 39.8 −54.7
Creatine Hydroxycitrate C10H17N3O10 339.26 38.7 −56.0
Disodium Creatine Phosphate
Tetrahydrate C4H18N3Na2O10P 345.15 76.0 −13.6

Creatine Phosphate Lactate C13H22N3O15P 491.30 26.7 −69.6
Creatine-CoA C25H43N10O17P3S 880.70 14.9 −83.1

Adapted from Jaeger et al. [25]. MW represents molecular weight. † represents theoretical creatine content
based on the MW of creatine assuming a full molecule of creatine is in the compound, and it is liberated as
creatine from the compound. Many sources have not been studied to verify ingestion increases blood levels of
creatine or tissue creatine content. Therefore, listing a compound in this table does not validate if the marketed
source contains creatine, is bioavailable as creatine, or is an effective source of creatine. Not listed on PubChem
as a creatine-containing compound: creatine maleate, creatine fumarate, creatylglycine ethyl ester fumarate,
polyethylene glycosylated creatine, polyethylene glycosylated creatine HCL, Creatine Serum, creatyl-L-leucine.

It should be noted that different creatine-related compounds shown in Table 1 contain
less creatine by molecular weight than CrM, assuming that a full creatine molecule is
contained in the compound and would be liberated as creatine in circulation. Consequently,
it would take a greater amount of most of these sources of creatine in a dietary supplement
to provide equivalent amounts of creatine delivered from CrM if the other sources were
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indeed bioavailable. For example, creatine citrate (CC) contains 53.9% less creatine by
molecular weight than CrM. Therefore, a supplement would need to provide 9.3 g of CC to
equal a typical supplementation dose of 5 g of CrM if it had similar bioavailability. Creatine
ethyl ester (CEE) has only 6.3% less creatine by molecular weight than CrM. However, as
will be discussed below, some of the creatine in CEE converts to creatinine during digestion
and therefore it is less bioavailable than CrM. Therefore, more CEE would have to be
provided in a supplement to provide an equivalent amount of creatine to tissue and it may
increase serum creatinine levels to a greater degree. Additionally, if a purported source or
derivative of creatine does not break down and increase blood creatine levels and creatine
content in muscle, it would not be a bioavailable source of creatine no matter how much
was in the supplement. These are important points to consider when developing nutritional
formulations or conducting research with these other sources of creatine.

8. Strong Evidence to Support Bioavailability, Efficacy, and Safety

Creatine Monohydrate

As noted above, CrM is the gold standard to compare other purported forms of crea-
tine due to its known bioavailability, pharmacokinetics, efficacy, and safety [5,14,15,25,62].
Prior studies indicate that CrM loading (i.e., 4 × 5 g/day for 5–7 days) or low-dose long-
term intake (e.g., 3–6 g/day for 4–12 weeks) increases muscle creatine retention typically
by 20–40% depending on initial creatine content in the muscle [12,22,68–71] and brain
creatine content by 5–15% [72–77]. CrM supplementation has been reported to improve
acute exercise performance particularly in intermittent high-intensity exercise bouts as well
as enhance training adaptations in adolescents [78–82], young adults [29,55,83–92], and
older individuals [8,77,93–101]. High-intensity exercise performance is generally increased
by 10–20% with greater improvements seen in individuals starting the supplementation
protocol with lower muscle creatine and PCr content [102]. Improvements in perfor-
mance have been reported in individuals participating in weight training [55,89,95,103–113],
running [114–118], soccer [87,119,120], swimming [79,80,121–124], volleyball [125], soft-
ball [126], ice hockey [127], golf [128], among others [24]. Men and women have been
reported to benefit from CrM supplementation in populations ranging from children to
elderly populations [47,80,119,126,129–133].

Uptake of creatine into muscle with CrM supplementation has been reported to
be enhanced when CrM is consumed with carbohydrate [20–22] and carbohydrate and
protein [23]. Co-ingesting CrM with nutrients that improve insulin sensitivity like D-
pinitol [134], Russian Tarragon [135], and Fenugreek extract [136] have been reported to
enhance creatine retention with limited to no additive effects on exercise performance or
training adaptations [89,136,137]. There is also no evidence that supplementation of mi-
cronized versions of CrM (i.e., CrM with smaller mesh size particles) are more bioavailable
than CrM with normal mesh sized particles [138–140] or consuming CrM in effervescent
fluid promotes greater creatine retention or performance benefits [22,141]. This makes
sense in that while small differences in creatine retention may enhance the rate of saturating
creatine stores (e.g., in 4 versus 5 days) or ensure more consistent response to CrM supple-
mentation (e.g., consuming creatine with carbohydrate and/or carbohydrate and protein),
once creatine stores are fully saturated, there would be no ergogenic or training advantage.
No side effects have been reported with CrM supplementation other than a desired weight
gain [15]. Additionally, there is no convincing evidence that CrM causes common anecdotal
myths like bloating, gastrointestinal distress, disproportionate increase in water retention,
increased stress on the kidneys, increased susceptibility to injury, etc. [62,142–144]. Many
of these claims have been described in marketing materials by companies attempting to
gain market share for their purported creatine-containing products [25,62].

Based on a large body of evidence, the ISSN concluded that CrM is the most effective
ergogenic nutrient currently available to athletes in terms of increasing high-intensity exer-
cise capacity and lean body mass during training [8,15]. Position stands by the American
Academy of Nutrition, Dietitians of Canada, and the American College of Sports Medicine
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on nutrition and athletic performance [17,49]; the International Olympic Committee con-
sensus statement on dietary supplements and the high-performance athlete [18]; and, the
Office of Dietary Supplements, Dietary Supplement Fact Sheets on Dietary Supplements for
Exercise and Athletic Performance [145] provided similar conclusions. Thus, there is con-
sensus among professional organizations that CrM is an effective nutritional ergogenic aid
that may benefit athletes involved in numerous sports and individuals initiating exercise
training to promote health and fitness.

Given the metabolic and ergogenic properties of CrM [7,14,15,24], there has also been
interest in assessing the effects of CrM supplementation in various clinical populations
that may benefit from increasing high-energy phosphate availability and/or increasing
strength and muscle mass [5]. A recent Special Issue on creatine supplementation for health
and clinical diseases overviewed the metabolic basis of creatine in health and disease [5]
and potential health and/or therapeutic benefits of CrM supplementation for pregnancy
and newborn health [146], children and adolescents [147–151], physically active young
adults [24], rehabilitation [152], women’s health [133], older adults [44], brain health and
cognitive function [74], glucose management and diabetes mellitus [153], immunity [154], T
cell antitumor immunity and cancer therapy [155], heart health [156], vascular health [157],
inflammatory bowel disease [158], chronic renal disease management [159], and post-viral
fatigue [160]. From what we can see, all studies in these populations used CrM as the
source of creatine. Thus, there is substantial evidence to support the safety and efficacy of
CrM supplementation (see Table 2). Additionally, this body of evidence provides the basis
to compare the efficacy and safety of other purported sources of creatine. For this reason,
CrM is classified as having strong evidence from pharmacokinetic and tissue bioavailability
studies, numerous randomized and controlled clinical trials, and a long-history of safety
assessed in clinical trials and historical widespread use supporting bioavailability, efficacy,
and safety.

Table 2. Example of studies showing bioavailability, efficacy, and safety of CrM supplementation.

Reference Participants Design Duration
Dosing
Protocol

Findings Side Effects

Short-term Studies (<14 Days)

Greenhaff
et al. [71] 8 healthy males SB 5 days 4 × 5 g CrM

CrM ↑ TCr by 25% and PCr
resynthesis following
electrically evoked isometric
contractions.

None reported

Balsom et al.
[161] 7 males SB 6 days 4 × 5 g CrM

↑ in total muscle total
creatine (18%), weight
(1.1 kg), and 5 × 6 s cycling
sprint performance and
PCr recovery

None reported

Green et al.
[20] 24 healthy men RDBP 5 days

4 × 5 g CrM
followed by 93
g CHO or CHO

Ingesting CrM with CHO ↑
muscle TCr and glycogen None reported

Vandenberghe
et al. [162]

9 healthy
non-vegetarian
males

RDBPC
5 days with
5 week
washout

25 g/day CrM
or PLA

CrM ↑ muscle PCr by 11%
and 16% after 2 and 5 days.
PCr resynthesis rate was
not affected.

None reported

Bellinger et al.
[163]

20 endurance
cyclists RDBP 7 days 20 g/day CrM

or PLA

CrM ↑ muscle creatine
content by 30% and
decreased TAN contribution
to sprint

None reported
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Table 2. Cont.

Reference Participants Design Duration
Dosing
Protocol

Findings Side Effects

Francaux et al.
[164]

14 physically
active males RDBP 14 days 3 × 7 g of CrM

or PLA

CrM ↑ MRS PCr by ~20%
and PCr repletion by 15%
and 10% during 40% and
70% MVCs.

None reported

Preen et al.
[116]

14 physically
active men RDBP 5 days 20 g/day CrM

or PLA

CrM increase TCr stores and
work during 80-min of
repeated cycling
sprint exercise.

None reported

Burke et al.
[165]

20 male
resistance-
trained athletes
(18–32 years)

RDBP 5 days

4 × 5 g CrM,
4 × 5 g CrM +
25 g Sucrose, or
4 × 5 g CrM +
25 g Sucrose +
250 mg α-LA
or PLA

CrM ↑ body weight (2.1 kg)
with no differences among
groups, TCr was ↑ more in
the CrM + sucrose +
α-LA group.

None reported

Longer-Term Studies (>14 days)

Vandenberghe
et al. [47]

19 young
female
volunteers

RDBP

10 weeks
phase I
(n = 19);
10 weeks
phase II
(n = 13)

4 × 5 g CrM for
4 days, 5 g/day
thereafter
or PLA

CrM ↑ muscle PCr, strength,
and exercise capacity None reported

Kreider et al.
[55]

25 American
college football
players during
offseason
resistance and
agility training

RDBP 28 days

CrM
15.75 g/day
with glucose or
glucose PLA

↑ FFM, ↑ strength, ↑
muscular endurance, ↑
6 × 6-s cycling sprint
performance with 30-s rest

None reported

Volek et al.
[113]

19 healthy
resistance-
trained
males

RDBP 12 weeks

CrM 5 × 5 g for
7 days, 5 g/day
for 11 weeks
or PLA

↑ FFM, strength, and muscle
morphology No differences

Kreider et al.
[166]

51 American
college football
players during
offseason
resistance and
agility training
and spring
football

RDBP 12 weeks

20 g/day and
25 g/day of
CrM with CHO
and PRO; CHO
only; or CHO +
PRO only

CrM groups ↑ FFM, ↑
strength, ↑ muscular
endurance. No changes in
blood chemistry panels.

CrM groups
had less GI
complaints than
those ingesting
CHO and CHO
+ PRO.

Tarnopolsky
et al. [167]

23 young
healthy but
untrained
males

RDBP 8 weeks
10 g/day CrM
with 75 g CHO
or PLA

CrM with CHO promoted
greater ↑ in body mass and
FFM during training.

None reported

Willoughby
et al. [168]

22 untrained
males during
resistance-
training

RDBP 12 weeks CrM 6 g/day or
PLA

CrM promoted > increases in
body mass, FFM, thigh
volume, muscle strength,
myofibrillar protein content,
and myosin heavy chain
mRNA expression for Type I,
IIa, and IIx fibers

None reported
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Table 2. Cont.

Reference Participants Design Duration
Dosing
Protocol

Findings Side Effects

Burke et al.
[108]

18 vegan and 24
non-vegan
(20 men, 22
female)

RDBP 56 days

0.25 g/kg
FFM/d of CrM
for 7 days,
0.0625 g/kg
FFM/d for
49 days or PLA

TCr content was lower in
vegans. CrM ↑ PCr, TCr, and
gains in bench press
strength, isotonic work, Type
II fiber area, and FFM during
resistance training.

None reported

Lyoo et al.
[73]

15 males
(23–35 years) RDBP 56 days

2 × 0.15 g/kg
CrM for 7 days,
2 × 0.015 g/kg
CrM for 49
days or PLA

CrM ↑ brain PCr (3.4%), Pi
(9.8%), and Cr (8.1%) while
decreasing β-nucleoside
triphosphate (NTP) by 7.8%.

None reported

Newman et al.
[169]

17 healthy
active but
untrained men

RDBP 33 days

4 × 5 g CrM +
3.75 glucose for
5-days, 3 g CrM
+ 3 g glucose
thereafter
or PLA

CrM ↑ muscle TCr after
loading and maintenance
doses. CrM had no effects on
muscle glycogen, glucose
tolerance or insulin
sensitivity.

None reported

Tarnopolsky
et al. [170]

Moderately
active younger
(13 men, 14
women; 19
resistance-
trained men;
Older
resistance-
trained men
(15) and women
(15)

RDBP
5 days;
8 weeks;
14 weeks

4 × 5 g CrM for
5 days;
10 g/day CrM
with 75 g
dextrose for
8 weeks during
training; 5
g/day CrM +
2 g/day
dextrose for 14
weeks during
training or PLA

CrM ↑ muscle TCr in each
study compared to placebo.
CrM nor training influenced
creatine transporter protein
content. Citrate synthase
was increased in
older participants.

None reported

Willoughby
et al. [171]

22 untrained
males during
resistance-
training

RDBP 12 weeks 6 g/day CrM
or PLA

CrM promoted > ↑ in muscle
CK, myogenin, and MRF-4. None reported

R = randomized; DB = double-blind; p = placebo; SB = single blind; C = crossover, CrM = creatine monohydrate,
PCr = phosphocreatine; TCr = total creatine; Pi = inorganic phosphate; CHO = carbohydrate; PRO = protein;
FFM = Fat-Free Mass, TAN = total adenine nucleotide pool; MVC = maximal voluntary contractions; α-LA = alpha
lipoic acid; MRS = magnetic resonance spectroscopy; GI = gastrointestinal.

9. Some Evidence to Support Bioavailability, Efficacy, and Safety

9.1. Creatine Salts

Creatine salts were introduced into the marketplace in the early 1990s and are formed
by adding an acid moiety to creatine, complexing an acid to the creatine molecule, or
adding an acid to a complexation product [25]. The rationale was to combine creatine with
acids that could easily dissociate (e.g., ionic bond) upon ingestion, thereby not only serving
as a viable way to deliver creatine to tissue, but also deliver other nutrients that may have
ergogenic properties and/or promote a synergistic metabolic effect with creatine. Addition-
ally, to find ways to improve physical characteristics like solubility of creatine. To do so, the
creatine salt must deliver physiologically effective doses of creatine (i.e., 3–5 g per serving)
to the blood and tissue in an equivalent manner as CrM to be comparatively effective.
Additionally, the acid added to creatine would have to provide a more synergistic effect
than simply co-ingesting CrM with the acid independently in a nutritional formulation.
Finally, the theoretically added benefit must justify the additional expense in producing the
creatine salt and including it in a nutritional formulation.
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A number of creatine salts have been marketed as sources of creatine for dietary
supplements including creatine citrate (including di- and tri- forms) [172–174]; creatine
maleate, creatine fumarate, creatine tartrate [31]; creatine pyruvate [32,174–176]; creatine
ascorbate [33]; and creatine orotate [30,176,177], among others. Some creatine salts are less
stable when compared to CrM. For example, storage of tri-creatine citrate at 40 ◦C (104 ◦F)
for 28 days results in formation of 770 ppm of creatinine compared to no measurable
amount with CrM powder [63]. Adding carbohydrate to the formulation has been reported
to improve the stability of some creatine salts [178]. However, creatine salts would also
have less stability than CrM in solution since adding the acid to creatine decreases pH to
ranges that would promote greater formation of creatine to creatinine in solution over time.
The following summarizes results of studies that provide some evidence of bioavailability,
efficacy, and safety of creatine salts.

9.1.1. Creatine Citrate

Figure 6 shows the chemical structure of two common creatine salts. Jäger et al. [63]
compared the effects of oral ingestion of 5 g of CrM to 6.7 g of tri-creatine citrate (CC) and
7.7 g of creatine pyruvate (CPY) that provided equimolar amounts of creatine. Tri-creatine
citrate is a 1:1 salt of creatine and citric acid, with two additional creatines forming a
complex with the 1:1 salt. The second and third acid moiety of citric acid are not strong
enough acids to form salts with creatine. Peak concentrations of creatine were significantly
higher with CPY (CrM 761.9 ± 107.7, CC 855.3 ± 165.1, CPY 972.2 ± 184.1 μmol/L) while
AUC values did not significantly differ among treatments (2384 ± 376.5, 2627 ± 506.8,
2985 ± 540.6 mM/h, respectively). Results support contentions that provision of equimo-
lar amounts of CC and CPY can serve as a bioavailable source of creatine. Conversely,
Gufford et al. [179] reported that CC and CPY had less permeability than CrM across caco-2
monolayers cells, which is used as a model to assess intestinal absorption. However, it is
unlikely that the small differences in blood creatine levels observed would promote greater
creatine retention and/or a bioenergetic advantage. To date, we are unaware of any study
that has evaluated the effects of CC or CPY on muscle or brain creatine content.

Figure 6. Chemical structure of tri-creatine citrate and creatine pyruvate with plasma creatine changes
after oral administration of equal molar doses of creatine monohydrate (CrM), creatine citrate (CC)
and creatine pyruvate (CPY). Adapted from Jäger et al. [63].

In terms of efficacy, several studies have evaluated whether creatine citrate (CC)
supplementation can affect exercise capacity. For example, Smith and colleagues [180]
found ingesting 20 g/day of di-creatine citrate for 5 days delayed neuromuscular fatigue in
women. Jäger et al. [174] reported that ingestion of 5 g/day of CC (providing 3.25 g/day of
creatine) for 28 days significantly increased intermittent maximal effort handgrip force com-
pared to placebo. Graef and coworkers [181] reported that 10 g/day of CC supplementation
for 30 days during high-intensity interval training significantly increased the ventilatory
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threshold, but did not enhance maximal aerobic capacity. Smith and colleagues [172]
reported that 20 g/day of creatine di-citrate supplementation for 5 days had no detrimental
or ergogenic effects on running critical velocity, aerobic capacity, or time to exhaustion.
Finally, Fukuda and assistants [182] reported that CC supplementation (4 × 5 g with 18 g
dextrose for 5 days) improved anaerobic run capacity in men, but not women. While these
studies provide evidence that CC can serve as a viable source of creatine by increasing
blood creatine level in a similar manner as CrM and there is some data supporting the
ergogenic benefit compared to placebo, the impact of CC supplementation has not been
assessed on muscle or brain creatine content. Therefore, there are no studies indicating that
CC is more bioavailable, more effective, or a safer source of creatine than CrM. Given this,
CC is categorized as having limited evidence to support bioavailability, efficacy, and safety.

9.1.2. Creatine Pyruvate

Calcium pyruvate supplementation (e.g., 6–25 g/day) has been reported to affect
exercise performance and promote fat loss [183–186]. Stone et al. [83] also reported that CrM
and the combination of CrM and calcium pyruvate supplementation during 5 weeks of off-
season training improved training and body composition adaptations. In contrast, calcium
pyruvate supplementation alone had no effects. Therefore, there was some rationale in
developing a creatine salt with pyruvate [32]. As seen in Figure 7, ingestion of 7.3 g of CPY
promoted significant increases in plasma creatine levels in a similar manner as ingesting
5 g of CrM [63]. This group also reported that ingestion of 5 g/day of CPY (providing
3 g/day of creatine) for 28 days significantly increased intermittent maximal effort handgrip
force [174]. Another study found that ingesting 7 g/day of CPY for 7 days had no effects
on endurance capacity or repeated sprint performance in cyclists [175]. However, ingesting
7.5 g/day of CPY improved paddle rate and lowered blood lactate in Olympic canoeists
suggesting an improvement in aerobic exercise efficiency [187]. These studies indicate
that CPY can serve as effective source of creatine to increase blood creatine content and
a few short-term studies suggest there may be some ergogenic values. However, since
there are no data assessing the effect of CPY supplementation on muscle or brain creatine
content and only a limited number of studies have evaluated efficacy and safety, CPY is
classified in the limited bioavailability, efficacy, and safety category. With that said, there
is no evidence that CPY is more effective than CrM in increasing muscle creatine content
and/or performance.

Figure 7. Chemical structure of magnesium creatine.

9.2. Magnesium Creatine Chelate

Magnesium creatine chelate (MgCr-C) has been marketed as a more bioavailable
source of creatine (see Figure 7). The rationale is that since magnesium is a cofactor in ATP
reactions and the only mineral that decreases during exercise, there may be additive benefit
in combining creatine with magnesium. There are also claims that MgCr-C supplementation
can improve muscle protein synthesis. A patent described bioavailable chelates of creatine
and essential metals [188]. Since MgCr-C contains about 84.4% of creatine by molecular
weight (see Table 1), it could theoretically serve as a good source of creatine if creatine easily

383



Nutrients 2022, 14, 1035

dissociates from MgCr-C and equimolar amounts of creatine were consumed compared to
CrM. However, it is marketed as a much more bioavailable source of creatine than CrM
with recommended doses of only 1 g per 18.2 kg (40 lbs.) of body weight per day (about
3.8 g/day for a 70 kg individual). We are aware of no data showing that MgCr-C increases
blood creatine levels or promotes greater creatine retention in skeletal muscle. Thus, there
are no data supporting that MgCr-C is more bioavailable to tissue than CrM.

Several studies have evaluated the effects of MgCr-C on performance related variables.
For example, Brilla and coworkers [189] evaluated the effects of ingesting 5 g of CrM with
800 mg of magnesium oxide or magnesium plus 5 g of MgCr-C for 2 weeks compared
to placebo on body water and isokinetic strength performance in recreationally active
participants. Results revealed that body water increased with MgCr-C, but not CrM while
torque and power increased similarly with CrM and MgCr-C. Selsby and colleagues [190]
evaluated the effects of supplementing 2.5 g/day of CrM, MgCr-C, or a placebo for 10 days
on strength and muscle endurance. Results revealed that CrM and MgCr-C were both
effective in increasing performance with no differences observed between types of creatine
ingested. Finally, Zajac et al. [191] reported that 5.5 g/day of MgCr-C supplementation
during 16 weeks of soccer training improved repeated sprint ability performance compared
to placebo. Interestingly, creatinine levels were also significantly increased throughout
training with MgCr-C (0.83 to 1.87 mmol/L) compared to placebo (0.92 to 0.82 mmol/L),
which is higher than reported in other long-term CrM studies during training in hot and
humid environments that administered 5–10 g/day of CrM for 21 months in well-trained
athletes [144]. However, this study did not compare the effects of consuming MgCr-C
to CrM, and performance changes were consistent with other studies conducted on CrM
supplementation. Consequently, there is no data showing that MgCr-C increases blood or
muscle creatine and there is only limited data showing potential ergogenic effect. There
is also no evidence that MgCr-C is more bioavailable, efficacious, and/or a safer source
of creatine than CrM. For this reason, MgCr-C is listed in some evidence to support
bioavailability, efficacy, and safety category.

9.3. Creatine Ethyl Ester

Another source of creatine that claims to have better solubility, bioavailability, and
efficacy than CrM is creatine ethyl ester (CEE). CEE is basically a creatine molecule with a
H+ removed from the second N position (i.e., NH versus NH2) and a methyl group (CH2-
CH3) added to the terminal O position through an esterification reaction (see Figure 8).
Thus, CEE is a chemical alteration of creatine and is not actually creatine. For CEE to act like
creatine it would have to be de-ethylated and an H+ added back to the NH of the molecule
at nearly 100% efficiency to deliver 94% of an equivalent CrM dose. Marketing claims
suggest that CEE is absorbed faster and more efficiently than CrM, so no loading dose is
needed. Additionally, CEE is claimed to have less anecdotal side effects than CrM like
bloating and dehydration. For this reason, the recommended dosages of CEE are typically
2–6 g/day.

Figure 8. Chemical structure of creatine and creatine ethyl ester.
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While proponents of CEE have assumed that all orally ingested CEE is converted
to creatine in vivo, available studies suggest it is less efficient. For example, Childs and
Tallon reported that CEE rapidly degrades to creatinine when exposed to stomach acid [34].
Giese et al. [35,192] reported that under physiological conditions, CEE non-enzymatically
converted to creatinine with no measurable conversion to creatine (see Figure 9). Likewise,
Katseres and colleagues [193] reported that the half-life of CEE was in the order of one
minute suggesting CEE may hydrolyze too quickly to reach muscle cells in its ester form.
On the other hand, Gufford et al. [194] reported that CEE converted to creatinine in a linear
manner as pH levels dropped below 8.0 and that CEE was mostly stable at a pH of 1.0.
Since acidity in the stomach generally ranges from 1.5 to 3.5, it is likely that some CEE is
degraded into creatinine during normal digestion while delivering some level of creatine
to blood.

Figure 9. Degradation of creatine ethyl ester to creatinine. Adapted from Jäger et al. [25].

Spillane and colleagues [27] compared the effects of supplementing the diet with a
0.30 g/kg of fat-free body mass (approximately 20 g/day) for 5 days followed by ingestion
of 0.075 g/kg of fat free mass (approximately 5 g/day) for 42 days of a placebo, CrM,
or CEE on muscle creatine content and performance adaptations. If CEE is bioavailable,
those taking CEE should have increased muscle creatine content better than those taking
a placebo. Likewise, if CEE was more bioavailable than CrM, greater changes would
be seen in the CEE group compared to those in the CrM group. As seen in Figure 10A,
fasting serum creatine levels significantly increased only in the CrM group. While this
was not a pharmacokinetic oral dose study, it is interesting that CEE supplementation
had no effect on fasting serum creatine levels compared to a placebo. Conversely, CEE
significantly increased serum creatinine levels by more than two-fold after 6, 27, and 48 days
of supplementation in comparison to the placebo and CrM groups (Figure 10B). The values
observed exceeded normal creatine values even for highly trained athletes training in
hot and humid environments [13]. In addition, while CEE supplementation promoted
a significant increase in muscle total creatine content after 27 days of supplementation
compared to those ingesting a placebo, those taking CrM observed significantly greater
increases compared to the placebo and CEE groups (Figure 10C). These findings suggest
a large amount of CEE is converted to creatinine and CEE is less effective in increasing
muscle creatine content than CrM. This was despite including a 20 g/day loading dose of
CEE that manufacturers claimed is unnecessary due to greater bioavailability. Moreover,
CEE supplementation did not promote greater changes in body composition, strength,
or anaerobic power during training compared to CrM supplementation. These findings
directly refute claims that CEE is more bioavailable source of creatine than CrM and that
CEE promotes greater training adaptations than CrM. Further, the clinically significant
increase in creatinine levels observed should raise some concerns about potential safety of
CEE as has reported two case studies [195,196].
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Figure 10. Serum creatine (A), serum creatinine (B), and muscle creatine content (C). * Represents
significant change from baseline. † in panel A indicates significantly higher serum creatine concentra-
tions in CrM when compared to PLA (p = 0.007) and CEE (p = 0.005). † in panel B indicates serum
creatinine in the CEE group was greater than PLA (p = 0.001) and CrM (p = 0.001). † in panel C shows
the PLA group was significantly less than the CrM (p = 0.026) and CEE (p = 0.041) groups. Adapted
from Spillane et al. [27].

With that said, some have pointed to the results of a recent study conducted by Arazi
and associates [197] to support claims about the efficacy of CEE. The researchers evaluated
the effects of 6 weeks of CEE supplementation (20 g/day for 5 days and 5 g/day for 37 days)
compared to consuming a placebo during resistance training (3 sets of 8–10 repetitions
at 60–80% or one repetition maximum, 3 times per week) in untrained, younger, and
underweight men. The investigators reported that CEE supplementation during resistance-
training promoted significant increases in body weight and leg press strength, while percent
body fat decreased to a greater degree with placebo ingestion. In addition, some differences
were reported in anabolic and catabolic hormones that prior have not been previously
studies conducted on creatine had not reported [62]. While this study indicates that higher
than recommended doses of CEE can positively affect training adaptations, this study
did not assess the effects of CEE supplementation on blood or muscle creatine content or
compare the efficacy of CEE supplementation to CrM. The results observed are consistent
with those found in the Spillane et al. study [27] in that CEE had some benefit over placebo
ingestion, but results were not better than CrM. Given that CEE promoted a modest but less
effective increase in muscle creatine content in that study, one would expect some benefit
of CEE supplementation during training if higher than recommended doses are ingested.
However, there is no evidence that ingesting recommended doses of CEE is effective or that
ingesting typical CrM loading, and maintenance doses of CEE is more effective than CrM.
We are also not aware of any studies that have evaluated other marketed forms of CEE
(i.e., creatine methyl ester hydrochloride, di-acetyl creatine ethyl ester, creatine ethyl ester
pyruvate, creatine ethyl ester malate, or creatylglycine ethyl ester fumarate). Nevertheless,
since there is some evidence that ingesting high doses of CEE can increase muscle creatine
content and performance compared to placebo, we have categorized CEE in some evidence
category. However, we recommend that additional research evaluate safety given the
increased creatinine levels observed.

9.4. Creatine HCl

Creatine hydrochloride (Cr-HCl) has been marketed as a more bioavailable source of
creatine than CrM. As shown in Figure 11, Cr-HCl is a salt of HCL and creatine molecule.
Like other creatine salts, adding hydrochloric acid to creatine would be expected to decrease
pH and improve solubility. Marketing claims indicate that Cr-HCl has a 38 times greater
bioavailability than CrM [198]. The basis for this claim appears to come from a report
from Gufford and colleagues [179] who conducted physiochemical characterization studies
on several N-methylguanidinium salts, including creatine Cr-HCl. They reported that
Cr-HCl contains about 78% creatine by molecular weight and that Cr-HCl was 37.9 times
more soluble in water than CrM at 25 ◦C. However, CrM was assessed at a saturation pH
of 8.6 while Cr-HCL was measured at a saturation pH of 0.3. While mixing creatine in
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acidic solutions may improve solubility when mixed in water, as noted above, it would
have no effect on bioavailability. These claims are also apparently based on a report from
Alraddadi et al. [199] who conducted a bioavailability study in rats with labeled creatine
(creatine-13C) at a low (10 mg/kg) and high (70 mg/kg) oral doses. They then assessed
the amount of creatine-13C incorporated into plasma, muscle and brain tissue and used
a simulated prediction model to estimate how Cr-HCl would theoretically affect tissue
creatine retention based on differences in solubility. While this is an interesting approach,
there are several problems with using these findings to make claims about Cr-HCl. First,
this is only a theoretical modeling study. The researchers did not directly compare Cr-HCl
to CrM intake on plasma or tissue creatine content. Second, it is well-known that there
are species specific differences in creatine metabolism and storage [200]. Therefore, you
cannot directly extrapolate results from mice or rat data to human creatine oral dosing
studies. Pharmacokinetic and creatine retention studies need to be conducted in humans to
assess whether Cr-HCl promotes greater creatine retention in tissue to assess the validity of
this claim.

Figure 11. Comparison of creatine monohydrate and creatine HCl structures.

As of this writing, no PubMed indexed articles have been published on Cr-HCl and
muscle creatine retention or performance. However, several articles have been published
in non-indexed journals from Brazil that have been cited in marketing materials. In the first
study, de França and colleagues [65] evaluated the effects of supplementing the diet with
1.5 g/day of Cr-HCl, 5 g/day of Cr-HCl, and 5 g/day of CrM compared to controls during
4 weeks of resistance-training in 40 young recreational weightlifters on strength gains and
skinfold caliper determined body composition. The researchers reported some benefits of
Cr-HCl and CrM supplementation on leg press and skinfold determine body composition.
However, the use of skinfold calipers to estimate body composition and statistical analysis
methods employed make it difficult to draw any conclusions. In fact, gains in fat-free mass
were greatest in the CrM group (+1.7 kg), but supposedly not significantly different than
observed with 5 g/day of Cr-HCL (+1.6 kg) that were reported to be significantly different
than controls (+1.1 kg) and those ingesting 1.5 g/day of Cr-HCl (+1.1 kg). In a follow-up
study [201], this research group administered 5 g/day of CrM or 1.5 g/day of Cr-HCL
with 3.5 g/day of resistant starch for 30-days to Brazilian Olympic level athletes. Results
revealed both groups increased skinfold caliper determined fat-free mass and strength,
although bioelectric impedance determined total body water was increased to a greater
degree in the CrM group (CrM + 1.81 L vs. Cr-HCL + 0.24 L). This would be expected,
given the creatine content based on molecular weight in these dosages was 35.1 g in the
Cr-HCl group compared to 131.9 g in the CrM group over the 30-day period. Finally, a
study conducted by Tayebi and Arazi [202] evaluated the effects of ingesting 3 g/day of
Cr-HCL, 3 g/day of CrM, and 20 g/day of CrM, or a placebo for 7 days on anaerobic
power and hormone levels. Results revealed that ingestion of 3 g/day of Cr-HCl did not
promote greater gains in performance or hormonal responses than 3 or 20 g/day of CrM as
claimed. The authors concluded that Cr-HCl does not appear to be a more effective source
of creatine than CrM. Thus, while Cr-HCl is a simple salt that should readily disassociate
into creatine and HCL, there is no evidence that Cr-HCl is absorbed more effectively than
CrM in humans; Cr-HCl promotes greater muscle creatine retention than CrM at equivalent
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doses; or, that lower doses of Cr-HCl are as effective as standard supplementation protocols
with CrM. Given this analysis, Cr-HCl is classified in some evidence category to support
efficacy compared to placebo. However, claims that Cr-HCl is more bioavailable, effective,
and/or a safer source of creatine than CrM are not supported.

9.5. Creatine Nitrate

A number of studies have indicated that dietary nitrates, typically ingested in the form
of beet root juice or nitrate powder, can improve endurance [203] and explosive exercise
capacity [204]. Recommended dosages generally range between 300–600 mg ingested 1–2 h
prior to exercise [204–206]. Since nitrate can ionically bond to creatine and form a salt (see
Figure 12), creatine nitrate (CrN) has been developed and marketed as a bioavailable source
of creatine for dietary supplements [207]. By molecular weight, CrN contains 67.5% creatine.
Therefore, ingesting 1 g of CrN would theoretically provide 0.675 g of creatine and 0.325 g
of nitrate. Marketing claims suggest greater bioavailability and therefore recommended
doses are typically 1–2 g of CrN per/day [208]. In terms of bioavailability, there is limited
data available. However, Galvan and colleagues [29] conducted a pharmacokinetic study
evaluating the effects of acute oral ingestion of a placebo, 1.5 g of CrN (CrN-Low), 3 g of
CrN (CrN-High), and 5 g CrM on blood creatine and nitrate levels. Results revealed that the
plasma creatine AUC over a 5 h period for CrM (5634.4 ± 1949.8 μmol/L) was significantly
greater than the placebo (1012.4 ± 1882.2 μmol/L), CrN-Low (2342.0 ± 3133.3 μmol/L,
p = 0.004), and CrN-High (1761.7 ± 3408.8 μmol/L, p = 0.007) treatments with no differ-
ences seen between the CrN dosages. Conversely, the nitrate AUCs in the CrN groups were
significantly greater than the placebo and CrM treatments in a dose related manner. These
investigators also evaluated the effects of ingesting four doses a day of either a placebo
(5 g dextrose), CrM (3 g CRM with 2 g dextrose, CrN-Low (1.5 g CrN, 3.5 g dextrose), and
CrN-High (3 g CrN, 2 g dextrose) for 7 days followed by ingesting one dose per day for
21 days as a maintenance dose. Muscle biopsies were obtained at 0, 7, and 28 days to
assess muscle creatine content. Results revealed that 7 days of creatine loading (12 g/day
of CrM and CrN) significantly increased muscle creatine content in the CrM (7.1 mmol/kg
DW) and CrN-High (4.6 mmol/kg DW). However, no difference was seen compared to
placebo was observed when ingesting 4 × 1.5 g/day of CrN for 7 days or after 28 days
of taking 1.5 or 3 g/day of CrN. These findings suggest that CrN can be a bioavailable
source of creatine proportional to the amount of creatine delivered during the loading
phase (i.e., 54.6 g for CrN-High versus 73.8 g for CrM), but not more bioavailable than CrM
when equivalent doses are ingested. On the other hand, Ostojic et al. [209] conducted a
study evaluating the effects of CrM and CrN supplementation on MRS determined skeletal
muscle creatine content and markers of health. In a randomized and crossover manner
with a 7 day washout period, participants ingested a placebo, 3 g/day of CrN, 3 g/day of
CrM, or 3 g/day of CrN + 3 g/day of CrM for 5 days. This theoretically provided a total
of 0, 9.75, 13.2, and 22.9 g of creatine during the 5-day period. The researchers found that
peak serum creatine increased to a greater degree with CrN + CrM supplementation (CrM
118.6 ± 12.9, CrN 163.8 ± 12.9; CrN + CrM 183.7 ± 15.5 μmol/L) while muscle creatine
increased to a greater degree with CrN ingestion (CrM 2.1%, CrN 8.0%, CrN + CrM 9.6%).
However, a limitation to this study is that only a 7-day washout period was observed
between treatments. It is well known that it takes about 4 weeks for muscle creatine to
return to normal after creatine supplementation [47]. Thus, it is possible that the testing
order may have confounded results. Nevertheless, results are conflicting on whether short-
or long-term CrN supplementation (3 g/day) significantly increase muscle creatine levels.
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Figure 12. Chemical structure of creatine nitrate. (A,B) show 5 h area under the curve data after
plasma creatine and plasma nitrate, respectively. (C) shows mean changes in muscle creatine con-
tent with 95% confidence intervals after 7 days of loading 4 doses/day and 21 days of ingesting
1 those/day. † Represents significant change from baseline, PLA and P represent placebo, CrM
represents creatine monohydrate, and CrN represents creatine nitrate.

In terms of performance, Gavan and colleagues found some ergogenic benefit of CrN
supplementation on muscular endurance, but they were unrelated to changes in muscle
creatine content, suggesting the ergogenic benefit was primarily due to providing ergogenic
levels of nitrate and not creatine at the dosages studied. Dalton and colleagues [36] reported
that ingesting 3 and 6 g/day of CrN for 5 days significantly improved some measures of
strength and muscle endurance compared to placebo. However, it is unclear whether these
changes were primarily due to creatine and/or nitrate. Some improvement in exercise
performance was also reported with acute [210] and 8-weeks [211] supplementation of
a pre-workout supplement containing 2 g/day of CrN. However, since the supplement
contained caffeine and other ergogenic nutrients, the benefits cannot be attributed to CrN.
Further, it remains to be determined whether CrN supplementation has any additional
benefit than simply co-ingesting CrM another source of nitrate (e.g., beet powder).

In terms of safety, since nitrates may lower blood pressure, there has been some
concern that CrN may promote hypotension, particularly around intense exercise and/or
if individuals take higher than recommended doses. Several studies have assessed safety
of acute and chronic CrN supplementation. Dalton et al. [36] reported that ingestion of
up to 6 g of CrN for 6 days does not negatively affect resting hemodynamics, response to
a postural challenge, the ability to perform high-intensity exercise, or clinical chemistry
profiles. Joy and colleagues [212] reported that 28 days of CrN supplementation (1 and
2 g/day) during training had no adverse effects on clinical blood chemistries compared to
a non-supplemented group. Galvan and coworkers [29] also found no adverse effects after
28 days of supplementation (3 g/day). Finally, Jung and associates reported no adverse
effects of participants consuming a pre-workout supplement containing 2 g/day of CrN
for 8 weeks. Thus, CrN appears to be safe when taken in these amounts and timeframes.
However, CrN has only been approved as a dietary supplement by the U.S. FDA at levels
of 750 mg per day, which is below any meaningful level expected to increase muscular
creatine levels and performance. Based on this analysis, there is some evidence showing
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CrN may serve as a bioavailable and effective source of creatine. However, most studies
have used higher than recommended doses, and those studies show that CrN is not more
effective than CrM supplementation.

9.6. Buffered Creatine Monohydrate

In the early 2010s, a “buffered” or “pH-correct” form of CrM was heavily marketed as
a more bioavailable source of creatine than CrM [213]. According to the patent [214], CrM
was better stabilized by adding an alkaline powder (e.g., soda ash, magnesium glycerol
phosphate, bicarbonate) to CrM (or other purported forms of creatine) in order to increase
pH between 7–14. Consequently, they developed CrM that was “synthesized to a pH of 12”
(CrM-Alk) and claimed that due to greater stability in preventing the conversion of CrM
to creatinine, CrM-Alk was up to 10 times more bioavailable than CrM [213]. Therefore,
1.5 g of CrM-Alk was purported to be equivalent to ingesting 10–15 g of CrM. Additionally,
the company theorized that since less CrM-Alk was needed to be ingested, there would
be fewer side effects than CrM [213]. To support these claims, the manufacturers cite a
non-peer reviewed report from Bulgaria on their website [215]. In this report, 24 healthy
Olympic level soccer players were administered increasing doses of CrM-Alk or CrM at
one-month intervals (i.e., 0, 1.5, 4.5, and 6 g/day). The authors reported that CrM-Alk
promoted less of an increase in urine creatinine than CrM despite changes being <0.2%
different between groups at each time point; that urine pH increased by 0.65 in the CrM-Alk
group, but only 0.1 in the CrM group (CrM-Alk 5.27 to 5.92; CrM 5.5 to 5.6); and, peak
oxygen uptake increased in the CrM-Alk group (<30 mL/min over time or <1.0% for a
trained individual). No differences in body weight were reported. These investigators
concluded the CrM-Alk group “outperformed creatine monohydrate as a creatine product”
despite not performing any statistical analysis to determine if these minimal differences
were statistically significant. Thus, the report does not validate claims than CrM-Alk
supplementation is a more bioavailable, efficacious, or safer form of creatine than CrM.

Conversely, in a very well-controlled clinical trial, Jagim and colleagues [28] compared
the effects of CrM-Alk supplementation at recommended and equivalent doses to CrM
during 28 days of training in resistance-trained athletes with no recent history of creatine
supplementation. In a double-blind manner, 36 resistance-trained participants were ran-
domly assigned to ingest CrM (4 × 5 g/day for 7-days, 5 g/day for 21-days), CrM-Alk at
recommended doses (1.5 g/day for 28-days), or CrM-Alk with equivalent doses to CrM
(4 × 5 g/day for 7-days, 5 g/day for 21-days). Muscle biopsies, dual-energy x-ray absorp-
tiometry (DXA) determined body composition, and performance measures were obtained
after 0, 7, and 28 days of supplementation. Results revealed that neither recommended
doses of CrM-Alk or loading and maintenance equivalent doses of CrM-Alk to CrM pro-
moted greater changes in muscle creatine content, body composition, strength, or anaerobic
capacity than CrM (see Figure 13). In fact, muscle creatine content was not significantly
increased after 7 or 28 days of supplementation at recommended doses (−6.4 ± 37.8; 13.7
± 42.2 %, respectively). There was some evidence that ingesting higher doses of CrM-Alk
increased muscle creatine content after 28 days (6.2 ± 29.2; 27.3 ± 49.1%, respectively), but
these values were less than observed with CrM (23.5 ± 49.0; 50.4 ± 44.8%, respectively).
Thus, while high doses of CrM-Alk may increase muscle creatine content to some degree
over time, there is no evidence that CrM-Alk is up to 10 times more bioavailable than CrM
and/or recommended doses are efficacious. Additionally, was no evidence that CrM-Alk
promoted greater training adaptations than those taking CrM or that participants taking
CrM-Alk experienced fewer side effects than those taking CrM. Therefore, buffered creatine
monohydrate is classified in some evidence to the support bioavailability, efficacy, and
safety categories, but there is no evidence that buffered creatine is better.
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Figure 13. Changes in muscle creatine content, fat-free mass, and 30 s cycling sprint performance
after 7 and 28 days of CrM-Alk supplementation at 1.5 g/day recommended doses (�), CrM-Alk
supplementation of 20 g/day for 7 days and 5 g/day for 21 days (�), or CrM supplementation of
20 g/day for 7 days and 5 g/day for 21 days (•). Adapted from Jagim et al. [28].

Table 3 summarizes results of studies assessing creatine-containing compounds in
which there is some evidence supporting bioavailability, efficacy, and/or safety. As de-
scribed above, while some effects were observed compared to placebo ingestion and in
some instances have comparable effects on performance as CrM, none of these forms have
been shown to promote greater creatine retention in muscle than CrM.

Table 3. Creatine containing compounds other than CrM with some evidence supporting bioavail-
ability, efficacy, and/or safety.

Reference Participants Design Duration Dosing Protocol Findings Side Effects

Creatine Salts

Jäger et al.
[63]

3 females
and 3 males RDBPC 1 oral dose with

7 day washout

5 g CrM
6.7 g CC
7.3 g CPY

Creatine peak AUC was
higher with CPY with no
differences in absorption
kinetics

None reported

Smith et al.
[180]

15 recre-
ationally
active
women
(22.3 ± 0.6
yrs)

RDBP 5 days 20 g/day of CC

CC loading delayed the
onset of neuromuscular
fatigue during cycle
ergometry.

None reported

Jäger et al.
[174]

49 healthy
males
(26.5 ± 4 yrs)

RDBP 28 days 5 g/day of CC,
CPY, or PLA

CPY and CC ↑
intermittent handgrip
exercise of maximal
intensity. Some evidence
CPY might benefit
endurance exercise.

None reported

Graef and
coworkers
[181]

43 recre-
ationally
active men
(22.6 ± 5
yrs)

RDBP 5 days/week
for 6-weeks

2 × 5 g/day of PLA
or CC on training
days

CC increases ventilatory
anaerobic threshold
(PLA 10%, CC 16%). No
differences in time to
exhaustion or total work.

None reported
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Table 3. Cont.

Reference Participants Design Duration Dosing Protocol Findings Side Effects

Smith et al.
[172]

55 active
men (27)
and women
(28)

RDBP 5 days 4 × 5 g/day of CC
or PLA

CC did not positively or
negatively affect
maximal aerobic capacity,
critical velocity, time to
exhaustion, or body
mass.

None reported

Fukuda
et al. [182]

50 recre-
ationally
active men
(24) and
women (26)
22 ± 3 yrs

RDBP 5 days 4 × 5 g/day of CC
or PLA

CC loading ↑ anaerobic
running capacity (+23%)
with no effect in PLA
group in men but not
women.

None reported

Stone et al.
[83]

42
American
football
players

RDBP 5 weeks
0.22 g/kg/day of
PLA, CrM, caPYR,
or CrM + caPYR

CrM and CrM + caPYR ↑
strength, FFM, and
power output. No
difference from PLA or
caPYR alone.

GI issues with
caPYR. None
reported with
CrM

Van
Schuylen-
bergh et al.
[175]

14
well-trained
male
endurance
athletes
(4 cyclists,
10 triath-
letes)

RDBP 7 days
2 × 3.5 g of CPY
with 8 g CHO or
PLA

CYP had no effects on
1-h time trial steady-state
power output, interval
sprints, total work
lactate, or heart rate.

None reported

Nuuttilla
et al. [187]

Olympic
canoeists RDBP 7 days 7.5 g/day of CPY

or PLA

CPY improved paddle
rate and lowered blood
lactate suggesting an
improvement in aerobic
exercise efficiency.

None reported

Magnesium Creatine Chelate

Brilla et al.
[189]

35 recre-
ationally
active men

RDBP 14 days

800 mg/day
magnesium (Mg)
and 5 g/day Cr as
Mg oxide plus Cr
or MgCr-C

Body mass and power ↑
in both Cr groups while
intracellular and
extracellular water and
peak torque only
increased in the MgCr-C
group

None reported

Selsby et al.
[190]

31
resistance-
trained
men

RDBP 10 days 2.5 g/day of PLA,
Cr or Mg-Cr

Both Cr groups
improved bench press
total work compared to
PLA. No differences
between groups.

None reported

Zajac et al.
[191]

20 elite
soccer
players

RDBP 16 weeks 5.5 g/day of r
MgCr-C or PLA

MgCr-C ↑ 35 m repeated
sprint performance, total
time, average power, and
peak power with no
changes in PLA group.

MgCr-C ↑
serum
creatinine
compared to
PLA

Creatine Ethyl Ester

Spillane
et al. [27]

30 healthy
males (20.4
± 1.7 yrs)

RDBP 47 days

0.30 g/kg FFM for
5-days, 0.075 g/kg
FFM for 42 days of
PLA, CrM, or CEE

CEE ↑ in muscle TCr
after 27-days compared
to PLA. However, CrM
observed significantly
greater ↑ in TCr
compared to PLA and
CEE. CEE did not
promote > training
adaptations.

CEE ↑ serum
creatinine
twofold > than
PLA and CrM.
None reported
with CrM.392
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Table 3. Cont.

Reference Participants Design Duration Dosing Protocol Findings Side Effects

Arazi et al.
[197]

16
resistance
trained
males

RDBP 42 days
4 × 5 g/day of PLA
or CEE for 5 days, 5
g/day for 37 days

CEE during
resistance-training ↑
body weight and leg
press strength while
percent body fat ↓ with
some evidence of an ↑ in
testosterone and growth
hormone.

None reported.

Creatine HCl

de França
et al. [65]

40 healthy
males and
females

RDBP 28 days

5 g/day PLA, 1.5
g/day of Cr-HCl,
5 g/day of Cr-HCl,
or 5 g/day CrM

Reported some effects on
skinfold determined fat
mass and FFM and leg
press strength but gains
in CrM were greater than
Cr-HCl

None reported.

Yoshioka
et al. [201]

11 healthy
elite
Brazilian
gymnasts

RDBP 30 days

5 g/dayay of CrM
or 1.5 g/dayay of
Cr-HCL with
3.5 g/dayay of
resistant starch

Skinfold caliper
determined FFM,
strength, and BIA
determined total body
water was increased to a
greater degree in the
CrM group (CrM + 1.81
L vs. Cr-HCL +0.24 L).

None reported.

Tayebi et al.
[202]

36
resistance
trained men

RDBP 7 days

20 g/day CrM, 3
g/day CrM, 3
g/day Cr-HCL, or
PLA

3 g/day of Cr-HCl did
not promote greater
gains in performance or
hormonal responses than
3 or 20 g/day of CrM.

None reported.

Creatine Nitrate

Ostojic et al.
[209]

10 healthy
men RDBPC 1 oral dose 3 g CrN + 3 g CNN,

3 g CrN, 3 g CrM

CrN + CNN ingestion
promoted a greater
increase in serum
creatine AUC levels
(183.7 ± 15.5, 163.8 ±
12.9, and 118.6 ± 12.9
μmol/L, respectively).

None reported.

Ostojic et al.
[209]

10 healthy
men RDBPC 5 days

3 g/day CrN + 3
g/day CNN, 3
g/day CrN,
3 g/day CrM

MRS determined muscle
creatine content
increased to a greater
degree with CrN + CNN
(9.6%, 8.0%, 2.1%,
respectively)

Irregular bowel
movement (1
CrN and CrN +
CNN),
Excessive
sleepiness (1
CrN), Seldom
stomach
bloating (1
CrM). CrN +
CNN decrease
eGFR
determined
kidney
function.
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Table 3. Cont.

Reference Participants Design Duration Dosing Protocol Findings Side Effects

Galvan et al.
[29] 13 males RDBPC 1 oral dose with

7 day washout

1.5 g CrN
(CrN-Low), 3 g
CrN (CrN-High),
5 g CrM or a
placebo

CrM ↑ plasma Cr AUC
to a greater degree than
PLA, CrN-Low, and
CrN-High while plasma
nitrate ↑ in CrN
treatments.

None reported.

Galvan et al.
[29]

48 active
males RDBP 28 days

4 × 5 g PLA, 4 ×
1.5 g/day of CrN
(CrN-Low),
4 × 3 g/day CrN
(CrN-High),
4 × 3 g/day CrM
for 7 days and 1
dose/d for 21 days

Creatine loading (12
g/day of CrM and CrN)
↑ muscle TCr in the CrM
(7.1 mmol/kg DW) and
CrN-High (4.6 mmol/kg
DW) groups. CrM
maintained ↑ muscle TCr.
CrN-Low had no effects
on TCr compared to PLA
after 7 and 28 days. 3
g/day of CrN was not
sufficient to maintain
elevated muscle TCr
after 28 days.

None reported.

Dalton et al.
[36]

28
participants
(18 men, 10
women)

RDBPC 6 days
3 g/day of PLA. 3
g/day CrN, 6
g/day CrN.

Up to 6 g of CrN for
6-days does not
negatively affect resting
hemodynamics, response
to a postural challenge,
the ability to perform
high-intensity exercise,
or clinical chemistry
profiles.

None reported.

Joy et al.
[212]

58 young
males and
females
(24.3 ± 4
yrs)

R 28 days

Control group, 1
g/day CrN,
2 g/day CrN with
other nutrients

1–2 g/day of CrN
supplementation during
training had no adverse
effects on clinical blood
chemistries compared to
a non-supplemented
group.

None reported.

Buffered Creatine

Jagim et al.
[28]

36
resistance
trained
males

RDBP 28 days

CrM (4 × 5 g/day
for 7 days, 5 g/day
for 21 days);
CrM-Alk at
recommended
doses (1.5 g/day
for 28 days); or
CrM-Alk with
equivalent doses to
CrM (4 × 5 g/day
for 7 days, 5 g/day
for 21 days).

Neither recommended
doses nor loading and
maintenance equivalent
doses of CrM-Alk
promoted greater
changes in muscle TCr,
body composition,
strength, or anaerobic
capacity compared to
CrM. Recommended
doses did not ↑ TCr.

None reported.

R = randomized; DB = double-blind; p = placebo; SB = single blind; C = crossover; yrs = years; PLA = placebo,
CHO = carbohydrate; PRO = protein; Cr = creatine; CrM = creatine monohydrate; CC = creatine citrate;
CPY = creatine pyruvate; caPYR = calcium pyruvate, MgCr-C = magnesium creatine chelate, CEE = creatine ethyl
ester; Cr-HCl = creatine hydrochloride; CrN = creatine nitrate; CNN = creatinine; CrM = Alk = buffered creatine;
PCr = phosphocreatine; TCr = total creatine; AUC = area under the curve; FFM = Fat-Free Mass; BIA = bioelectrical
impedance; GI = gastrointestinal; MRS = magnetic resonance spectroscopy; DW = dry weight.
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10. No Evidence to Support Bioavailability, Efficacy, and Safety

10.1. Other Creatine Salts

While there is some bioavailability, efficacy, and safety data on CC and CPY, little
to no data are available on several other creatine salts listed in Table 1. A patent from
Negrisoli and Del Corona [31] disclosed several hydrosoluble organic salts of creatine
including creatine maleate, creatine fumarate, creatine tartrate, and creatine malate. The
inventors claimed that these creatine salts had solubilities of 10, 19, 3, 8.5, and 4.5 g/100 mL
(%), respectively. Since salts are relatively weak bonds, it is likely that these creatine
salts would increase creatine in the blood at equimolar doses that are generally about
1.3–1.6 times greater than CrM. However, there are no data indicating that these creatine
salts increase blood creatine content, increase tissue creatine content, have any ergogenic
value, are safe for long-term supplementation, or are more effective sources of creatine
than CrM. A patent disclosing creatine ascorbate was also filed in the late 1990s [33]. The
rationale was to provide a means of increasing creatine and ascorbic acid availability to
improve exercise capacity while supporting the immune system [33]. However, we are
not aware of any pharmacokinetic or exercise related studies to test this hypothesis and
benefits would seemingly be similar and more effectively dosed by co-ingestion of CrM
and vitamin C. Finally, there has been interest in tri-creatine orotate (CO) as a creatine
salt (71% creatine by molecular weight) and a few raw material suppliers offer CO as a
source of creatine to manufacturers [30,176,177]. Supplement companies who sell creatine
orotate claim it provides creatine and orotic acid that is purported to aid in the production
of carnosine in the muscle, and therefore improves muscle-buffering capacity. However,
as of this writing, we are aware of no data showing bioavailability and/or efficacy of
CO supplementation [216]. The European Food and Safety Authority has also expressed
concerns about the potential cancerogenic effects of orotic acid [176,177]. Therefore, CO
does not seem to be a good alternative for CrM in dietary supplements particularly when
co-ingestion of effective doses of CrM and beta alanine would seeming be more effective.
Based on this analysis, these creatine salts are classified in the no evidence to support
bioavailability, efficacy, and safety category. Therefore, they cannot be considered more
effective than CrM.

10.2. Creatine Serum

As noted above, there has been interest in developing shelf-life stable liquid, gels,
and/or beverages containing creatine. The theoretical rationale has been that these types
of products may be more convenient to consume, absorbed faster into the blood, and/or
promote a greater efficiency in transport of creatine to the muscle. One product that was
heavily marked in the late 1990s and early 2000s is “creatine serum” (CS). This product
claimed to deliver 2.5 g of creatine per 5 mL oral dose by providing a “creatine phosphate
complex” that was designed to be absorbed via mucosal thereby bypassing the supposed
degradation of creatine to creatinine through digestion [217]. Their rationale was based
on general pharmacokinetic absorption studies indicating that drugs and/or nutrients are
absorbed faster through the mucosal lining in the mouth. However, when researchers
evaluated the creatine content of CS, they found that CS contained <10 mg of creatine and
69 mg of creatinine per 5 mL dose in multiple samples and lot numbers [38]. Additionally,
they found that one 5 mL oral dose of CS purportedly providing 2.5 g of creatine had no
effect on plasma creatine levels (same as water) whereas ingestion of 2.5 g of CrM increased
plasma creatine levels to about 300 μmol/L after one hour of ingestion and declining in a
classical manner throughout the next 8 h (see Figure 14A) [38]. No changes in creatinine
levels were seen among participants ingesting CS, CrM or water. Consequently, this study
shows that CS does not contain creatine and has no bioavailability in the blood [38]. To
further assess the bioavailability of serum creatine, Kreider and colleagues [26] evaluated
the effects of ingesting 5 mL of a flavored placebo; 5 mL of CS (purportedly providing
2.5 g of CrM); 8 × 5 mL doses of CS per day (purportedly providing 20 g/day of CrM);
and 4 × 5 g doses of CrM (20 g/day) for 5 days on muscle creatine, phosphocreatine and
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content. Results revealed that CrM loading significantly increased total muscle creatine
(+31%) and phosphocreatine (+16%) (see Figure 13). However, CS ingestion at recom-
mended and equivalent doses had no effects on muscle free creatine, phosphocreatine,
total creatine content, or ATP concentrations. Collectively, these studies show that CS is
not a bioavailable source of creatine, and therefore can have no creatine-related efficacy.
Therefore, it is classified in the no evidence to support category, and there is no evidence
that CS outperforms CrM. Unfortunately, this product remains in the marketplace despite
data showing it is a completely ineffective source of creatine.

Figure 14. Changes in plasma creatine levels after oral ingestion of water, 5 mL of creatine serum
(CS) purportedly providing 2.5 g of CrM, and 2.5 g of CrM in solution (A) [26] and 5 days of 5 mL of
CS purportedly providing 2.5 g of creatine (CS-LD), 5 mL of a flavored placebo (PL-LD), 8 × 5 mL of
CS (CS-HD) purportedly providing 20 g/day of creatine, 8 × 5 mL of flavored placebo (PL-HD), or
4 × 5 g/day of CrM (B) [26], Adapted from Harris et al. [38] and Kreider et al. [26].

10.3. Creatyl-L-Leucine

Creatyl-L-Leucine (CLL) has been marketed as “super creatine” [218]. As described in
a patent [219], CLL is claimed to be “stable aqueous composition” of an “amide-protected,
biologically-active form of creatine (creatyl-amide) molecule” that is “stable across a wide
range pH’s and temperatures” and “can provide a wide range of physiological benefits
including, for example, regeneration of ADP to ATP in muscle tissue, increasing the serum
concentration of creatine, increasing muscle fiber size/cross-sectional area and lean body
mass, activating satellite cells, enhancing memory and cognitive function, enhancing the
functional capacity of a mammal having a neuromuscular disease, increasing muscular
strength, endurance and/or power, enhancing cognitive function in infants with inborn
errors of creatine metabolism, and/or alleviating the deleterious effects of sleep depriva-
tion”. Analysis of the structure of CLL (see Figure 15) indicates that CLL does not contain a
creatine molecule. Additionally, amide bonds are generally very strong, so pharmacokinetic
data would need to show that CLL breaks down into creatine, increases creatine in the
blood, and increases tissue creatine content to establish that CLL is a bioavailable source
of creatine.
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Figure 15. Comparison of creatine, creatine monohydrate, L-leucine, and creatyl-L-leucine chemi-
cal structures.

As of this writing, only two published articles have assessed the safety and/or efficacy
of CLL. The first study was toxicology assessment of the administration of large doses
of CLL in rats [220]. This study found that CLL did not cause mortality, toxic effects, or
adverse effects in rats administered CLL for 90-days by oral gavage at doses of 1250, 2500,
and 5000 mg/kg/day. More recently, da Silva [221] conducted an elegant study assessing
the effects of feeding 24 rats either a control diet, a diet containing 4.0 g/kg/day of CrM, or
a diet containing 6.56 g/kg/day of CLL for 7 days on arterial delivery of creatine, tissue
uptake, and storage. According to the researchers, for a 70 kg individual, this would equate
to a dose of 17.6 g/day of CrM and 28.9 g/day of CLL providing equimolar amounts of
creatine if CLL based on the molecular weight of creatine if CLL degraded into creatine. As
shown in Figure 16, rats fed CrM experienced significant increases in creatine concentrations
in arterial plasma (+7-fold), portal vein plasma (+10-fold), muscle creatine content (+1.63-
fold from control, and +1.53-fold from CLL) while tending to increase brain creatine content
(p = 0.052) compared to controls. These changes were significantly greater than rats fed a
control or CLL containing diet. Additionally, rats fed CLL did not increase blood, muscle,
and brain creatine content above rats fed a control diet. The researcher concluded that
provision of large doses of CLL to rats did not increase creatine bioaccumulation indicating
that CLL is poorly absorbed by the intestine and is not a bioavailable source of creatine.

Figure 16. Blood, muscle, and brain creatine content in response to rats fed a control diet,
4.0 g/kg/day of creatine monohydrate (CrM), or 6.56 g/kg/day of creatyl-L-Leucine (CLL) for
7 days. (A) presents arterial plasma creatine concentration, (B) presents portal vein creatine concen-
tration, (C) presents muscle creatine content, and (D) presents brain creatine content data for each
group. Data are means ± standard deviations. **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, * p < 0.05,
ns = not statistically significant between groups identified in brackets. Adapted from da Silva [221].

Several other studies have been recently conducted on CLL supplementation with
human participants by experienced researchers at respected institutions with reports of
results submitted in ongoing lawsuits [222–226]. These reports provide additional data
showing CLL is not degraded into creatine upon oral ingestion [222,223,226], CLL does not
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increase blood creatine content [222,223,226], and CLL does not increase muscle [224,225]
or brain creatine content [224] even when administered at doses much higher than found
in marketed products containing CLL in humans [222–226]. Additionally, several of these
studies reported that ingesting equivalent doses of CrM promoted significantly greater
increases in blood [222,223,226] and tissue creatine content [225] than those ingesting
CLL and CLL ingestion was no different than placebo controls [225,226]. Thus, available
evidence indicates that CLL is not creatine, CLL is not a bioavailable source of creatine,
and CLL is not “super creatine” compared to CrM. Therefore, CLL is listed in the no
evidence category.

10.4. Creatinol-O-Phosphate

Figure 17 shows the chemical structure of creatinol-O-phosphate (COP). Creatinol in
the form of COP is not creatine, nor was it intended to increase muscle creatine content.
Rather, it was initially studied in the 1970s to intravenously deliver phosphate to improve
myocardial function and reduce arrhythmias during ischemic conditions [227–230]. For
example, Melloni and colleagues [228] investigated the effects of intravenous administra-
tion of 1020 mg, 2040 mg, and 3060 mg of COP compared to placebo on arterial blood
pressure, heart rate and arrhythmias. The researchers found that COP administration
increased blood phosphate levels as well as urinary excretion of phosphate and creatinine.
Phosphate loading has been found to increase myocardial ejection fraction during exercise
and maximal aerobic capacity [231,232] and is considered an ergogenic aid for endurance
athletes [14]. While this is unrelated to creatine supplementation, the increase in urinary
creatinine excretion led some to speculate that creatinol may act as a precursor of creatine
and thereby serve as a source of creatine the body [228]. However, pharmacokinetic studies
indicated that absorption of COP was complete when administered intramuscularly and
distributed primarily to the kidney, liver, and heart and that COP could cross myocardial
cell membranes [230]. One study from 1975 has been reported by others to show that intra-
muscular and intravenous administration of COP increased handgrip performance [233].
However, it is difficult to find details about this study. We are also not aware of any study
that has evaluated whether oral COP has any effect on muscle creatine levels or exercise
performance. Nevertheless, some companies have included COP as a source of creatine in
dietary supplements and energy drink beverages. There is no evidence that oral COP inges-
tion has any effect on muscle creatine content or creatine-related metabolism. Claims that
oral COP is a source of creatine and/or is more bioavailable than CrM are not supported.

 
Figure 17. Chemical structure of Creatinol-O-Phosphate.

Table 4 summarizes the results of studies that have evaluated sources of creatine that
currently have no evidence supporting of bioavailability, efficacy, and/or safety. As can
be seen, there are limited published data on these purported sources of creatine, and the
available evidence indicates that they are not bioavailable sources of creatine.
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Table 4. Creatine containing compounds that have no evidence of bioavailability, efficacy,
and/or safety.

Reference Participants Design Duration
Dosing
Protocol

Findings Side Effects

Creatine Serum

Harris et al.
[38] 6 males R

1 oral dose
with 7 day
washout

Water Control,
5 mL CS
(purportedly
delivering 2.5 g
CrM), 2.5 g
CrM

CrM ↑ plasma Cr while CS had
no effects and was similar to
water. Analytic chemistry
analysis showed < 10 mg of
creatine and 90 mg creatinine in
CS sample.

None reported.

Kreider
et al. [27]

40 males
(18–30 years) RDBP 5 days

5 mL PLA,
5 mL of CS
(recommended
dose
purportedly
providing 2.5 g
of CrM);
8 × 5 mL/day
CS
(purportedly
providing 20
g/day of CrM);
and 4 × 5 g
doses of CrM
(20 g/day)

CrM increased muscle creatine
stores. Consumption of CS at
recommended and 8×
recommended levels had
no effect.

None reported.

Creatyl-L-Leucine

Reddeman
et al. [189] Rats Open

Label 90 days

Repeated-dose
oral gavage
toxicity study at
doses of 1250,
2500, and
5000 mg/kg
body weight
per day.

There was no genotoxic activity
observed in an in vivo
mammalian micronucleus test at
concentrations up to the limit
dose of 2000 mg/kg body
weight per day. The no observed
adverse effect level from the
90-day study was determined to
be 5000 mg/kg body weight per
day, which was the highest dose
tested for male and female rats.

None reported.

da Silva
[221] 24 rats R 7 days

Control diet, a
diet containing
4.0 g/kg/day
CrM, or a diet
containing
6.56 g/kg/day
CLL

CrM ↑ [creatine] in arterial
plasma (+7-fold), portal vein
plasma (+10-fold), muscle TCr
(+1.63-fold from control, and
+1.53-fold from CLL) while
tending to increase brain
creatine content compared to
controls. CLL did not increase
blood, muscle, and brain
creatine content above rats fed a
control diet with values lower
than CrM.

None reported.

Creatinol-O-Phosphate

Nicaise et al.
[233] - - -

Intramuscular
and
intravenous
injection

COP↑ handgrip performance. None reported.

R = randomized, p = placebo, DB = double-blind, SB = single blind; C = crossover, PLA = placebo, Cr = creatine;
TCr = total creatine; CrM = creatine monohydrate, CS = creatine serum; CLL = creatyl-L-leucine; COP = creatinol-
O-phosphate; ↑ = increase.
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11. Regulatory Status

11.1. United States

In the United States (US), congress enacted the Dietary Supplement Health and Edu-
cation Act (DSHEA) of 1994 that placed dietary supplements in a special category of foods
under the jurisdiction of the FDA. According to DSHEA, a dietary supplement is a prod-
uct intended to supplement the diet, ingested orally, and contains a “dietary ingredient”.
Dietary ingredients include vitamins, minerals, amino acids, herbs, botanicals, and other
substances such as extracts, metabolites, or concentrates of those substances [14,234]. Di-
etary supplements can be delivered in powders, pills, capsules, hard and chewable tablets,
soft gels, gummies, liquids, and even properly labeled energy bars that are intended for
oral ingestion. However, they cannot include products promoted for sublingual, intranasal,
transdermal, injected, or in any other route of administration [14]. DSHEA also established
laws for FDA oversight over “new dietary ingredients” (NDI), which are ingredients that
introduced to the marketplace after DSHEA was enacted [235]. A dietary supplement
containing an NDI is deemed adulterated by the FDA, and therefore may not be lawfully
distributed, unless (1) the NDI has “been present in the food supply as an article used for
food in a form in which the food has not been chemically altered” or (2) there is a “history
of use or other evidence of safety” that is submitted to the FDA for at least 75 days before
selling the product (i.e., an “NDI Notification”). Dietary ingredients that were sold in the
U.S. prior to October 15, 1994, were considered “grandfathered,” and therefore not NDIs
subject to these requirements. This included CrM since it was introduced into the U.S.
market in 1993 [236].

Since all of the other purported sources of creatine described above were introduced
into the U.S. marketplace after 15 October 1994, they are considered NDI’s and manu-
facturers and distributors were expected to notify the FDA about these ingredients (See
Section 413(d) of the Federal Food, Drug, and Cosmetic Act (the FD&C Act), 21 U.S.C.
350b(d)) [235] unless they meet the “present in the food supply” exemption noted above.
An NDI Notification should include documentation of how the product containing the NDI
is “reasonably expected to be safe” along with (1) the name of the new dietary ingredient
(or Latin binomial name if it is an herb or botanical); and (2) “a description of the dietary
supplement that contains the new dietary ingredient, including (a) the level of the new
dietary ingredient in the product, (b) conditions of use of the product stated in the labeling,
or if no conditions of use are stated, the ordinary conditions of use, and (c) a history of
use or other evidence of safety establishing that the dietary ingredient, when used under
the conditions recommended or suggested in the labeling of the dietary supplement, is
reasonably expected to be safe” [14]. Once submitted, the FDA has 75 days to object to the
notification. If the FDA does not respond within this timeframe, the NDI can be included
in dietary supplements and legally sold in the U.S. market. However, it is important to
understand that an NDI Notification only indicates that the FDA considers the NDI to
be reasonably be considered as safe for human consumption. It does not affirm efficacy
and/or validate any claims made about the NDI.

Since DSHEA and FDA regulations do not provide sufficient clarification on many
issues, there has been a lot of confusion in the dietary supplement industry on what is an
NDI, what manufacturing or other changes made to an ingredient cause it to be a “new”
ingredient, when an NDI Notification is required, and what information it should contain.
To provide clarification, the FDA released a “Draft Guidance for Industry” entitled “Dietary
Supplements: New Dietary Ingredient Notifications and Related Issues” in July of 2011.
However, that draft guidance prompted even more confusion and controversy, so the FDA
released a revised draft guidance in 2016. While a guidance does not carry enforcement
authority like a law or regulation, it provides the FDA’s perspective of how they interpret
the laws and regulations related to NDI’s to help dietary supplement manufacturers
know whether they are required to submit an NDI Notification to FDA, how to prepare
NDI Notifications consistent with FDA review expectations, and how to improve the
quality of submissions [235]. The 2016 Draft Guidance has also been criticized for a lack
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of clarity concerning what was considered a grandfathered ingredient and whether an
NDI Notification was required if another manufacturer had already submitted an NDI
Notification among other issues. This led to ingredients that should have been considered
to be NDIs entering the marketplace with a notification, and several NDI Notifications
being rejected by the FDA for lack of adequate safety data and/or other issues.

As an alternative to submitting an NDI Notification, some companies have pursued
obtaining “Self-Affirmed” “Generally Recognized as Safe” (GRAS) status by conducting
toxicology studies on animals and having scientific experts review the safety data and
affirm the ingredient was reasonably expected to be safe. In this case, the company com-
missions studies to assess safety (e.g., toxicology studies in animals) and maintains internal
documents to show safety if requested by the FDA. Once an ingredient is self-affirmed as
GRAS, it can be introduced into the food supply, and is then not required to submit an
NDI Notification to FDA to be included in dietary supplement under the “present in the
food supply” exemption noted above. Companies can voluntarily submit their ingredient’s
GRAS determination to FDA, however, there is no requirement to do so, and therefore a
company’s GRAS self-affirmation can remain private. While lawful, the FDA has expressed
some concern about this approach and discourages dietary supplement manufacturers
from self-affirming GRAS to avoid submitting an NDI Notification.

After a dietary supplement is entered into the U.S. market, the FDA can restrict or
ban its sale if it is deemed adulterated (e.g., unsafe). The FDA works with the Federal
Trade Commission (FTC), who has jurisdiction over marketing claims that companies make
about dietary supplements in advertising to regulate the dietary supplement industry. The
FTC can act against companies for disseminating false, misleading, or unsubstantiated
claims about dietary supplements. Marketing claims made for dietary supplements can
also be challenged in litigation brought by consumers or competitors. This background
provides the basis for understanding how various purported forms of creatine have entered
the US market. The legal and regulatory status of CrM in dietary supplements is indis-
putable because it appeared on the US market in 1993 [236], and there was a large body of
evidence showing it was reasonably expected to be safe. Since then, AlzChem Trostberg
GmbH (the Germany manufacturer of CrM) voluntary submitted a GRAS application to
the FDA that was not acted upon, meaning it could claim that CrM has FDA approved
GRAS status [237,238]. Consequently, CrM is considered GRAS for inclusion as a dietary
ingredient in dietary supplements, energy drinks, protein bars and powders, milkshakes,
meal replacement powders and bars, meat replacement products, powdered drink mixes,
and functional foods. As of this writing, CrM is the only form of creatine that is listed
on the FDA’s inventory of GRAS notices [239] (see Table 5). As noted above, a company
is not required to submit its GRAS self-affirmation to FDA, and therefore it may not be
public information.

Table 5. Regulatory status of nutrients marketed as creatine supplements in the United States
of America.

FDA Generally Recognized As Safe (GRAS)

Purported Creatine
Source Submitted

FDA Report
Number Submission Year Intended Dosage FDA Response

Creatine Monohydrate
(Creapure®) GRN 931 2020

1 g creatine (1.12 g creatine
monohydrate) as an ingredient
in “energy” drinks, protein
bars and powders, milk shakes,
meal replacement powders
and bars, meat analogs, and
powdered drink mixes
(excluding infant formula.

FDA has no questions
at this time.

Self-Affirmed Generally Recognized As Safe (GRAS)
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Table 5. Cont.

FDA Generally Recognized As Safe (GRAS)

Purported Creatine
Source Submitted

FDA Report
Number Submission Year Intended Dosage FDA Response

Creatine chelated with
Mg (Creatine
MagnaPower®)

2013

New Dietary Ingredient Notifications (NDIN) *

Purported Creatine
Source Submitted

FDA Report
Number Submission Year Intended Dosage FDA Response

Creatine Pyruvate RPT28 1998 5–10 g/day in 2 equal doses Filed by FDA without
substantive comments.

Creatine Ethylesters
[Brand: Cre-Ester™] RPT154 2002 Maximum daily dose of 30 g Objected by the FDA.

Creatine Ethylesters
[Brand: Cre-Ester™] RPT190 2002 0.5–5.0 g/day Objected by the FDA.

Tricreatine Orotate RTP201 2003 1–2 g 3 ×/day (3–6 g/day) Objected by the FDA.

Creatine ethyl ester
HCL [Brand: CE2™] RTP249 2004 500 mg–5 g/day Objected by the FDA.

Creatine from creatine
ethyl ester HCL [Brand:
CE2™]

RTP264 2004 500 mg–3 g/day Objected by the FDA.

Beta Creatine RPT660 2010 4.5–7.5 g/day creatine
3–6 g/day beta-alanine Objected by the FDA.

Creatine Nitrate RTP696 2011 1.5 g serving, maximum dose
3 g/day Objected by the FDA.

Creatine Nitrate RPT993 2017 750 mg per day Acknowledged with no
objections by FDA.

Creatine acesulfame RPT1064 2018 10 g per day Objected by the FDA.

FDA = Food and Drug Administration. * Data retrieved from AHPA NDI Database http://ndi.ahpa.org/ (accessed
on 1 January 2022).

The legal status of other purported sources of creatine is less clear. According to
the FDA’s NDI Notification database, since 1995, NDI Notifications for creatine pyruvate
(1998), creatine ethyl ester (2003), creatine ethyl ester HCL (2004), tri-creatine orotate (2003),
β-creatine (2010), creatine nitrate (2011 and 2017), and creatine acesulfame (2018) have
been submitted. Several of these notifications were initially objected to by the FDA citing:
(1) the form of creatine may not be a legal dietary ingredient as defined by the FD&C
Act §201(ff); (2) inadequate safety information to conclude that the form of creatine is
reasonably expected to be safe; and/or (3) a lack of information about the chemical identity
of the creatine form [25]. However, creatine pyruvate at doses of 5–10 g/day and creatine
nitrate at 750 mg per day have not been objected to by the FDA and can be sold as dietary
ingredients. The AHPA NDIN database does not include notifications for creatine maleate,
creatine fumarate, creatine tartrate, creatine ascorbate, creatine citrate, magnesium creatine
chelate, creatine HCL, alkaline creatine (although it is a buffered form of CrM), creatine
serum, CLL, or COP. Since some of these sources of creatine are ingredients in dietary
supplements, any company selling these nutrients would have to have documentation
that the ingredient was on the market in the US before 15 October 1994 or is present in
the food supply in a form that is not chemically altered. While FDA GRAS notifications
are published and are accessible to the public, self-affirmed GRAS files are not published,
which makes them difficult to search and to validate its content. Based on a press release,
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we identified one self-affirmed GRAS affirmation for a creatine chelated with Mg (Creatine
MagnaPower®).

11.2. International Regulation

Every country has independent laws and regulations governing dietary supplements.
Some follow FDA guidance while others classify dietary supplements and drugs and
have additional oversight, approval, and/or limitations about dosages [240]. Creatine
monohydrate can be legally sold throughout the world although some countries limit the
amount to of CrM that can be included per dose (e.g., no more than 3–5 g/serving). Some
of the other forms of creatine marketed as ingredients for dietary supplements are not
permitted to be included in dietary supplements in their country due to a lack of safety
data. Therefore, except for CrM, one cannot assume that of the purported other sources of
creatine described above can be legally sold as a dietary supplement in all countries. The
following provides a brief overview in major markets that creatine is sold and regulatory
oversight. Table 6 describes the responsible agencies and regulatory status of creatine
containing dietary supplements in various countries. As can be seen, CrM remains the
only source of creatine that is approved for sale in Australia, Canada, China, the European
Union, Japan, and South Korea. Additionally, it is the only source of creatine that has
approved health claims in the European Union, Canada, Japan, and South Korea.

Table 6. Regulatory status of nutrients marketed as creatine supplements primary international markets.

Country
Responsible
Agency

Primary Regulations/Statutes Regulatory Status of Creatine

Australia

Department of
Health, Therapeutic
Goods
Administration
(TGA).

Dietary supplements are considered
complimentary medicines and
regulated under the Therapeutic Goods
Act (TGA) of 1989 [241] and 1990 TGA
regulations [198]. Medicinal products
are categorized as lower risk medicines
that can be listed on the Australian
Register of Therapeutic Goods (ARTG)
[198] while higher risks medicines must
be registered with the ARTG [241].

As of this writing, of the 90,988 products listed in
the ARTG database, only 25 products contain
creatine. Of these, CrM is the only source of
creatine listed as an ingredient.

Canada Health Canada [242]

Natural and Non-prescription Health
Products Directorate (NNHPD) of
Health Canada [242]. The NNHPD
maintains a compendium of articles
that reviews the safety and efficacy of
licensed NHP’s [243]. CrM was
assigned a monograph by the NNHPD
that overviews research on CrM to
substantiate safety and efficacy. Only
products containing CrM can benefit
from an abbreviated licensing process
by referencing the monograph.
Applicants using all other creatine
forms are required to submit their own
evidence of safety and efficacy for
review as part of the pre-market
licensing process.

As of this writing, 20 compounds purported to
contain creatine are included in the NHP
Ingredient Database [244] including creatine,
creatine-alpha-ketoglutarate, creatine ethyl ester,
creatine ethyl ester HCl, creatine gluconate,
creatine HCl, creatine hydroxycitrate, creatine
monohydrate, creatine nitrate, creatine orotate,
creatine phosphate, creatine pyroglutamate,
creatine pyruvate, creatine taurinate, dicreatine
malate, disodium creatine phosphate,
magnesium creatine chelate, polyethylene
glycosylated creatine, polyethylene glycosylated
creatine HCl, and tricreatine citrate.
Creatinol-O-phosphate is listed as a medicinal
product in the NHP database [244].
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Table 6. Cont.

Country
Responsible
Agency

Primary Regulations/Statutes Regulatory Status of Creatine

China

New Food Safety
Law of the People’s
Republic of China
and the
Administrative
Permission Law of
the People’s
Republic of China,
CFDA [198].

Nutritional supplements in China must
be orally ingested, have at least one of
22 preventive functions as recognized
by the Ministry of Health, and cannot
be a curative drug [198]. Imported
supplements must be approved by the
National Medical Product
Administration while foods are
supervised by the State Administration
for Market Regulation) [198].

Importers of dietary supplements and foods
containing creatine must submit notification
materials for review and approval before being
allowed to be sold in China. Since CrM and
other forms of creatine are produced in China,
they would seemingly be legal to consume.
However, it is unclear which forms of creatine
are allowed to be imported into China.

European
Union (EU)

European
Commission
Directive on Food
Supplements
[245–247]

The European Food Safety Authority
(EFSA) evaluates scientific health
claims. Creatine is considered a
substance that may be added for
specific nutritional purposes in foods
for particular nutritional uses
(FPNU) [246].

In 2004, EFSA indicated that the use of creatine
in foods for nutritional use was not a matter of
concern provided that the source had high purity
(99.95%), did not contain impurities, and that
dose of up to 3 g/day of supplemental creatine
which is similar to the normal daily turnover
rate of creatine was unlikely to pose any risk
[248]. EFSA substantiated scientific health claims
of CrM include: (1) CrM increases physical
performance during short-term, high intensity,
repeated exercise bouts, endurance capacity, and
endurance performance [249], (2) CrM increases
attention and improves memory [250], and, (3)
CrM (at least 3 g/day) in combination with
resistance training and improved muscle
strength. All studies cited were performance on
pure CrM so the regulatory status of other
“forms” of creatine in the EU are less clear.

Japan
Ministry of Health,
Labor and Welfare
(MHLW)

Dietary substances in Japan are legally
classified as food, food additives or
“non-drug” (food). The Consumer
Affairs Agency started “Foods with
Function Claims” which reviews and
approves health claims related to
dietary supplements.

CrM is considered a “non-drug” [251] that is
allowed to be sold as a food ingredient and
additive under the Food Sanitation Law [252].
Health claims of CrM for muscle maintenance
with exercise was accepted in 2019. Thus, CrM
can be imported, distributed, and produced in
Japan. CEE has been included on the “non-drug”
list. In order for other forms to be imported,
distributed, and/or produced in Japan, safety
data and similarity of the proposed form to CrM
must be submitted and approved by the MHLW
[253]. In addition to CrM, creatine citrate and
creatine pyruvate have been approved to be
imported into Japan. It is unclear whether other
forms of creatine can be imported into Japan and
sold as dietary supplements.

South
Korea

Ministry of Food and
Drug Safety
(MFDS) [254].

Similar to the U.S., new dietary
ingredients must have sufficient safety
data including toxicology studies in
animals and supporting safety and
efficacy data from human clinical trials
to support efficacy at the recommended
daily doses marketed.

An application to register CrM as a dietary
supplement was filed in 2005 and approved by
the MFDA for use as a dietary supplement 2008
with an accompanying health claim [255]. Given
these requirements, forms of creatine reviewed
above that have bioavailability data at
recommended doses substantiating efficacy and
safety seemingly be eligible for approval while
those that do not have that data would likely
experience more difficulty obtaining approval to
sell their form of creatine in South Korea.

CrM = creatine monohydrate.
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11.3. Assessment and Guidance for Industry

The regulatory status of CrM is unequivocal in the global markets as a dietary or
food supplement [25]. However, the scientific basis and regulatory status of other forms
of creatine continues to be less clear. Since our last review in 2011, more data is available
about several forms of creatine and several now have data providing some support as to
efficacy and safety while others do not. No alternative form of creatine has shown superior
bioavailability, efficacy or safety compared to CrM. Consequently, despite marketing hyper-
bole, CrM remains the gold standard to compare other forms of creatine with the strongest
bioavailability, efficacy, and safety portfolios. Alternatives to CrM continue to be prevalent
in the marketplace, including several that do not appear to meet regulatory requirements
in several countries.

In the US, a major factor in determining whether an NDI notification is required to be
submitted to the FDA is whether the NDI has been present in the food supply and/or has
been chemically altered from its original form [26]. Any change in the chemical structure of
an ingredient is assumed to alter the biological activity of the ingredient thereby requiring
toxicology studies to establish that the NDI is reasonably expected to be safe as altered
and that the biological behavior is comparable to the native ingredient. Most of the forms
of creatine listed in Table 1 have been chemically altered in some way (e.g., covalently
binding or complexing) to the creatine molecule. Some have clearly rearranged the creatine
molecule. Therefore, they should have all been submitted as and NDI notification to the
FDA prior to marketing. Yet, as described above, only nine of these newer forms are listed
in the IND notification inventory. Of these, the FDA initially rejected some of the IND
notification applications, yet the forms were sold for years before finally submitting an
acceptable IND notification application or Self-Affirming GRAS. Even then, many have
little to no data supporting bioavailability and/or efficacy despite making bold claims that
the source is more bioavailable, effective, and/or a safer form of creatine than CrM.

The reason why alternate marketed forms of creatine are in the marketplace without
pre-market IND notification is likely due to confusion over legal definitions of dietary
supplements, natural health products, and/or food additives in different countries as
well as what is meant by chemical alteration in a nutrient. Regardless, confusion of over
laws regulating dietary supplements combined with inadequate enforcement by regulators
has created an environment where there are often little consequences of non-compliance.
For example, studies published in 2003 clearly showed that creatine serum was not a
bioavailable source of creatine, yet it continues to be sold as a creatine-containing product.
While alternative forms of creatine are unlikely to pose a health risk, they are typically
more expensive than CrM. Additionally, misleading claims that lower doses of an alternate
form of creatine are as effective as CrM may limit the benefits consumers may achieve from
creatine supplementation. Given the health benefits of creatine, availability of ineffective
sources of creatine or recommendations to take less creatine than needed to increase creatine
stores in the muscle and/or brain can limit the benefits theses populations may derive
from creatine supplementation [5]. Thus, we give the following recommendations as
guidance to researchers and industry as they consider developing new dietary ingredients
containing creatine.

(1) Only consider developing creatine supplements that contain a creatine molecule.
Alteration of the chemical structure of creatine in any way is assumed to change
the chemical activity and biological function and may negate any benefit of cre-
atine supplementation. Additionally, binding creatine to other compounds may
prevent creatine from being liberated in vivo, thereby making the form of creatine
non-bioavailable or less bioavailable source of creatine.

(2) Companies who develop new forms of creatine should conduct toxicology studies
in animals to establish that high dose ingestion is safe and conduct clinical trials
in humans to validate safety. We then recommend obtaining FDA GRAS status or
Self-Affirming GRAS status.
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(3) Pharmacokinetic studies must be performed to show that the novel form of crea-
tine is degraded into creatine and increases blood creatine levels to physiological
levels necessary to promote creatine uptake into tissue (e.g., >200–500 μmol/L or
25–65 μg/L).

(4) Bioavailability studies should be conducted to show recommended doses increase
muscle and/or brain creatine content.

(5) Placebo, double blind, and randomized clinical trials should be performed to sub-
stantiate that the form of creatine provides ergogenic benefit and does not cause any
untoward side effects.

(6) Comparative effectiveness trials at recommended and equivalent doses must be
performed to show a new form of creatine increases muscle and/or brain creatine
content to a greater degree than CrM to substantiate those claims.

(7) Comparative effectiveness trials at recommended and equivalent doses must also be
performed to determine if a new form of creatine is more effective and/or a safer
alternative to CrM to substantiate those types of claims.

(8) Supplement companies should clearly declare the source and amount of creatine
contained in their products so consumers can know if they are taking effective doses.

(9) Claims made about a form of creatine should be based on research conducted on that
form of creatine at recommended doses, not untested hypotheses, speculation, as-
sumptions, and/or marketing hyperbole. Such practices only undermine the scientific
validity and consumer confidence about creatine supplementation.

(10) Pure CrM is the only source of creatine with strong evidence of bioavailability, efficacy,
and safety and considered as GRAS by the FDA, approved for use in the EU and
Australia, and evaluated for safety by Health Canada.

(11) Consumers should only consider taking supplements that contain sources of creatine
that research has shown is bioavailable, effective, safe, and devoid of impurities.

12. Summary

CrM supplementation increases muscle phosphagen levels, improves repetitive high-
intensity exercise performance, and promotes greater training adaptations [15]. No signifi-
cant side effects other than weight gain have been reported from CrM supplementation
despite widespread use throughout the world. Research on CrM has served as the basis to
establish professional guidelines, recommendations, and establish regulation. CrM remains
the only source of creatine that has substantial evidence of bioavailability, efficacy and
safety and is considered GRAS by the U.S. FDA, is approved for use with accompanying
health claims in the EU, has been extensively reviewed and approved by Health Canada,
and is approved to be sold in major global markets. The bioavailability, efficacy, safety,
and regulatory status of other purported sources of creatine are less clear, with only a
few having some data supporting efficacy compared to placebo (see Table 7). However,
there is no evidence that other “forms” of creatine are more bioavailable, effective, or
safer forms of creatine compared to CrM. We recommend that companies interested in
developing and marketing novel forms of creatine ensure the purported source contains the
creatine molecule and conduct high-dose safety data in animals, pharmacokinetic studies
to show the source of creatine increases blood and tissue concentrations of creatine, and
comparative effectiveness studies to support structure and function claims. Additionally,
the should company clearly list the amount of creatine contained in the supplement on
supplement facts labels so consumers can make an informed decision about whether that
purported source of creatine may deliver enough creatine to increase tissue creatine content
by physiological levels needed to effect exercise and/or health.
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Table 7. Categorization of purported sources of creatine based on bioavailability, efficacy, and safety.

Strong Evidence Some Evidence No Evidence

Creatine Monohydrate Creatine Citrate 5-Hydroxytryptamine Creatine
Creatine Pyruvate Creatine Benzyl Ester
Magnesium Creatine Chelate Creatine Beta-Alaninate
Creatine Ethyl Ester Creatine Carnitine
Creatine HCl Creatine Ethyl Ester Malate
Creatine Nitrate Creatine Ethyl Ester Pyruvate
Buffered Creatine Monohydrate Creatine Fumarate

Creatine Gluconate
Creatine Glutamate
Creatine Hydroxycitrate
Creatine Lactate
Creatine Malate
Creatine Maleate
Creatine Methyl Ester HCL
Creatine Monohydrate Dextrose
Creatine Orotate
Creatine Phosphate Lactate
Creatine Pyroglutamate
Creatine Pyruvate Monohydrate
Creatine Serum
Creatine Sulfate Monohydrate
Creatine Taurinate
Creatine Trinitrate
Creatine α-ketoglutarate
Creatine-CoA
Creatinol-0-Phosphate
Creatyl-L-Leucine
Di-Acetyl Creatine Ethyl Ester
Disodium Creatine Phosphate
Methyl-Amino-Creatine
Phospho-Creatine
Polyethylene Glycosylated
Creatine
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Abstract: Creatine has been considered an effective ergogenic aid for several decades; it can help
athletes engaged in a variety of sports and obtain performance gains. Creatine supplementation
increases muscle creatine stores; several factors have been identified that may modify the intramus-
cular increase and subsequent performance benefits, including baseline muscle Cr content, type II
muscle fibre content and size, habitual dietary intake of Cr, aging, and exercise. Timing of creatine
supplementation in relation to exercise has recently been proposed as an important consideration to
optimise muscle loading and performance gains, although current consensus is lacking regarding
the ideal ingestion time. Research has shifted towards comparing creatine supplementation strate-
gies pre-, during-, or post-exercise. Emerging evidence suggests greater benefits when creatine is
consumed after exercise compared to pre-exercise, although methodological limitations currently
preclude solid conclusions. Furthermore, physiological and mechanistic data are lacking, in regard
to claims that the timing of creatine supplementation around exercise moderates gains in muscle
creatine and exercise performance. This review discusses novel scientific evidence on the timing of
creatine intake, the possible mechanisms that may be involved, and whether the timing of creatine
supplementation around exercise is truly a real concern.

Keywords: dietary supplements; ergogenic aid; hypertrophy; resistance training; sports nutrition;
strength; supplementation

1. Introduction

Athletes (and physically active individuals) are interested in nutritional strategies that
are aimed at enhancing exercise performance. Creatine (Cr) deserves a special place among
the plethora of ergogenic supplements, as it is one of the most studied and scientifically
supported supplements on the market [1,2]. Creatine is a naturally occurring non-protein
nitrogen compound synthesised in the liver and kidney from precursor amino acids,
arginine, glycine, and methionine. Most of the body’s Cr is found in muscle (95%), of
which two-thirds are stored as phosphorylcreatine (PCr), the remaining third as free Cr [3],
with less than 5% found in other tissues, such as the brain and testes [4]. In a seminal
study by Harris et al. (1992), it was demonstrated for the first time in humans that Cr
supplementation, at varying doses of 20–30 g/day, ingested over several individual 5 g
doses throughout the day, could increase total intramuscular Cr content (TCr = PCr + Cr)
by as much as 20% [5]. Numerous subsequent studies have shown the efficacy of Cr
supplementation in increasing muscle Cr content, including using more gradual loading
protocols [6–8].
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Several factors could influence the individual intramuscular increase in TCr and
subsequent performance benefits as a consequence of Cr supplementation, including
baseline muscle Cr content, type II muscle fibre content and size, and habitual dietary
intake of Cr and aging [9,10]. Interestingly, it has been known for some time that exercise
can enhance Cr loading in muscle [5], and the specific timing of Cr supplementation
in relation to exercise has more recently been touted as an important consideration, in
order to optimise training gains, although the current consensus on its importance is
lacking. Emerging evidence suggests that post-exercise Cr ingestion may provide superior
benefits compared to pre-exercise consumption [11,12], although several methodological
limitations presented by these investigations currently preclude definitive interpretations
of these results.

The purpose of this narrative review is to summarise and discuss current evidence
and new emerging questions on the influence of Cr supplementation timing, in regard to
exercise, on muscle Cr content and physical performance.

2. Creatine Supplementation

Studies show that creatine supplementation in doses of 5–20 g/day for >5 days can
increase intramuscular Cr and PCr to the point of saturation [8,13]. This increase in PCr is
associated with the main mechanism of action, regarding the ergogenic effect of Cr sup-
plementation [14]. Phosphorylcreatine can provide an inorganic phosphate (Pi) molecule
for the resynthesis of ATP via the Cr kinase reaction, in which Pi donation from PCr
degradation is used by adenosine diphosphate (ADP) and, consequently, increases ATP
resynthesis. Creatine phosphokinase is the enzyme that catalyses this reaction and is
limited only by the concentration of its substrates and products, namely Cr and PCr [15].
This phosphagen system, also termed the ATP-CP system, is the fastest way to supply ATP
for skeletal muscle metabolism [16]. Precisely for this reason, the ATP-CP system is related
to high-intensity and short-duration exercises [17] and, thus, is associated with greater
total work capacity [1]. In this respect, the ATP-CP system serves as an important regula-
tor of muscle metabolism, which explains the ergogenic benefits of Cr supplementation
throughout training. Enhancing the capacity of ATP resynthesis should increase available
energy during exercise, prolonging the work capacity of the skeletal muscles, delaying the
onset of muscle fatigue, and improving performance.

Strong scientific evidence suggests that Cr can lead to beneficial improvements in
exercise performance; however, there also appears to be some variations in the response to
Cr supplementation due to a number of factors, which will be presented in the next section.

Factors Modifying the Effect of Creatine Supplementation on Muscle Creatine Content

Several factors have been shown to modify the effects of Cr supplementation on
muscle Cr content. Daily dose and duration play important roles in how quickly and how
much Cr stores are increased. Five to seven days of supplementation with a daily dose of
20 g·day−1 is sufficient to saturate muscle creatine stores [5], which is approximately 140 to
160 mmol·kg−1 of dry muscle. This has become a commonly employed dose in the literature
and termed the “loading phase”. Nonetheless, a more gradual dosing strategy of 3 g·day−1

leads to similar increases, but over a longer period (~28 days; [8]). Greater increases in
muscle Cr are shown in those with lower initial muscle Cr content [5], while carbohydrate
co-supplementation may increase Cr uptake via insulin-mediated stimulation [6,18] of the
Cr transporter, CreaT. Although this mechanism of insulin stimulated Cr uptake remains to
be mechanistically confirmed, if it holds true, this will only be relevant within the first few
days at high doses (e.g., days 1 to 3 at 20 g·day−1) of supplementation prior to saturation
of muscle Cr stores [19], but may be more relevant at lower doses (e.g., 3–5 g·day−1, which
takes up to 28 days to saturate). Indeed, the upper threshold of saturation across individuals
appears remarkably consistent [1], meaning the dosing protocol will be important.

Exercise has also been shown to enhance Cr accrual in muscles. In the seminal study
from Harris et al. (1992), various doses of Cr were given to healthy participants aged 20 to
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62 years, with varying levels of fitness. An additional aim of this study was to determine
the effect of exercise upon Cr uptake into muscles using a unilateral leg exercise model.
Throughout supplementation, participants performed 1 h of cycling exercises in one leg,
while the other leg rested. Results showed that exercise potentiated the resultant increase
in intramuscular Cr, with greater increases in the exercised versus non-exercised leg. These
were the first data to suggest that exercise may influence the Cr loading of muscles with
supplementation. These data were subsequently supported by a further study that showed
a 68% greater increase in total creatine content following supplementation when a single-
leg exercise (cycling at 60–70% of maximal heart rate until exhaustion) was performed [20]
(Robinson et al., 1999). Thus, exercise appears to enhance the accrual of intracellular TCr
with Cr supplementation, although, again, the importance thereof will likely be linked to
the daily dose employed. Since high doses (20 g·day−1) lead to saturation in as little as
5 days, it seems unlikely that quicker loading will have much impact. However, should
supplementation occur more gradually, as with doses of 3–5 g·day−1 over 28 days, then
faster loading might incur earlier and greater benefits. It must be acknowledged that it is
unclear if these studies showed an increased uptake of Cr into muscle, or an increased Cr
retention. Logic would suggest that it is likely reflective of an increased muscle uptake
although this should be mechanistically confirmed.

The influence of exercise on Cr loading is apparent; however, more recent investiga-
tions have suggested that the timing of Cr supplementation in relation to the exercise bout
may be important, too [11,12,21,22]. To better understand why timing of supplementation
in relation to exercise might be important, it is important to appreciate how exercise might
enhance Cr uptake, which will be discussed in the following section.

3. How Creatine Timing around Exercise May Influence Subsequent Loading

3.1. Creatine Concentration in the Bloodstream and Training Duration

The mechanisms via which exercise may increase Cr uptake into muscles are not
entirely understood and are hypothetical, as no study has experimentally demonstrated the
mechanism behind this phenomenon. Nonetheless, one proposed mechanism via which
timing of Cr ingestion in relation to exercise may modify the efficacy of supplementation is
through exercise hyperaemia, namely increased blood perfusion to the working muscle
(Figure 1A). Blood flow increases within one second of the onset of muscular contraction,
and exercise can increase skeletal muscle blood flow by 100-fold compared to values seen
at rest [23]; it is important to maintain adequate oxygen and nutrient delivery, in order to
support the energetic demands of the skeletal muscles during exercise. The extent to which
blood flow increases during and after exercise is influenced by factors such as the duration,
type, intensity, and volume of exercise. This is important to note because muscle blood flow
is closely matched to the metabolic demands of contractions induced by the exercise [24].
Theoretically, greater blood flow to the muscle could lead to greater delivery of Cr and,
thus, enhance its uptake and retention, although this would primarily be restricted to the
exercised muscles. An increase in blood flow kinetics as well as Cr transport to exercised
muscles can result in greater delivery, retention, and metabolization of the nutrients to
the exercised muscles [25]. Thus, if supplementation is provided around exercise, then
circulating Cr could coincide with increased blood flow to the muscle (Figure 1B).

An important factor to consider, in regard to the timing of Cr supplementation in
relation to exercise, is the time it takes for the Cr concentration to become elevated in the
bloodstream. This is relevant to determine if ingestion of Cr pre- or post-exercise would
provide distinct elevations of intramuscular Cr. In humans, Cr is actively absorbed from
the gastrointestinal tract before entering the bloodstream to be delivered to various tissues
throughout the body [26]. Creatine monohydrate absorption is close to 100% [27], and
when 2 g of Cr is consumed in an aqueous solution, it reaches peak plasma concentration
in approximately 1 h. This is similar to other protocols in which maximum plasma concen-
tration of Cr occurred in <2 h when the dose administered was <10 g [18,28,29]. Although
higher doses >10 g can take up to 2.5 to reach peak concentration in the blood [30], the
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most employed single-dose of 5 g should peak around 1–2 h following ingestion, remain-
ing elevated for a further 4 h [5,30]. This information could be crucial when optimizing
supplement timing; if Cr-uptake is maximised when there is increased muscle blood flow,
then individuals should look to coincide peak circulating Cr levels with hyperaemia.

 
Figure 1. The hypothetical mechanisms behind an exercise-mediated increase in total creatine content with creatine
supplementation. (Panel A): exercise hyperaemia increases tissue perfusion, enhancing creatine delivery. Additionally,
increased Na+/K+ pump activity during exercise supports the [Na+] gradient favouring creatine uptake by CreaT. Together,
these effects may acutely potentiate the uptake and increase in total muscle creatine content. (Panel B): theoretical overlap
of events according to the timing of creatine supplementation, in relation to exercise and its potential benefits regarding the
delivery and uptake of creatine to the muscle. Created with BioRender.com.

As an example, the duration of a typical resistance training session varies between
40 and 90 min, and elite bodybuilders reported an average of 60–70 min per training
session [31]. Thus, should an individual supplement immediately pre-exercise or even
during exercise, Cr would begin to accumulate throughout the training session, and it
is possible that peak Cr concentration in the blood would still occur during exercise.
Due to the exercise undertaken, this would lead to increased blood flow to the working
muscles, which may lead to increased delivery and subsequent uptake of Cr, explaining,
at least partially, the greater increases in Cr loading shown previously [5,30]. This also
suggests that pre-exercise Cr supplementation may be more effective at increasing muscle
Cr content than post-exercise supplementation. Increased blood flow to the muscles can
decrease within the following 30 min after exercise [32], although the magnitude of the post-
exercise hyperaemia is proportional to the strength of the contraction and its duration [33].
Depending on the modality, intensity, and duration of the exercise (i.e., muscle contraction),
vasodilation may continue for up to 120 min post-exercise. Taken together, post-exercise
supplementation may not benefit from exercise-induced muscle blood flow to the same
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extent as pre-exercise supplementation due to a shorter overlap between circulating Cr and
exercise-induced hyperaemia (Figure 1, Panel B).

Thus, if the primary mechanism by which exercise induces an increased Cr loading of
muscle is via an exercise-stimulated increase in blood flow to the working muscles, then pre-
exercise Cr supplementation would be expected to be the most effective supplementation
strategy compared to supplementation intra- or post-workout, or at any other moment of
the day.

3.2. Na+-K+ Pump Activity and Exercise

Creatine transport into muscle cells is performed by a specific Cr transporter, CreaT [34].
This transport occurs against a concentration gradient and is dependent on the presence of
extracellular Na+ [35], meaning Cr uptake is achieved via a Na+-Cr cotransport system,
which makes use of the sarcolemmal Na+-K+ pumps [36]. Thus, one other mechanism
that might optimise Cr supplementation is an upregulation of the kinetics involved in
the Cr transport from the bloodstream to the skeletal muscle, via an increase in Na+-K+

pump activity during and following exercise [37]. Indeed, exercise training involving a 2-h
exercise cycle per day, for 6 consecutive days at 65% of maximal aerobic power, induced
upregulation in sarcolemmal Na+-K+-ATPase concentration in humans, after only one
week of training, in the exercised muscle [38].

Studies have shown that the Na+-K+ pump regulates transsarcolemmal [Na+] and [K+]
gradients in skeletal muscles and is critical for the maintenance of membrane excitability
and contractility [20,39]. Odoom et al. [36] showed that the pharmacological activation and
inhibition of Na+-K+ pump activity in mouse myoblast cells were paralleled by up- and
downregulation of cellular Cr accumulation, demonstrating the relationship between Na+-
K+ pump activity and Cr uptake. This mechanistic evidence suggests that increased Na+-K+

pump activity, as occurs with exercise, might lead to increased Cr uptake (Figure 1A),
although it is currently speculative as to whether it occurs in humans.

Since the upregulation of muscle Na+-K+ pump function in the exercised limb fa-
cilitates muscle Cr transport, if this mechanism holds true for humans, the timing of Cr
supplementation around exercise could alter the uptake into the muscle. Specifically, pre-
exercise supplementation might ensure that high circulating levels of Cr coincide with
peak activation of the Na+-K+ pump during exercise-induced muscle contraction, leading
to greater intramuscular Cr accumulation (Figure 1B). However, there is a residual effect
of exercise that could last from several minutes up to 48 h post-exercise, depending on
the action of interest (e.g., insulin sensitivity; [40]), meaning that post-exercise Cr supple-
mentation might also benefit from a contraction-induced potentiation of Na+-K+ pump
activity, although this is highly speculative. Furthermore, most individuals taking Cr
supplements undertake regular exercise training, which chronically upregulates Na+-K+

pump activity [38]. Thus, it is possible that timing in relation to each exercise session may
not be important, but that exercise training in general leads to greater Cr accumulation in
muscles due to chronic adaptations in Na+-K+ pump activity. This is somewhat in contrast
to evidence suggesting that ingestion of Cr close to an exercise session leads to greater
increases in TCr than supplementation that is not close to the exercise session (>5 h) [41].

Skeletal muscles appear to be highly amenable to Cr supplementation, while chronic
exercise appears to further increase the response to supplementation. Nonetheless, what is
unclear is whether timing around exercise also generates differential responses in the mus-
cle Cr loading response, and subsequent performance gains. The hypothetical mechanisms
discussed provide some support to suggest that exact timing, in relation to exercise, may
exert differential effects. The following section will detail studies that have investigated
the effects of pre-, during-, or post-workout Cr supplementation on several outcomes.

4. Creatine Supplementation Pre-, During- or Post-Workout: The Evidence

Cribb and Hayes [41] investigated the effects of Cr supplement timing during 10-weeks
of resistance exercise training on intramuscular TCr content, muscle-fibre hypertrophy,
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strength, and body composition. Recreational male bodybuilders were allocated into two
groups: one that consumed their supplements immediately pre- and post-workout on
training days, and the other that consumed their supplements in the morning before break-
fast and late evening before sleep. The supplements contained 40 g glucose, 40 g protein,
<0.5 g of fat, and 7 g of Cr monohydrate per 100 g; participants consumed 1 g·kg−1·day−1

twice on training days only. The 10-week training program was performed 4 times a week
and was designed specifically to increase strength and muscle size, with a progressive
overload consisting of three compound exercises with free weights based on repetition
maximum (RM) of the participants. The group who ingested the supplements around
their workouts had greater increases in intramuscular TCr and greater gains in maximum
dynamic strength, lean mass, and cross-sectional area type II fibres compared to the group
who consumed Cr at alternate times of the day. These findings suggest that supplement
timing can play an important role in strength and muscle gains, although the strength and
muscle gains cannot be limited to Cr supplementation only, since the supplement con-
tained various other ingredients, including a substantial amount of protein. It is known that
the timing of protein ingestion around exercise may influence hypertrophy and strength
gains [42]. Furthermore, carbohydrates were included in the supplement, which was
shown to enhance Cr uptake into the muscle [18]; thus, the isolated effect of exercise on
muscle TCr loading was not determined. Finally, supplementation was provided, both
pre- and post-exercise, as well as “not close” to the exercise session, meaning no inferences
can be made regarding whether supplementation pre-, during-, or post-exercise influences
these responses.

Timing of Cr supplementation in relation to exercise has been suggested to influence
the accrual of muscle Cr [43], which may impact subsequent performance gains. We
have discussed the physiological mechanisms through which Cr timing around exercise
might modify its loading effects, but it is important to determine the true impact of timing
experimentally. A few studies have investigated the influence of supplement timing with
Cr in relation to exercise on a number of different outcomes.

The first study that specifically investigated whether Cr supplementation around exer-
cise modified its effects was performed by Antonio and Ciccone (2013). They investigated
the effects of Cr supplementation, either immediately pre- or post-exercise, throughout
resistance exercise training on body composition and muscle strength (Table 1). Nineteen
healthy recreational bodybuilders were randomly assigned to one of two groups, ingest-
ing either 5 g of Cr immediately pre-workout or 5 g of Cr immediately post-workout.
Supplements were ingested according to the volunteer’s convenience on non-training
days. Training consisted of resistance training 5 days a week for four weeks. Results
showed greater muscle hypertrophy and strength gains when Cr was ingested post- versus
pre-exercise. Specifically, post-exercise ingestion led to a 3% gain in fat-free mass and
7.5% gain in 1-RM bench press, compared to a 1.3% increase in fat-free mass and 6.8%
1-RM bench press improvement with pre-exercise ingestion. The authors concluded that
consuming Cr immediately post-workout is superior to pre-workout on body composition
and strength. These results somewhat contrast what might be expected, since increased
plasma Cr levels will not coincide with increased blood flow that occurs during the exercise.
However, it is important to note that no significant interactions were shown, and that
magnitude-based inferences were used to determine possible and likely beneficial effects
of timing on outcomes. Unfortunately, this analysis method has come under substantial
criticism [44,45], while the absolute difference in fat-free mass and bench press gains were
small, with overlapping confidence intervals. Thus, the true importance of these differences
is somewhat unclear.

This first study to directly investigate the influence of timing of Cr supplementation
around exercise has some important strengths, such as the dose administered, which is com-
monly employed by bodybuilders [46], and provides favourable outcomes to increase lean
muscle mass [47]. Training frequency and volume per week were in the range frequently
used by this population [48], while protein intake was high, namely 1.9 g·kg−1·day−1,
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which is expected to contribute to muscle strength and hypertrophy when combined with
resistance training [49]. Despite these strengths, this study also has limitations, which
must be considered when extrapolating the findings. First, the researchers did not analyse
intramuscular Cr content, limiting the interpretation of the potential mechanisms related
to the benefits observed with the timing of Cr ingestion. There was no direct and reliable
measurement of skeletal muscle hypertrophy [50], which could have strengthened the
findings. There was also no placebo-control group, which makes it impossible to consider
the isolated influence of the resistance training session on body composition and strength,
and the variations thereof. The differences shown here may well be within normal varia-
tions expected with a resistance training program. Volunteers also knew their timing of Cr
supplementation, which could have created certain expectations in the participants [51].
Although protein intake was high, it is unclear when protein was ingested around exer-
cise, which may have influenced hypertrophy and strength gains [42], while the small
sample size was not conducive to clear conclusions. Finally, the authors did not report
whether the athletes were familiarised with the 1-RM test used as the primary outcome
measure. Since there may be a learning effect for such outcomes, and the athletes may
have had different levels of familiarity with the exercise, this may have influenced the
results to some extent [52]. Although the results by Antonio and Ciccone [11] suggest
that Cr supplementation post-workout may provide greater gains in muscle strength and
fat-free mass compared to pre-exercise Cr, the aforementioned limitations preclude solid
recommendations without further supporting evidence.

Candow et al. [22], following the pioneering work by Antonio and Ciccone [11],
compared the effects of Cr supplementation ingested immediately before vs. immedi-
ately after supervised resistance training in healthy older adults (Table 1). The 22 par-
ticipants, who were not previously engaged in resistance training, were randomised in
a double-blind design to one of two supplementation groups: one received Cr before
(0.1 g·kg−1 Cr + 0.1 g·kg−1 placebo after exercise) and the other after (0.1 g·kg−1 placebo be-
fore + 0.1 g·kg−1 Cr after exercise) exercise. Resistance training was performed 3 days/week,
on non-consecutive days, for 12 weeks. Results showed there was no difference between
groups for gains in maximum strength, increases in muscle thickness, and changes in body
composition, suggesting that supplement timing of Cr does not affect these measures.

This study has some important strengths, including a 12-week intervention, which is
more than enough time to verify the effects of Cr supplementation [8]. Muscle thickness
was measured, an important and relevant measure to observe resistance training-induced
hypertrophy. However, similar to the study by Antonio and Ciccone (2013), the protocol
did not include a placebo-only group to determine the true effects of the training alone.
The study also lacked measures on muscle TCr changes with supplementation and training,
an important consideration, since the supplementation protocol differed somewhat to
those commonly employed in the literature. Cr ingested at a dose of 20 g for 5–7 days
is sufficient to saturate muscle Cr stores [5], while ~3–5 g/day of Cr for 4 weeks simi-
larly saturates skeletal muscle Cr levels [8,53]. The Cr supplementation protocol used
by Candow et al. (2014) was not assessed in this sense. Although the ingested dose on
training days was similar to the latter dosing strategy (~7 g of Cr for a 70 kg individual),
supplementation was only performed three times per week. The extent to which this
strategy increases TCr in the initial days/weeks, or when it would saturate muscles, is
unknown. Nonetheless, it is likely that this dosing strategy would lead to a slow, transient
increase in muscle Cr stores, meaning the timing of Cr supplementation in relation to
exercise—there might be differences during such a supplementation protocol if it truly has
an impact. It is also currently unclear if these same results apply to young healthy adults
since elderly adults appear to respond differently to Cr supplementation [9]. Despite these
limitations, the results of this study suggest that when intermittent low doses of Cr are con-
sumed during chronic resistance training for 12 weeks, then the timing of supplementation
pre- or post-exercise does not exert differential effects on strength, hypertrophy, and body
composition in healthy older adults.
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The largest study to date on the topic of Cr timing involved a 32-week resistance
exercise training program [12] (Table 1). Thirty-nine healthy older adults completed the
double-blind placebo-controlled design, and were randomised into three groups: “Cr-
Before” (0.1 g·kg−1 Cr immediately before +0.1 g·kg−1 placebo immediately after RT);
“Cr-After” (placebo immediately before + Cr immediately after RT); or placebo (corn starch
maltodextrin immediately before and immediately after RT). Creatine was ingested only
on training days and the resistance training intervention consisted of a supervised whole-
body program performed 3-days per week in which the participants completed 3 sets of
10 repetitions at an intensity corresponding to their 10-RM for each exercise. Following
the 32-week intervention, both Cr groups exhibited similar strength gains, with changes
greater than the placebo control group.

It is interesting to note that the group that ingested Cr immediately after the training
sessions showed greater increases in lean tissue mass compared to the control group,
although not compared to the group that consumed Cr pre-training. There were also
no differences in lean tissue mass changes between individuals in the control group and
those supplementing Cr pre-training. The authors attributed the greater improvements
obtained from post-workout supplementation to a better Cr absorption kinetics [54] and
an increase in skeletal muscle blood flow during resistance training, which would result
in greater Cr transport and accumulation in the exercised muscles, although this appears
contradictory to expectation. Pre-exercise supplementation would mean that increased
plasma Cr would coincide with an increased exercise-induced blood flow, potentially
enhancing Cr uptake into muscle. Therefore, the reasons for these results are unclear.
However, this study is similarly limited by a lack of muscle Cr determination, which might
have helped to explain, at least in part, some of the differences shown between groups.
A lack of direct measurement of the changes in muscle size also limits the evaluation of
the strength training-induced local hypertrophy. Again, any extrapolation of these results
must be limited to the elderly population due to distinct changes in muscle Cr content with
supplementation compared to younger adults [9]. Finally, the lack of a statistical difference
between the pre- and post-training Cr groups does not strongly support a differential effect
of Cr timing.

More recently, a study examined the effects of Cr supplementation ingested through-
out exercise training. Specifically, Mills et al. [55] analysed the effects of intra-set Cr
supplementation during resistance training sessions on skeletal muscle mass and exercise
performance in physically active young adults, which engaged in a structured resistance
training program (Table 1). Twenty-two participants were randomised in a double-blind
placebo-controlled design to a group supplemented with Cr (0.0055 g·kg−1 following each
training set, totalling 18 sets per session) or a group supplemented with a placebo (mal-
todextrin, 0.0055 g·kg−1 following each training set, totalling 18 sets per session) during six
weeks of RT performed five days per week. Muscle thickness, power, 1-RM, and muscular
endurance were determined pre- and post-intervention. Leg press, chest press, total body
strength, and leg press endurance improved in the Cr group, with no significant changes
in the placebo group. Although these results interestingly demonstrate that chronic Cr
throughout resistance exercise workouts can improve strength gains, the lack of a sup-
plementation group that ingested Cr either pre- or post-workout, or “not close” to the
workout session, hinders any solid conclusions other than the fact that Cr supplementation
improves strength gains with training, something that was already well-established. It
would be interesting to determine whether intra-set Cr supplementation is superior to
supplementation at any other moment of the day, whether it be outside of training hours,
immediately pre-exercise, or immediately post-exercise.
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Table 1. Study protocols that investigated the timing effects of creatine supplementation before, during, and after exercise.

Reference Population Intervention Outcomes

Antonio and
Ciccone, [11]

19 recreational male
bodybuilders.

4 weeks of 5 g·day−1 Cr:
Group 1: Cr pre-exercise

Group 2: Cr post-exercise.
RT consisted of 5 d·wk−1 sessions.

↔ ΔBM, ΔFFM, ΔFM and Δ1-RM BP.
Possibly (FFM, FM) and likely (1-RM
BP) beneficial for Cr post vs. Cr pre.

Candow et al. [22]
9 men and 13 women,

non-RT healthy
older adults.

12 weeks of 0.1 g·kg−1 Cr and 0.1 g·kg−1 PL:
Group 1: Cr before + PL after
Group 2: PL before + Cr after.

Cr ingested only on training days: 3 d·wk−1

RT session.

↔ ΔFFM
↔ ΔLimb muscle thickness

↔ Δ1-RM BP
↔ Δ1-RM LP

Candow et al. [12]
22 women and 17

men, non-RT healthy
older adults.

32 weeks of 0.1 g·kg−1 Cr and/or 0.1 g·kg−1 PL:
Group 1: Cr pre + PL post
Group 2: Cr post + PL pre
Group 3: Placebo control.

Cr ingested only on training days: 3 d·wk−1 RT
session.

ΔLBM: ↑ Cr post PL;
↔ Cr pre vs. Cr post and PL.

↔ Cr groups for 1-RM BP and LP
↑ Strength for both Cr groups

compared to PL.

Mills et al. [55] 22 Physically active
men and women.

6 weeks of Cr or PL post each set (intra-workout).
Group 1: 0.0055 g·kg−1 Cr post each set
Group 2: 0.0055 g·kg−1 Pl post each set.

Cr was ingested only on training days: 5 d·wk−1

RT session.

↑ 1-RM BP and LP for Cr vs. PL
Cr pre to post-intervention:

↑ 1-RM
↑ Muscle endurance

Abbreviations: Cr = creatine; RT = resistance training; FFM = fat free mass; FM = Fat mass; BM = body mass; RM = repetition maximum;
BP = bench press; LP = leg press; LBM = lean body mass; TCr = total creatine content; ↔ = No difference; ↑ = increased; Δ = pre- to
post-change.

Currently, evidence is unclear as to whether timing of Cr supplementation around ex-
ercise modifies its efficacy (Figure 2). There is some weak evidence to support post-exercise
Cr supplementation compared to pre-exercise supplementation, though the physiological
mechanism underpinning these superior gains were not determined. This is of great impor-
tance since the importance of timing is only likely to have an effect during the initial phase of
muscle Cr loading, and will probably be irrelevant once muscle TCr is saturated. Certainly,
the limitations in the protocols highlighted herein should be considered when we try to
apply the outcomes of these studies to real life, and determine whether the timing of Cr
supplementation in relation to exercise is an important factor to optimize subsequent gains.

Figure 2. Overview of what is known about the timing of creatine (Cr) supplementation and what is yet to be determined.
TCr = total creatine. Created with BioRender.com.
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5. Future Directions for Research

There is evidence suggesting that Cr loading can be enhanced by exercise, with very
limited data showing that Cr consumption close to exercise sessions can be more effective
than ingestion in other moments of the day, at least in respect to muscle Cr loading.
However, whether the timing of supplementation pre-, during-, or post-exercise has an
impact is less clear. Recently, evidence suggested that post-exercise supplementation
can increase muscle mass, but not strength, to a superior magnitude, when compared
to pre-exercise Cr supplementation. However, considering the theoretical variables and
mechanisms that influence Cr uptake into the muscles (discussed in the present review),
and a series of methodological limitations presented by the available investigations, the
interpretation of these results is limited. Thus, here we provide guidelines for future
studies investigating this topic to ensure clarity in results and interpretation to advance
our knowledge in the area.

Firstly, the lack of muscle Cr measurements in previous studies preclude solid conclu-
sions on the efficacy of supplement timing. Without this information, it is only possible
to speculate as to the effect of Cr timing in relation to exercise on changes in muscle Cr
content (Figure 2). This is particularly relevant regarding the low doses of Cr typically used
in these studies. It is known that a high daily dose of Cr (e.g., 20 g·day−1) will saturate
muscle Cr content in 5–7 days [5], meaning that timing of supplementation with such a
high dose will likely be unimportant. However, since lower daily doses (e.g., 5 g·day−1)
will only saturate muscle Cr in up to 28 days [8,53], it is more than possible that enhanced
loading, perhaps due to timing, might lead to greater benefits with these lower doses.
Analyses during the early phases of supplementation, for example, the first 1–3 weeks
with low doses (e.g., 5–7 g·day−1) may be most important, since measurements (once
muscle Cr is already saturated) are unlikely to show any differences. Further work should
ensure this measurement is included to confirm increases in muscle Cr and the extent to
which it differs between timing protocols. Any subsequent changes in muscle strength,
hypertrophy, or exercise performance can then be associated with these changes.

Another limitation in the current literature is related to clinical differences in the
populations studied, with one study employing recreational male bodybuilders and two
studies recruiting elderly non-trained populations. This is a potentially important consid-
eration, since TCr increases in response to a standardised Cr supplementation protocol
may be affected by factors, such as age, physical exercise, and diet [9]. Furthermore, small
sample sizes currently hinder the strength of evidence since several studies that suggest
greater improvements with one timing versus another are not supported by statistical
strength [11,12]. The clinical relevance of these small differences due to timing for different
populations (e.g., young vs. elderly; competitive vs. non-competitive) may be worthwhile
or irrelevant. Larger population samples are required to tease out any benefits of one
specific timing over another, should differences truly exist.

Further, well-designed confirmatory research is necessary to determine the magnitude
of effect that Cr timing around resistance training might incur on muscle strength and
hypertrophy changes with Cr supplementation. To that end, in addition to the points
already raised, it would be wise to employ exercise protocols and strength measures
that have previously shown robust and clear effects following Cr supplementation (e.g.,
1-RM test and/or resistance training program) to quantify the size of the contribution of
timing to outcomes. The use of muscular endurance tests may also be of interest since many
bodybuilders frequently train until volitional fatigue, and this may be a sensitive measure to
Cr supplementation [56]. Several studies appeared not to familiarise their participants to the
strength tests [11,55], which is a recommendable practice for diminishing the influence of
the learning effect on the strength test assessments. Including familiarisation to the exercise
protocols is vital to ensure more accurate measurements. If the goal is to verify skeletal
muscle hypertrophy in response to exercise and Cr supplementation, as routinely occurs
with resistance exercise studies, more direct and reliable measurements of skeletal muscle
hypertrophy are important assessments of exercise and resistance training-induced local
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hypertrophy. For example, the measurement of muscle volume or muscle cross-sectional
area via ultrasound imaging, magnetic resonance imaging, or computed tomography scans
would be relevant protocols to check strength training-induced local hypertrophy [57] and
whether it differs according to Cr timing.

Current studies on Cr supplement timing have focussed only on timing around
resistance exercise. Creatine supplementation timing should be analysed in relation to
other types of exercise (e.g., repeated sprints, endurance), not only on resistance training,
due to the diversity of athletes who consume this supplement regularly to improve sports
performance [1]. This would allow one to determine whether the type of exercise matters to
induce the contraction-stimulated uptake of Cr into the muscles, and if this is modified by
timing around the activity. Again, employing exercise tests to measure performances that
were previously shown susceptible to improvements with Cr supplementation might be
of particular interest in this scenario. Mechanistic studies should also strive to determine
whether any changes in muscle Cr content, due to timing, is due to increased uptake or
increased retention via infusion and microdialysis techniques. In addition to the effects of
pre- versus post-exercise timing, another possibility of ingestion of Cr is during exercise [55],
so a comparison of Cr ingested during workouts and Cr consumed pre- and post-workout,
and/or in other moments of the day, may be of interest. This will provide important
information as to the necessity of this small-dose multi-moment ingestion strategy.

6. Conclusions

Although exercise appears to enhance Cr accrual in muscles with Cr supplementation,
evidence supporting the importance of timing of Cr supplementation around exercise (i.e.,
pre- versus post- versus during-exercise) is currently limited to only a few studies. Existing
data are somewhat contradictory, likely due to differing supplementation protocols, sample
populations, and training protocols. As it stands, adapting Cr timing specifically, according
to when training is performed, is not currently supported by solid evidence and should
not be considered a real concern for now. More well-controlled studies determining
whether the timing of Cr supplementation around training truly influences the increases
in intramuscular Cr content and its ergogenic effects are required to substantiate any
such claims.
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Abstract: Guanidinoacetic acid (GAA) is a natural amino acid derivative that is well-recognized for
its central role in the biosynthesis of creatine, an essential compound involved in cellular energy
metabolism. GAA (also known as glycocyamine or betacyamine) has been investigated as an energy-
boosting dietary supplement in humans for more than 70 years. GAA is suggested to effectively
increase low levels of tissue creatine and improve clinical features of cardiometabolic and neurological
diseases, with GAA often outcompeting traditional bioenergetics agents in maintaining ATP status
during stress. This perhaps happens due to a favorable delivery of GAA through specific membrane
transporters (such as SLC6A6 and SLC6A13), previously dismissed as un-targetable carriers by
other therapeutics, including creatine. The promising effects of dietary GAA might be countered
by side-effects and possible toxicity. Animal studies reported neurotoxic and pro-oxidant effects
of GAA accumulation, with exogenous GAA also appearing to increase methylation demand and
circulating homocysteine, implying a possible metabolic burden of GAA intervention. This mini-
review summarizes GAA toxicity evidence in human nutrition and outlines functional GAA safety
through benefit-risk assessment and multi-criteria decision analysis.

Keywords: toxicity; methylation; hyperhomocysteinemia; creatine; neuromodulation; MCDA

1. GAA Physiology, Biomolecular Interactions and Pathways

Guanidinoacetic acid (GAA, also known as glycocyamine, betacyamine or N-
amidinoglycine) belongs to the class of organic compounds known as alpha amino acids
and derivatives. GAA (chemical formula C3H7N3O2) is produced endogenously in the
human body from non-essential amino acids glycine and arginine, in a reaction controlled
by an enzyme L-arginine:glycine amidinotransferase (AGAT) (Figure 1). AGAT catalyzes
the transfer of an amidino group (-C(=NH)NH2) from arginine to glycine to synthesize
GAA, with ornithine as a byproduct. The reaction mainly takes place in the kidney, liver,
and pancreas; however, GAA is also produced in the skeletal muscle, brain, and across the
gut [1–3]. In the next step, GAA is combined with S-adenosyl-L-methionine, a reaction
catalyzed by guanidinoacetate N-methyltransferase (GAMT), to produce creatine and S-
adenosyl-L-homocysteine. The formation of creatine is a major metabolic fate of GAA, and
AGAT-driven reaction is considered a rate-limiting step of creatine biosynthesis [4]. Since
creatine is recognized as a critical molecular facilitator of cellular bioenergetics [5], the GAA
synthesis-breakdown cycle thus remains of utmost importance for energy homeostasis.
The role of GAA in the control and provision of cellular energy could also be highlighted
by its interaction with cellular transporters for taurine (SLC6A6) and γ-aminobutyric acid
(SLC6A13) [6,7], previously dismissed as un-targetable carriers by other bioenergetics
therapeutics, including creatine (for a review, see Ref. [8]); monocarboxylate transporter 12
(SLC16A12) is involved in GAA efflux [9].
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Figure 1. Metabolism and transport channels of guanidinoacetic acid (GAA). Abbreviations: AGAT,
L-arginine:glycine amidinotransferase; SAM, S-adenosyl-L-methionine; GAMT, guanidinoacetate
N-methyltransferase; SAH, S-adenosyl-L-homocysteine; CK, creatine kinase; PCR, phosphocreatine;
AHCY, adenosylhomocysteinase; ATP, adenosine triphosphate; ADP, adenosine diphosphate. Yellow
shapes depict different influx and efflux cellular transporters for GAA, including creatine transporter
(SLC6A8), GABA transporter (SLC6A13), taurine transporter (SLC6A6), and 5-monocarboxylate
transporter 12 (SLC16A12).

Plasma and urine GAA concentrations of 2.3 ± 0.8 μmol/L and 31.2 ± 21.7 mmol/mol
of creatinine likely illustrate natural equilibrium in GAA metabolism [10]. However, several
pathological conditions can affect GAA production-utilization circle, including kidney
dysfunction, neurological diseases, or inherited metabolic disorders (for a detailed review,
see Ref. [11]). Besides serving as an immediate precursor of creatine, GAA can also have
several non-creatine-related metabolic roles, including the stimulation of hormonal release
and neuromodulation, alteration of metabolic utilization of amino acids, vasodilation, and
oxidant–antioxidant tuning (for a detailed review, see Ref. [12]). In addition, GAA could be
obtained by a regular diet [13,14] and gut microbiota [15], yet these pathways contribute
marginally to the total daily turnover of GAA.

2. GAA as a Dietary Agent in Human Nutrition

The first documented report of GAA utilization as an experimental nutritional inter-
vention in humans arguaby dates back approximately 70 years ago. The group of Henry
Borsook from Caltech University demonstrated the beneficial effects of GAA (combined
with betaine) in treating cardiac decompensation [16]. The authors treated cardiac patients
with a daily dosage of ~70 mg of GAA per kg body weight for up to 12 months, and
many patients reported the so-called ‘sthenic effect’, comprising of an improved sense
of wellbeing, less fatigue, and enhanced mental and physical performance. This was at-
tributed to a GAA-driven recovery of phosphocreatine, the main reservoir of immediately
available energy in energy-demanding tissues. The promising effects were soon corrobo-
rated in both hospital and ambulatory patients with heart disease, who reported feeling
better after taking GAA, while the treatment produced no harmful effects, even when
ingested over a long period of time [17]. A few patients with congestive heart failure were
able to discontinue pharmacological treatment entirely while consuming GAA, without
any unfavorable sequels [18]. Following these pioneering trials, GAA was intensively
studied during the 1950’s in patients with arthritis and concurrent disease [19], acute and
chronic poliomyelitis [20–23], myopathic muscular dystrophy [24], anxiety and depres-
sion [25], coronary arteriosclerosis [26], myasthenia gravis [27], motor-neuron disease [28],
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and neuromuscular disease [29]. Those historical studies were characterized by several
methodological constraints and yielded equivocal results with regard to GAA efficacy, yet
the supplementation with GAA was found harmless and non-toxic.

After this inception, subsequent decades prompted a relatively limited interest in
studying dietary GAA until 1999, when a Japanese group put forward GAA as a nutritional
supplement to compensate for a disease-driven GAA shortage in patients with chronic renal
failure [30]. During the past decade, studies in healthy humans evaluated the effectiveness
and safety of supplemental GAA when administered solely or combined with other nu-
trients [31–33], the dose-response effects of GAA [34,35], and the impact of dietary GAA
on neuromodulation [36], exercise performance [37], oxidant–antioxidant capacity [38],
skeletal muscle and brain bioenergetics [39,40], and epigenetic pathways [41]. Dietary GAA
was also administered in women with chronic fatigue syndrome [42], or older adults [43],
and put forward as a possible treatment in AGAT deficiency [44], and skeletal muscle
medicine [45]. The contemporary studies mainly paralleled findings of the seminal trials
from the early 1950’s, implying the advantageous effects of supplemental GAA on clinician-
and patient-reported outcomes, now complemented by more robust study designs and an
extensive list of pertinent biomarkers. In addition, recent trials suggested that GAA might
be superior to creatine for improving bioenergetics in energy-demanding tissues [46], prob-
ably due to better transportability to target organs [8], and fewer non-responders compared
to creatine [47]. This might be a rationale for its possible application in human nutrition, as
an alternative or substitute of creatine, at least in some circumstances. Even so, GAA is still
deemed as an experimental dietary additive since its utilization is not completely described
in terms of efficacy, approval, labeling, and pharmacovigilance. At this moment, GAA can
be found in several commercial formulations available in the U.S. and European markets,
although no recorded standards of identity, quality, and corresponding analytical methods
for GAA are currently available in the U.S., European, or Japanese pharmacopeias. The
end-consumers might be, therefore, exposed to supplemental GAA while being unaware of
possible safety issues.

3. Dietary GAA Safety and Toxicity

3.1. Methyl Group Depletion

Even the seminal paper that described the biochemical basis of GAA treatment recog-
nized the possible risk of methyl group depletion following GAA consumption [16]. Since
the transformation of GAA to creatine requires a donation of a methyl group (-CH3) from
S-adenosyl-L-methionine, an excessive GAA intake can hypothetically drain the stores of
methyl donors in the human body (e.g., methionine, choline, folic acid, B vitamins). The
metabolic burden of methyl donor deficiency can perturb many cellular functions, includ-
ing DNA methylation, neurotransmission, antioxidant defense, and protein synthesis [48].
Several human studies so far evaluated the risk of methyl group depletion after GAA in-
take. Our group investigated whether three different dosages of GAA (up to 4.8 g per day)
administered for six weeks in healthy volunteers affect various serum and urinary variables
related to GAA metabolism, including B vitamins [34]. We found that serum concentrations
of folic acid, vitamin B6, B12, and holo-transcobalamin (carrier protein which binds the
active form of vitamin B12) were not affected by the placebo or GAA intervention, implying
that GAA dosages administered in this trial are probably insufficient to significantly impact
circulating biomarkers of methyl donor micronutrients. Another trial evaluated the effects
of supplemental GAA on DNA methylation [41], a critical epigenetic process for genome
regulation. In this open-label, repeated-measure interventional trial, the authors evaluated
the impact of 12 weeks of GAA supplementation (3 g per day) on global DNA methylation
in healthy men and women. Dietary provision of GAA had no effect on DNA methylation,
with 5-methylcytosine (a methylated form of the DNA base cytosine) non-significantly
increased at post-administration, while a non-significant DNA hypomethylation was found
in 3 of 14 participants. However, it remains unknown whether methyl group depletion that
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might be caused by dietary GAA affects other biological methylation pathways, including
amino acid and protein methylations or polysaccharide methylation.

3.2. Hyperhomocysteinemia

S-adenosyl-L-homocysteine is a byproduct of GAA utilization that is further con-
verted to homocysteine in a simple one-step reaction catalyzed by adenosylhomocysteinase:
S-adenosyl-L-homocysteine + H2O <=> L-homocysteine + adenosine. Since hyperhomocys-
teinemia has been recognized as an independent risk factor for various cardiometabolic
diseases [49], a possible augmentation of circulating homocysteine after GAA intake could
thus be considered as a possible adverse effect of the intervention. Indeed, healthy young
men and women who received 2.4 g of GAA per day for six weeks experienced a significant
rise in serum homocysteine [31]. Elevated homocysteine levels were found in 55.6% of
participants supplemented with GAA in another interventional trial [32], with a distinct
dose-response effect of dietary GAA demonstrated for elevated serum homocysteine con-
centrations [34]. In the longest human study so far, supplemental GAA (3 g per day)
significantly elevated serum homocysteine at 10-week follow-up (73.5% corresponding
to 5.0 μmol/L), with 4 out of 20 participants (20.0%) experiencing clinically relevant hy-
perhomocysteinemia (>15.0 μmol/L) at post-administration [50]. This trial also revealed
no effects of GAA on traditional biomarkers of cardiometabolic risk and inflammation,
including HDL cholesterol, triglycerides, high-sensitive C-reactive protein, insulin, and fer-
ritin. An atherogenic profile remained essentially unaffected by the intervention, indicating
no major cardiometabolic burden of medium-term GAA intervention in healthy humans.
Interestingly, co-administration of GAA and homocysteine-lowering agents can suppress
or prevent a rise in homocysteine. No cases of elevated serum homocysteine were found in
healthy human subjects supplemented with GAA and betaine (also vitamin B12, vitamin
B6, and folic acid) [32]. Similarly, adding creatine to GAA largely prevented a GAA-driven
rise in homocysteine in metabolically healthy men and women [33,51]. Having this in mind,
dietary GAA should be carefully scrutinized as an experimental dietary additive due to its
proven capacity to drive increased homocysteine production, which encourages its future
utilization in human nutrition along with homocysteine-reducing agents.

3.3. Neurotoxicity

Several in vitro and animal studies documented neurotoxic effects of exogenously
administered GAA. The group of Angela Wyse reported that the intrastriatal injection
of GAA induced inhibition of Na+/K+-ATPase activity [52], glutamate uptake [53], and
antioxidant defense in the rat brain [54]. GAA can affect brain cell development in rat brain
cell cultures by causing axonal hyper-sprouting and decrease in natural apoptosis, followed
by an induction of non-apoptotic cell death [55], suggesting that GAA may have different
toxicity in the developing brain than in adults. Neu et al. [56] suggested that activating
gamma-aminobutyric acid (GABA) receptors A might represent a candidate mechanism
explaining neurological dysfunction induced by GAA. The accumulation of GAA in the
brain was also found in children with inborn errors of creatine metabolism [57], suggesting
that extra GAA might contribute to neurological complications in humans, such as epilepsy
and seizures [58]. However, a recent study found that dietary GAA (up to 60 mg per kg
body weight) does not accumulate in the brain of healthy men [59], with GAA levels re-
mained essentially unchanged at eight-week follow-up when averaged across twelve white
and grey matter locations. This study suggests that the GAA-driven neurotoxicity might
be referenced to the level of GAA exposure, with the threshold of toxicological concern
(although currently unidentified) highly unlikely to be acquired after dietary intake. For
instance, brain GAA levels are 100–300 times higher than normal in experimental models
with intrastriatal administration of GAA and/or inborn errors of creatine metabolism [57],
which is substantially below GAA concentrations after dietary supplementation. Interest-
ingly, GAA loading appears to affect peripheral GABA metabolism in healthy men and
potentially down-regulates GABA synthesis in peripheral tissues [36]. Although safety
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sequels of this study are not elaborated further, GABA modulation should be considered as
a possible neuromodulatory effect of dietary GAA.

3.4. Other Adverse Effects

An exposure to GAA in animal studies exacerbated ethanol-induced liver injury [60,61],
stimulated osteoclastogenesis [62], generated reactive oxygen species [63], and modulated
cerebral cortex potentials [64]. However, dietary GAA produced no effects on hepatic
panel and cumulative action of antioxidants present in plasma after medium-term intake in
healthy men and women [31,38]. Supplemental GAA can provoke a minor transitory gas-
trointestinal distress (e.g., intestinal cramping, bloating, abdominal pain) in healthy adults;
the proportion of participants who reported gut-related side effects was not different from
placebo [31]. GAA also induced a rise in serum creatinine due to an increase in creatine and
subsequent degradation to creatinine. Creatinine is a surrogate marker of kidney damage,
yet the other biomarkers of kidney damage remained unaffected by GAA intake [31].

4. Blueprint for GAA Risk-Benefit Assessment

The risk-benefit assessment is an emerging concept in the area of food safety [65,66],
with the multi-criteria decision analysis (MCDA) advances as a new tool to estimate the
hazards and advantages associated with the use of food interventions and dietary choices.
MCDA combines heterogeneous research data into a compendious numeric that can be
used to guide the selection of various health interventions in the context of risk-benefit
profile [67]. In the case of GAA, the risk-benefit analysis could help in the pragmatic weigh-
ing of probabilities of side effect(s) against the benefit(s) as a consequence of GAA dietary
exposure. Since GAA is an experimental dietary supplement, with only a handful of human
studies available at this moment, MCDA could be created as a preliminary framework at
best. In the first step (defining the decision problem), health professionals should establish
the issue of interest, such as selecting the appropriate amount of supplemental GAA that
safely alleviates the features of impaired energy metabolism. This step also involves nomi-
nating the target group, perhaps the clinical and general population, who can profit from
energy-uplifting agents. The second step includes identifying the evaluation criteria (e.g.,
the prevalence of harmful health effects, improved brain function, reduced fatigue) against
which various GAA dosages will be appraised. This step requires building a risk-benefit
tree, based on feedback from experts and/or published trials (Figure 2). The third step of
MCDA entails collecting data (e.g., qualitative, semi-quantitative, quantitative) on criteria
selected above, and building the performance matrix describing how varying amounts of
supplemental GAA perform when evaluated against each criterion. Only the effects with
the highest level of evidence should be included in the final assessment, perhaps extracted
from randomized controlled trials in the case of GAA. The fourth step defines the weights
of the criteria, which enables setting up relative importance for each criterion depending
on clinical significance using the ‘swing weighing’ approach [68]. For example, criteria
weight for GAA-driven rise in serum homocysteine might include either quantitative scale
(e.g., an absolute increase in μmol per liter) or qualitative method (e.g., using ‘yes’ or ‘no’
for inducing hyperhomocysteinemia); alternative scenarios representing different criteria-
weighing schemes are also possible. Step five involves analyzing and synthesizing all risks
and benefits while producing a single metric that can be used in grading GAA overall
performance for efficacy-safety decisions; this requires accounting for uncertainty using
statistical modeling [69]. The final sixth step includes reporting narrative and graphical
results of an aggregated measure, enabling a decision-maker to rank alternative GAA
dosages in terms of safety-efficacy profile.
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Figure 2. Risk-benefit tree and performance matrix for a hypothetical guanidinoacetic acid (GAA)
case study.

5. Conclusions

GAA is an investigational dietary supplement. Preliminary human studies suggest
that dietary GAA has a relatively acceptable safety profile, yet medium-term intake appears
to provoke unfavorable biochemical abnormalities, such as the rise in serum homocysteine
(which could be attanuated by GAA co-ingested with creatine). Other adverse events
demonstrated in animal studies with non-enteral administration of GAA are not confirmed
in human trials with supplemental GAA thus far. Still, the possible toxic effects of GAA
in the nervous system reported in pre-clinical research (e.g., modulation of GABA-ergic
neurotransmission, impairment of brain cell development, epileptogenic activity) remain of
high concern, with additional human studies required before advancing GAA for human
use. Whether beneficial effects outcompete side effects of GAA currently remains unknown
in terms of evidence-based efficacy and safety data. A comparative analysis of supplemental
GAA safety using multi-criteria decision analysis remains highly warranted to optimize
treatment selection within the settings of nutrition and clinical bioenergetics.
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Abstract: A possible role of dietary creatine for ensuring proper growth and development remains un-
known. The main aim of this cross-sectional study was to quantify the amount of creatine consumed
through regular diet among U.S. children and adolescents aged 2 to 19 years and investigate the
relationship between creatine intake and growth indicators, using data from the 2001–2002 National
Health and Nutrition Examination Survey (NHANES). We included data for NHANES 2001–2002
respondents (4291 participants, 2133 boys and 2158 girls) aged 2 to 19 years at the time of screening,
who provided valid dietary information and examination measures (standing height and weight).
Individual values for total grams of creatine consumed per day for each participant were computed
using the average amount of creatine (3.88 g/kg) across all sources of meat-based foods. All partici-
pants were categorized for height-for-age and BMI-for-age categories. The average daily intake of
creatine across the whole sample was 1.07 ± 1.07 g (95% CI, from 1.04 to 1.10). Height, weight, and
BMI were significantly different across creatine quartiles (p < 0.001), with all measures significantly
higher in the 4th quartile of creatine intake (≥1.5 g/day) than those in other quartiles (p < 0.05). The
participants from the 3rd quartile of creatine intake (0.84–1.49 g/day) were significantly different
from others with respect to having lower rates of normal stature and higher rates of tall stature
(p < 0.05). Each additional 0.1 g of creatine consumed per day increases height by 0.60 cm (simple
model) or 0.30 cm (adjusted model). The daily intake of creatine from a regular diet in taller children
and adolescents was higher than in shorter peers aged 2–19 years. Future research has to monitor
temporal changes in growth and dietary creatine and validate our findings in interventional studies
across pediatric populations.

Keywords: creatine; children; height; BMI-for-age; stature-for-age; growth

1. Introduction

Providing a diet with a variety of food components plays a crucial role in supporting
normal growth in children and adolescents [1]. Besides meeting the high energy require-
ments and supplying essential macro and micronutrients, increasing evidence has shown
that humans do have dietary needs of non-essential amino acids and by-products to fulfill
their genetic potential for maximum growth, as well as optimal health and well-being [2,3].
Of particular note, adequate provision of dietary creatine may be necessary for optimizing
human growth, development, and health. Creatine is a non-proteinogenic amino acid
derivative that occurs naturally in the human body. About half of its daily turnover comes
from a carnivorous diet while another half is synthesized endogenously in the liver, kidney,
and pancreas, maintaining a creatine homeostatic load of ~2 g per day for an average
person [4]. Creatine is a pleiotropic nutraceutical that plays an essential role in several
metabolic pathways, including tissue bioenergetics and cellular growth. Its contribution to
early growth and development is apparent throughout the literature, with de novo and
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dietary creatine necessary to uphold optimal placental function, maintenance of pregnancy,
as well as fetal growth and maturation [5]. Dietary creatine is also proving to effectively
tackle creatine deficiency syndrome, a genetic malfunction of creatine biosynthetic enzy-
matic machinery characterized by developmental delay and neuromuscular manifestations,
allowing neonates and youngest children with the condition to thrive [6]. Still, whether
dietary creatine affects growth in older children and adolescents at the populational level
has been to date mostly unaddressed. A handful of previous small-scale studies demon-
strated the efficacy of supplemental creatine among athletic adolescents and pediatric
patients [7,8]; however, research in this area omitted to provide any data about dietary
creatine intake and growth. Therefore, the purpose of this cross-sectional study was to
quantify the amount of creatine consumed through regular diet among U.S. children and
adolescents aged 2 to 19 years and investigate the relationship between creatine intake
and growth indicators, using data from the 2001–2002 National Health and Nutrition
Examination Survey (NHANES).

2. Materials and Methods

2.1. Study Population

Data for this study were obtained from the NHANES 2001–2002 round. NHANES
is an annual survey research program operated through the U.S. National Center for
Health Statistics, Division of Health Examination Statistics, a part of the Centers for Disease
Control and Prevention (CDC). The program is created in 1959 to assess children and adults’
health and nutritional status in the United States. The principal objective of NHANES
is to estimate the number and percent of persons in the U.S. population and designated
subgroups, with selected diseases and risk factors, and monitor trends in the prevalence,
awareness, treatment, and control of selected conditions. The NHANES 2001–2002 round
included 11,039 civilian, non-institutionalized male and female individuals aged 0 to
85 years. For this report, we sorted out data for respondents aged 2 to 19 years at the time of
screening, who provided valid dietary information and examination measures (see below).
The data collection for NHANES 2001–2002 was carried out between January 2001 and
December 2002, with informed consent obtained from all participants or parents/guardians.
The ethical approval to conduct the NHANES 2001–2002 was granted by the NHANES
Institutional Review Board (Protocol #98-12).

2.2. Dietary Data

Dietary intake information was acquired from the NHANES 2001–2002 Dietary Data
component. The dietary intake data were used to estimate the types and amounts of foods
and beverages consumed during the 24 h before the in-person interview (midnight to
midnight) and to calculate intakes of energy, relevant nutrients, and other food compo-
nents from foods and beverages consumed; proxy interviews were conducted for survey
participants less than six years of age, and assisted interviews were conducted with survey
participants 6 to 11 years of age. To calculate creatine intake, we first identified meat-
based protein foods using 8-digit food codes from the U.S. Department of Agriculture
(USDA) using dietary interview entries for individual foods; red meat, poultry, fish, and
seafood are recognized as the primary sources of dietary creatine [9,10]. We subsequently
recorded the gram weight of each food component containing meat (USDA codes from
20000000 to 28522000) and calculated the net intake of those foods for each individual by
merging all relevant food items on a daily basis. Individual values for total grams of crea-
tine consumed per day for each participant were computed using the average amount of
creatine (3.88 g/kg) across all meat sources, as previously described [11]. Nutrient intakes
reported did not include those obtained from dietary supplements, medications, or plain
drinking water. The intakes were calculated using the USDA Food and Nutrient Database
for Dietary Studies, which contains the most up-to-date food composition values available
for this time frame. The primary exposure used in this report was the mean grams of
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creatine consumed per day, and the secondary exposure included the average daily dietary
intake of creatine categorized into quartiles.

2.3. Body Measurements

Data for this domain were acquired from NHANES 2001–2002 Examination Data
component for body measures. At a minimum, body weight and standing height were
measured for all participants. Body weight was taken in underwear using a digital scale
(Mettler Toledo, Columbus, OH, USA), with readings recorded to the nearest 0.1 kg by
the automated system. Standing height was measured with a stadiometer in the Frankfort
horizontal plane to the nearest 0.1 cm (Seca, Chino, CA, USA). All measures were obtained
by trained health technicians using a standardized protocol with calibrated equipment,
and measurement components performed in a specially equipped room in the mobile
examination center. Detailed NHANES body measurements component procedures are
presented elsewhere [12]. Body mass index (BMI) was calculated for each participant as
weight in kilograms divided by the square of height in meters (kg/m2). For height and
BMI, we also calculated individual percentiles for each participant, using CDC growth
charts for ages 2–20 years [13], based on CDC LMS tables tabulated at half-month intervals.
The participants were further categorized for height-for-age percentiles as short stature
(height-for-age less than the 5th percentile), normal stature (5th to less than the 95th
percentile), and tall stature (equal to or greater than the 95th percentile). The weight status
categories and the corresponding percentiles were as follows: underweight (BMI-for-age
less than the 5th percentile), normal weight (5th percentile to less than the 85th percentile),
overweight (85th to less than the 95th percentile), and obese (equal to or greater than the
95th percentile). The primary outcome used in the analyses was height; the secondary
outcomes include weight, BMI, height-for-age, and BMI-for-age. Height-for-age and BMI-
for-age are recognized as common growth indicators in children and adolescents by the
World Health Organization [14].

2.4. Statistical Analyses

Descriptive statistics were used to describe the characteristics of the study population.
Data series were analyzed by Kolmogorov–Smirnov test for normality of distribution.
Kruskal–Wallis non-parametric one-way ANOVA was used to compare body measures
across creatine quartiles, and dietary creatine intake across different growth categories,
with post hoc pairwise comparison tests employed to identify the differences between
individual sample pairs. Single and multiple regression analyses with entering procedures
were conducted to assess the association between creatine intake and growth indicators.
The regression models were adjusted for an a priori defined set of covariates, including
demographic variables (gender, race/ethnicity, annual household income), and nutritional
variables (energy, total protein). Finally, chi-square cross-tabulation analysis was conducted
for comparing observed frequencies for growth indicators (stature-for-age and BMI-for-age
categories) across different creatine quartiles, with individual proportions compared with
Z-test adjusted for standardized residuals. Data were analyzed using SPSS Statistics for
Mac (Version 24.0) (IBM, Armonk, NY, USA), with the significance level set at p < 0.05, and
all statistical tests were two-sided.

3. Results

A total of 4291 participants aged 2 to 19 years (2133 boys (49.7%) and 2158 girls
(50.3%)) provided individual dietary data and were assessed for body weight and stand-
ing height. Table 1 displays the basic demographic and nutritional characteristics of
the study sample. The mean age was approximately 11 years of age, and the mean
caloric intake was ~2100 kcal per day. The average daily intake of creatine across the
whole sample was 1.07 ± 1.07 g (95% confidence interval, from 1.04 to 1.10). The aver-
age creatine intake was categorized into quartiles, ranging from 0.00–0.28 g (1st quartile;
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mean ± SD = 0.06 ± 0.09 g), 0.28–0.83 g (2nd quartile; 0.56 ± 0.16 g), 0.84–1.49 g (3rd quar-
tile; 1.13 ± 0.19 g), and 1.50–8.28 g (4th quartile; 2.52 ± 1.06 g).

Table 1. Sample demographic and nutritional characteristics. BMI—body mass index.

Variable

Participants, n 4291
Gender (%)
Female 50.3
Age (years), mean ± SD 11.1 ± 5.3
Generation (%)
Preschooler (2–5 years) 20.0
School-aged children (6–12 years) 33.6
Adolescent (aged 13–19) 46.4
Ethnicity (%)
Non-Hispanic White 29.5
Non-Hispanic Black 4.7
Mexican American 30.9
Other Race 30.6
Other Hispanic 4.3
Annual household income (%)
Less than $24,999 35.2
$25,000–$54,999 31.5
$55,000–$74,999 11.9
$75,000 and over 21.0
Body measures, mean ± SD
Weight (kg) 48.1 ± 24.9
Height (cm) 144.7 ± 27.2
BMI (kg/m2) 21.0 ± 5.8
Overweight (%) 32.7
Dietary intake
Energy (kcal) mean ± SD 2104 ± 965
Protein (g) mean ± SD 103.8 ± 65.1

Height, weight, and BMI were significantly different across creatine quartiles (p < 0.001),
with differences between individual sample pairs for each body measure depicted in Table 2.
All measures were significantly higher in the 4th quartile of creatine intake than those in
other quartiles (p < 0.05), with differences for other interquartile comparisons displayed a
significant downward trend towards the first quartile of creatine intake (Q3 > Q2 > Q1) for
most variables (p < 0.05). No significant differences were found in mean dietary creatine
intake across different stature-for-age categories (p = 0.154), and BMI-for-age categories
(p = 0.138) (Figure 1), although daily creatine consumption tended to be higher in children
and adolescents with tall stature and obese individuals.

Table 2. Body measures across creatine quartiles.

Variable Q1 Q2 Q3 Q4 p Post-Hoc *

Height (cm) 140.7 ± 28.0 137.2 ± 27.9 145.4 ± 26.5 155.3 ± 22.4 <0.001 a b c d e f

Weight (kg) 44.7 ± 24.5 42.1 ± 23.8 49.0 ± 25.6 56.1 ± 23.4 <0.001 b c d e f

BMI (kg/m2) 20.4 ± 5.5 20.1 ± 5.5 21.2 ± 6.0 22.1 ± 5.8 <0.001 b c d e f

Abbreviations: BMI—body mass index. * Superscript letters indicate a significant difference at p < 0.05 between individual sample pairs
after post-hoc analysis, as follows: a Q1 vs. Q2, b Q1 vs. Q3, c Q1 vs. Q4, d Q2 vs. Q3, e Q2 vs. Q4, f Q3 vs. Q4.
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Figure 1. Dietary intake of creatine (g/day) across stature-for-age and BMI-for-age categories.

The results of regression analysis with simple and multivariable models (adjusted for
gender, ethnicity, annual income, energy intake, and total protein) showed a significant
association between primary exposure (dietary creatine intake) and most primary and
secondary outcomes across the whole sample (Table 3), except for BMI-for-age in the crude
model (p = 0.227), and height-for-age in the adjusted model (p = 0.460). Each additional
0.1 g of creatine consumed per day increases height by 0.60 cm (simple model) or 0.30 cm
(adjusted model). Finally, the cross-tabulation analysis revealed a significant difference
across creatine quartiles and stature-for-age categories (p = 0.039), with participants from
Q3 are significantly different from others with respect to having lower rates of normal
stature and higher rates of tall stature (p < 0.05) (Figure 2). No significant difference was
found across creatine quartiles and BMI-for-age categories (p = 0.483).

Table 3. Simple and adjusted multiple regression results of the relationship between dietary creatine
intake and growth indicators. BMI—body mass index.

Crude Model Adjusted Model

B SE p B SE p

Height 0.24 0.57 <0.001 0.117 0.44 <0.001
Weight 0.20 0.35 <0.001 0.131 0.41 <0.001

BMI 0.12 0.08 <0.001 0.115 0.10 <0.001
Height-for-age 0.01 0.01 <0.001 −0.013 0.01 0.460

BMI-for-age 0.02 0.01 0.227 0.053 0.014 0.004
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Figure 2. Dietary intake of creatine (g/day) across stature-for-age. Creatine intake across quartiles was 0.00–0.28 g
(Q1), 0.28–0.83 g (Q2), 0.84–1.49 g (Q3), and 1.50–8.28 g (Q4). Asterisk (*) indicates a significant difference at p < 0.05
between quartiles.

4. Discussion

To our knowledge, this is the first cross-sectional populational study that evaluated the
association between daily intake of creatine from regular diet and growth indicators in U.S.
children and adolescents aged two years and over. We found that children and adolescents
with a higher intake of creatine have higher stature, weight, and BMI compared to lower
intake peers, following a stepwise rise corresponding to an incremental increase in dietary
creatine intake. The mean dietary creatine intake appeared similar across different stature-
for-age and BMI-for-age categories; however, the participants in the 3rd quartile of creatine
intake (0.84–1.49 g/day) were significantly different from others with respect to having
higher rates of tall stature. After controlling for demographic and nutritional variables,
dietary creatine intake appeared positively associated with most growth indicators.

Creatine (methyl guanidino acetic acid) is a nitrogen-containing metabolite of argi-
nine, glycine, and methionine synthesized endogenously in the human body and acquired
through diet. Growing evidence suggests that creatine, along with other amino acid deriva-
tives originating from animal-based foods, may play an essential role in human growth
and development, from intrauterine growth onwards [10]. A preliminary metabolomics
study advances normal maternal creatine levels during the third trimester of pregnancy as
a protective factor against poor perinatal outcomes, including a small-for-gestational-age
infant, preterm birth, and neonatal intensive care admission [15]. A retrospective cohort
study shows that fetal growth is positively associated with creatine levels, with each unit
increase in maternal creatine goes with a 1.23 unit increase in birthweight centile and a
0.11-cm increase in birth length [16]. These studies perhaps point to increased requirements
for creatine due to the fetus’s rapid growth and increased metabolic needs throughout
pregnancy. Another prospective study demonstrated an increase in fetal brain creatine lev-
els in healthy pregnant women between 18- and 40-weeks gestational age who underwent
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proton-MRS [17]. This continues for the postnatal period, with cerebral creatine increment
occurs during the first months of life and growth [18]. Creatine appears to be related to
the normal growth of older children as well. In a small-scale trial, 19 undernourished boys
aged 8–11 years demonstrated low creatine levels due to diet deficient in creatine-building
components, with nutritional supplementation provides compensation for creatine levels
towards weight gain [19]. Dietary creatine normalizes creatine concentrations, makes
substantial developmental progress, and attenuates clinical features in children suffering
from creatine deficiency syndromes [6]. In addition, supplemental creatine elicited a signif-
icant increase in height in children with acute lymphoblastic leukemia [20], implying the
importance of creatine in the growth and maturation across various pediatric settings.

Our results corroborate previous findings concerning the positive association between
dietary creatine and growth in a nationally representative cohort of children and adoles-
cents. The link between food creatine and growth remained robust even after controlling
for energy and total protein, suggesting a distinctive role of dietary creatine during growth.
We hypothesized that creatine might favorably affect growth by several means that involve
augmented energy metabolism [21], bone mass accretion [20], and fat-free mass augmenta-
tion [22]. Additional mechanistic research is highly warranted to explore what underpins
the possible benefits of dietary creatine for growth and development. Establishing a thresh-
old of dietary creatine linked with advanced growth in the youth population remains
complex. We found that children and adolescents who consume extra creatine are more
likely to have tall stature, with those individuals who took 0.84 to 1.49 g of creatine per
day (3rd quartile) more often having tall stature than other subgroups. Nevertheless, the
proportion of tall stature among participants from the highest quartile (4th) did not differ
from the lowest (1st) and lower (2nd) quartiles. This perhaps suggests that consuming
additional dietary creatine (>1.5 g/day) was not necessarily accompanied by a higher
prevalence of tall stature and advanced growth. The daily amount of creatine consumed by
children and adolescents in the 3rd quartile (mean 1.13 g) might be appropriate to facilitate
growth, keeping in mind the fact that the uptake of creatine from the diet of about 1 g per
day is required to achieve steady state in the adult population [4], with youth perhaps
needing more dietary creatine to sustain growth and maturation.

Since meat-based foods are the primary source of creatine [10], our findings may
have implications for children and adolescents who limit the intake of those foods in
their diet. Previous studies reported a higher risk of growth retardation among young
children with low regular meat intake, while meat consumption was associated with a
reduced likelihood of stunting [23,24]. In light of our findings, the protective effect of
meat consumption against stunting should emphasize the possible role of creatine, along
with other food components abundant in meat, to improve nutritional practices in the
pediatric population. With this in mind, creatine intake might be recognized as another
nutritional factor that positively affects growth and well-being in infants and children [10].
Addressing optimal creatine consumption could be thus considered among public measures
for pediatric nutrition, either via fostering diets rich in creatine-containing foods, creatine
supplementation, and/or food fortification with creatine [25]. The reference intervals of
dietary creatine requirements for children and adolescents remain to be elucidated.

Study strengths include using a relatively large NHANES sample, complemented
with growth indicators (e.g., stature-for-age and BMI-for-age) calculated and labeled for
each participant, while the correlation between creatine intake and growth indicators
controlled for main demographic and nutritional variables, including gender and total
protein intake. Nevertheless, several limitations have to be considered when the study
results are interpreted. The cross-sectional design of the current study prevents any
conclusions about a cause and effect between creatine intake and body measures and
analyzing temporal changes in those variables occurring with growth. The mean dietary
creatine intake has been calculated using single-day self- or proxy-reported 24-h interviews,
which could be susceptible to recall bias and cannot account for a day-to-day variation. The
creatine calculation method used here omitted to consider variability in creatine content
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across various meat-based foods and non-meat sources; the amount of creatine may differ
within animal protein subgroups [11]. In addition, NHANES data provide no measure or
estimation of endogenous creatine production, a possible modifying variable that could
account for a total daily creatine load (a sum of creatine synthesized de novo along with
creatine consumed from a diet). Finally, nutritional conditions evaluated in this cohort
(NHANES 2001–2002) might be very different from the contemporary diet, and future trials
should evaluate possible time-related changes in dietary creatine intake among present-day
children and adolescents, also across various countries.

5. Conclusions

Our study demonstrated that the daily intake of creatine from a regular diet in taller
children and adolescents was higher than those in shorter peers aged 2–19 years. A
positive association between creatine consumption and growth remained robust after
adjusting for main demographic and nutritional variables. Therefore, taking enough
creatine with regular food should be considered to ensure advanced growth in U.S. children
and adolescents. Future research has to monitor temporal changes in growth and dietary
creatine using objective biomarkers of creatine consumption and validate our findings in
interventional studies across pediatric populations.

Author Contributions: D.K.: conducted research, analyzed data and performed statistical analysis,
wrote paper draft, revised the paper. V.S.: conducted research, analyzed data and performed statistical
analysis, revised the paper. S.M.O.: designed research (project conception, development of overall
research plan, and study oversight), analyzed data and performed statistical analysis, wrote paper
draft, and had primary responsibility for final content. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. The ethical approval to conduct the NHANES 2001–2002 was granted by the
NHANES Institutional Review Board (Protocol #98-12).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data described in the manuscript will be made available upon request.

Conflicts of Interest: D.K. and V.S. declare no conflicts of interest. S.M.O. serves as a member of the
Scientific Advisory Board on creatine in health and medicine (AlzChem LLC). S.M.O. owns patent
“Sports Supplements Based on Liquid Creatine” at European Patent Office (WO2019150323 A1) and
active patent application “Synergistic Creatine” at UK Intellectual Property Office (GB2012773.4).
S.M.O. has served as a speaker at Abbott Nutrition, a consultant of Allied Beverages Adriatic and
IMLEK, and an advisory board member for the University of Novi Sad School of Medicine and has
received research funding related to creatine from the Serbian Ministry of Education, Science, and
Technological Development, Provincial Secretariat for Higher Education and Scientific Research,
AlzChem GmbH, KW Pfannenschmidt GmbH, and ThermoLife International LLC. S.M.O. is an
employee of the University of Novi Sad and does not own stocks and shares in any organization.
The funders had no role in the design of the study; in the collection, analyses, or interpretation of
data; in the writing of the manuscript; or in the decision to publish the results.

References

1. Corkins, M.R.; Daniels, S.R.; de Ferranti, S.D.; Golden, N.H.; Kim, J.H.; Magge, S.N.; Schwarzenberg, S.J. Nutrition in children
and adolescents. Med. Clin. N. Am. 2016, 100, 1217–1235. [CrossRef]

2. Hou, Y.; Yin, Y.; Wu, G. Dietary essentiality of “nutritionally non-essential amino acids” for animals and humans. Exp. Biol. Med.
2015, 240, 997–1007. [CrossRef]

3. Hou, Y.; Wu, G. Nutritionally nonessential amino acids: A misnomer in nutritional sciences. Adv. Nutr. 2017, 8, 137–139.
[CrossRef] [PubMed]

4. Brosnan, J.T.; Brosnan, M.E. Creatine: Endogenous metabolite, dietary, and therapeutic supplement. Annu. Rev. Nutr. 2007, 27,
241–261. [CrossRef]

450



Nutrients 2021, 13, 1027

5. Muccini, A.M.; Tran, N.T.; de Guingand, D.L.; Philip, M.; Della Gatta, P.A.; Galinsky, R.; Sherman, L.S.; Kelleher, M.A.; Palmer,
K.R.; Berry, M.J.; et al. Creatine metabolism in female reproduction, pregnancy and newborn health. Nutrients 2021, 13, 490.
[CrossRef] [PubMed]

6. Stöckler, S.; Hanefeld, F.; Frahm, J. Creatine replacement therapy in guanidinoacetate methyltransferase deficiency, a novel inborn
error of metabolism. Lancet 1996, 348, 789–790. [CrossRef]

7. Evangeliou, A.; Vasilaki, K.; Karagianni, P.; Nikolaidis, N. Clinical applications of creatine supplementation on paediatrics. Curr.
Pharm. Biotechnol. 2009, 10, 683–690. [CrossRef]

8. Jagim, A.R.; Stecker, R.A.; Harty, P.S.; Erickson, J.L.; Kerksick, C.M. Safety of creatine supplementation in active adolescents and
youth: A brief review. Front. Nutr. 2018, 5, 115. [CrossRef]

9. Brosnan, J.T.; da Silva, R.P.; Brosnan, M.E. The metabolic burden of creatine synthesis. Amino Acids 2011, 40, 1325–1331.
[CrossRef] [PubMed]

10. Wu, G. Important roles of dietary taurine, creatine, carnosine, anserine and 4-hydroxyproline in human nutrition and health.
Amino Acids 2020, 52, 329–360. [CrossRef]

11. Bakian, A.V.; Huber, R.S.; Scholl, L.; Renshaw, P.F.; Kondo, D. Dietary creatine intake and depression risk among U.S. adults.
Transl. Psychiatry 2020, 10, 52. [CrossRef] [PubMed]

12. NHANES. Anthropometry Procedures Manual; CDC: Atlanta, GA, USA, 2000.
13. Kuczmarski, R.J.; Ogden, C.L.; Guo, S.S.; Grummer-Strawn, L.M.; Flegal, K.M.; Mei, Z.; Wei, R.; Curtin, L.R.; Roche, A.F.; Johnson,

C.L. 2000 CDC Growth Charts for the United States: Methods and development. Vital Health Stat. 2002, 11, 1–190.
14. de Onis, M.; Garza, C.; Victora, C.G.; Onyango, A.W.; Frongillo, E.A.; Martines, J. The WHO Multicentre Growth Reference Study:

Planning, study design, and methodology. Food Nutr. Bull. 2004, 25, S15–S26. [CrossRef] [PubMed]
15. Heazell, A.E.; Bernatavicius, G.; Warrander, L.; Brown, M.C.; Dunn, W.B. A metabolomic approach identifies differences in mater-

nal serum in third trimester pregnancies that end in poor perinatal outcome. Reprod. Sci. 2012, 19, 863–875. [CrossRef] [PubMed]
16. Dickinson, H.; Davies-Tuck, M.; Ellery, S.J.; Grieger, J.A.; Wallace, E.M.; Snow, R.J.; Walker, D.W.; Clifton, V.L. Maternal creatine in

pregnancy: A retrospective cohort study. BJOG 2016, 123, 1830–1838. [CrossRef] [PubMed]
17. Evangelou, I.E.; du Plessis, A.J.; Vezina, G.; Noeske, R.; Limperopoulos, C. Elucidating metabolic maturation in the healthy fetal

brain using 1H-MR spectroscopy. Am. J. Neuroradiol. 2016, 37, 360–366. [CrossRef] [PubMed]
18. Blüml, S.; Wisnowski, J.L.; Nelson, M.D., Jr.; Paquette, L.; Panigrahy, A. Metabolic maturation of white matter is altered in preterm

infants. PLoS ONE 2014, 9, e85829. [CrossRef]
19. Koyanagi, T.; Hareyama, S.; Takanohashi, T. Effect of supplementation of vitamin, phosphorus, methionine or skim milk on the

cystine content of hair, dark adaptation, creatine-creatinine excretion and growth of undernourished children. Tohoku J. Exp. Med.
1965, 85, 108–114. [CrossRef]

20. Bourgeois, J.M.; Nagel, K.; Pearce, E.; Wright, M.; Barr, R.D.; Tarnopolsky, M.A. Creatine monohydrate attenuates body fat
accumulation in children with acute lymphoblastic leukemia during maintenance chemotherapy. Pediatr. Blood Cancer 2008, 51,
183–187. [CrossRef]

21. Banerjee, B.; Sharma, U.; Balasubramanian, K.; Kalaivani, M.; Kalra, V.; Jagannathan, N.R. Effect of creatine monohydrate
in improving cellular energetics and muscle strength in ambulatory Duchenne muscular dystrophy patients: A randomized,
placebo-controlled 31P MRS study. Magn. Reson. Imaging 2010, 28, 698–707. [CrossRef]

22. Tarnopolsky, M.A.; Mahoney, D.J.; Vajsar, J.; Rodriguez, C.; Doherty, T.J.; Roy, B.D.; Biggar, D. Creatine monohydrate enhances
strength and body composition in Duchenne muscular dystrophy. Neurology 2004, 62, 1771–1777. [CrossRef] [PubMed]

23. Marquis, G.S.; Habicht, J.P.; Lanata, C.F.; Black, R.E.; Rasmussen, K.M. Breast milk or animal-product foods improve linear
growth of Peruvian toddlers consuming marginal diets. Am. J. Clin. Nutr. 1997, 66, 1102–1109. [CrossRef] [PubMed]

24. Krebs, N.F.; Mazariegos, M.; Tshefu, A.; Bose, C.; Sami, N.; Chomba, E.; Carlo, W.; Goco, N.; Kindem, M.; Wright, L.L.; et al.
Meat consumption is associated with less stunting among toddlers in four diverse low-income settings. Food Nutr. Bull. 2011, 32,
185–191. [CrossRef] [PubMed]

25. Ostojic, S.M. Eat less meat: Fortifying food with creatine to tackle climate change. Clin. Nutr. 2020, 39, 2320. [CrossRef]

451





nutrients

Article

A Convergent Functional Genomics Analysis to Identify
Biological Regulators Mediating Effects of
Creatine Supplementation

Diego A. Bonilla 1,2,3,4,*, Yurany Moreno 1,2, Eric S. Rawson 5, Diego A. Forero 6, Jeffrey R. Stout 7,

Chad M. Kerksick 8, Michael D. Roberts 9,10 and Richard B. Kreider 11

Citation: Bonilla, D.A.; Moreno, Y.;

Rawson, E.S.; Forero, D.A.; Stout, J.R.;

Kerksick, C.M.; Roberts, M.D.;

Kreider, R.B. A Convergent

Functional Genomics Analysis to

Identify Biological Regulators

Mediating Effects of Creatine

Supplementation. Nutrients 2021, 13,

2521. https://doi.org/10.3390/

nu13082521

Academic Editors: Maria

Luz Fernandez and David C. Nieman

Received: 24 June 2021

Accepted: 21 July 2021

Published: 23 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Research Division, Dynamical Business & Science Society—DBSS International SAS,
Bogotá 110861, Colombia; luzyuranymoreno@gmail.com

2 Research Group in Biochemistry and Molecular Biology, Universidad Distrital Francisco José de Caldas,
Bogotá 110311, Colombia

3 Research Group in Physical Activity, Sports and Health Sciences (GICAFS), Universidad de Córdoba,
Montería 230002, Colombia

4 kDNA Genomics®, Joxe Mari Korta Research Center, University of the Basque Country UPV/EHU,
20018 Donostia-San Sebastián, Spain

5 Department of Health, Nutrition and Exercise Science, Messiah University, Mechanicsburg, PA 17055, USA;
erawson@messiah.edu

6 Professional Program in Sport Training, School of Health and Sport Sciences, Fundación Universitaria del
Área Andina, Bogotá 111221, Colombia; dforero41@areandina.edu.co

7 Physiology of Work and Exercise Response (POWER) Laboratory, Institute of Exercise Physiology and
Rehabilitation Science, University of Central Florida, Orlando, FL 32816, USA; jeffrey.stout@ucf.edu

8 Exercise and Performance Nutrition Laboratory, School of Health Sciences, Lindenwood University,
Saint Charles, MO 63301, USA; ckerksick@lindenwood.edu

9 School of Kinesiology, Auburn University, Auburn, AL 36849, USA; mdr0024@auburn.edu
10 Edward via College of Osteopathic Medicine, Auburn, AL 36849, USA
11 Exercise & Sport Nutrition Laboratory, Human Clinical Research Facility, Texas A&M University,

College Station, TX 77843, USA; rbkreider@tamu.edu
* Correspondence: dabonilla@dbss.pro; Tel.: +57-320-335-2050

Abstract: Creatine (Cr) and phosphocreatine (PCr) are physiologically essential molecules for life,
given they serve as rapid and localized support of energy- and mechanical-dependent processes.
This evolutionary advantage is based on the action of creatine kinase (CK) isozymes that connect
places of ATP synthesis with sites of ATP consumption (the CK/PCr system). Supplementation with
creatine monohydrate (CrM) can enhance this system, resulting in well-known ergogenic effects and
potential health or therapeutic benefits. In spite of our vast knowledge about these molecules, no
integrative analysis of molecular mechanisms under a systems biology approach has been performed
to date; thus, we aimed to perform for the first time a convergent functional genomics analysis to
identify biological regulators mediating the effects of Cr supplementation in health and disease. A
total of 35 differentially expressed genes were analyzed. We identified top-ranked pathways and
biological processes mediating the effects of Cr supplementation. The impact of CrM on miRNAs
merits more research. We also cautiously suggest two dose–response functional pathways (kinase-
and ubiquitin-driven) for the regulation of the Cr uptake. Our functional enrichment analysis, the
knowledge-based pathway reconstruction, and the identification of hub nodes provide meaningful
information for future studies. This work contributes to a better understanding of the well-reported
benefits of Cr in sports and its potential in health and disease conditions, although further clinical
research is needed to validate the proposed mechanisms.

Keywords: creatine kinase; systems biology; bioinformatics; MAP kinase signaling system; sodium-
chloride-dependent neurotransmitter symporters; signal transduction
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1. Introduction

Creatine (Cr), or alpha-methylguanidinoacetic acid (PubChem CID: 586), and its
phosphorylated form, phosphocreatine (PCr), are essential molecules for the optimal
functioning of tissues with high and fluctuating energy demands [1]. They provide an
evolutionary advantage via several creatine kinase (CK) isozymes that functionally connect
places of adenosine triphosphate (ATP) synthesis with sites of ATP consumption (the
CK/PCr system) [2]; therefore, Cr and PCr are physiologically essential for life through
a rapid and localized support of energy- and mechanical-dependent processes (i.e., cell
survival, growth, proliferation, differentiation, and migration or motility) [3,4]. For a recent
and comprehensive review of the Cr metabolism, please refer to [3].

The CK/PCr system can be enhanced through supplementation with creatine mono-
hydrate (CrM), which is the most studied, safe, and effective nutritional supplement to
optimize physical performance [5–8], with potential benefits in health and disease [9–19].
It seems that the elevation of intracellular PCr concentration causes a greater capacity for
phosphagens to contribute to energy metabolism, while working to reduce the accumu-
lation of Pi and H+ and improving Ca2+ handling as important mediators of fatigability
in young and older adults [20–23]. This has previously been reported in vivo and in vitro
after CrM supplementation [24–29]. Notwithstanding, a cellular environment rich in high-
energy phosphates might also trigger downstream signaling pathways that are sensitive to
energy changes by activating secondary messengers and protein kinases [30,31]. In this
sense, several clinical trials [32–35] and research in animal models [36–38] have revealed
that CrM administration regulates the expression of particular genes or proteins using
low-throughput screening. In accordance with Kontou et al. [39], individual experiments
can only identify targeted regulators (based on prior knowledge), with limited compre-
hension of how the biological system works. As a result, data integration from multiple
experimental studies and public repositories is necessary to understand the function of bio-
logical entities (e.g., genes, proteins) and their expression patterns under certain conditions.
Additionally, ‘omics’ technologies in conjunction with the advance of bioinformatics tools
allow for data integration and the extraction of biologically relevant information, such as
identifying biomarkers and regulatory components within a network [40]. Consequently,
the use of a systems biology approach guarantees identification, at a systems scale, of the
molecular signatures of cellular processes, molecular interactions, and relevant metabolic
pathways present in the complex physiological responses or diseases with multi-factorial
underpinnings [41,42]. Among the different approaches, convergent functional genomics
(CFG) is an interesting methodological approach for the integrative analysis of molecular
mechanisms by combining multiple lines of genomic evidence from different species [43].
CFG takes advantage of the conserved nature of metabolic circuits between several species
(e.g., rodents and humans) [44] to provide relevant information about the structural and
functional changes within the cell when there is not enough available data or the experi-
ments are difficult, if not impossible, to conduct in humans (e.g., those in brain tissue) [45].
While human data increase the clinical relevance (specificity), animal model data increase
the ability to identify the signal (sensitivity). Combined together, we enhance our ability
to distinguish signals from noise, even with limited cohorts and datasets [46]; therefore,
CFG is useful for identifying novel candidate genes and pathways for specific pheno-
types [47–50] and compound-mediated gene regulation [51,52]. It is necessary to point
out the complementary features of low- and high-throughput analysis, given that subse-
quent validation of the identified metabolic hubs requires the high sensitivity, lower noise,
and reproducibility of low-throughput techniques (e.g., post-transcriptional regulation
assessment, targeted-molecules expression, protein–protein interactions) [53].

In the context of novel models of physiological regulation, the concept of allostasis
was developed. This highlights the importance of the anticipation of needs (such as the
timely provision of energy and adequate environmental conditions) for the functional
and structural stability of cells through adaptive changes [54]. Although efforts have
been made to integrate the different points of metabolic regulation to explain the positive
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effects of CrM supplementation on physical performance [55–57] and health or therapeutic
benefits [58–60], no systems biology analysis has been performed to date. Readers are
encouraged to refer to the comprehensive reviews in the Special Issue on “Creatine Sup-
plementation for Health and Clinical Diseases” to learn more about the effects of CrM
supplementation [9]. The use of a systems biology approach might contribute to better
comprehension of the molecular, cellular, tissue, and systemic effects of CrM and its appli-
cations to health and disease; thus, the aim of this study was to perform for the first time a
CFG analysis to identify relevant pathways and biological processes mediating the effects
of Cr supplementation in health and disease. This secondary analysis of the available
data on differentially expressed genes after CrM administration in humans and mice will
provide meaningful information for future studies.

2. Methods

2.1. Functional Genomic Analysis
2.1.1. Search and Sources of Evidence

In order to collect the gene expression data, two public repositories (NCBI Gene
Expression Omnibus (GEO: http://www.ncbi.nlm.nih.gov/geo (accessed on 14 January
2021)) and the ArrayExpress Archive (https://www.ebi.ac.uk/arrayexpress/) (accessed
on 14 January 2021) were searched following the PRISMA statement guidelines [61] and
international recommendations [62]. The following Boolean algorithm was used in the
GEO repository: (“creatine”[MeSH Terms] OR creatine monohydrate[All Fields]) AND supple-
mentation[All Fields], while the free term “creatine” was used in the ArrayExpress Archive.
Repositories were accessed on 14 January 2021, although an updated search was con-
ducted prior to manuscript submission. We also contacted corresponding authors (e-mail
communication) to obtain missing raw data when no record was found in the repositories.

2.1.2. Eligibility Criteria

The inclusion of gene expression data for the CFG analysis was restricted to the
following: (1) original experimental studies that screened for genes differing between
Cr and controls; (2) raw data deposited in the NCBI GEO or the ArrayExpress Archive;
(3) expression data obtained from any tissue or cell; (4) human or mouse experimental
models. The search excluded data obtained from the combination of Cr with other com-
pounds. Information was extracted from each identified record and reported in a table,
including the organism, reference, GEO accession number, sample type, numbers of cases
and controls, and platform.

2.1.3. Analysis of Differentially Expressed Genes and Convergence

The GEO2R web application [63] was used to identify differentially expressed (DE)
genes in the datasets for human and mouse models (freely available at http://www.ncbi.
nlm.nih.gov/geo/geo2r/, accessed on 18 January 2021). For the analysis with the GEO2R
tool, samples from Cr treatment were taken as the experimental group, while untreated
samples were taken as the control group. GEO2R provides the following summary statistics
as generated by ‘limma’, which performs the top table computation to extract a table of the
top-ranked genes, including the adjusted p-values and raw p-values; moderated t-statistics,
B-statistics, or log-odds that the gene is differentially expressed; the log2-fold changes
between pairs of experimental conditions; and moderated F-statistics (which combines
the t-statistics for all the pair-wise comparisons into an overall test of significance for that
gene) [64].

A CFG approach was used to identify a list of candidate genes with multiple lines
of evidence from humans and mouse models. After the GEO2R analysis, the gene names
were extracted from the differentially expressed genes based on the adjusted p-values
using the Benjamini–Hochberg method. An online tool developed by Bioinformatics
and Evolutionary Genomics at VIB/UGent (Gent, Belgium) (http://bioinformatics.psb.
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ugent.be/webtools/Venn) was used to identify convergence in the list of genes from these
datasets (accessed on 29 January 2021).

2.1.4. Functional Enrichment Analysis

Gene Ontology (GO) enrichment analysis of the list of genes from the convergent
analysis was performed with the gene set enrichment analysis tool for mammalian gene
sets from Enrichr, which is a comprehensive resource for curated gene sets that was
published in 2013 [65] (http://amp.pharm.mssm.edu/Enrichr, accessed on 12 May 2021).
An exploratory analysis with the DAVID tool (https://david.ncifcrf.gov/, accessed on 12
May 2021) showed similar results to top terms sorted by p-value ranking using the Enrichr
platform, an outcome that was somewhat expected given the use a scoring method similar
to both the hypergeometric test and Fisher’s exact test; however, the advantages of Enrichr
over other tools are its comprehensiveness, ease of use, interactive visualization of the
results, and the calculation of a combined score, which has been demonstrated to recover
more of the ‘correct’ terms compared with the other methods (e.g., the over-representation
analysis, the Jaccard distance, or the number of overlapping genes) [66]. Enrichr also
retrieves the computational predictions of interactions between the list of genes from
the convergent analysis and small non-coding microRNAs (known as miRNAs) using
the miRTarBase library [67], which contains experimentally validated miRNA–mRNA
interactions. We reported the categories ranked as statistically significant based on adjusted
p-values using an inherent z-score permutation background correction on Fisher’s exact
test. The bioinformatics tools were accessed from 20 February to 12 May 2021.

2.1.5. Upstream Regulatory Pathway Analysis

We utilized the differentially expressed genes from the CFG analysis to infer the
upstream regulatory networks using the computational pipeline of the eXpression2Kinases
(X2K) Web (freely available at https://amp.pharm.mssm.edu/X2K/, accessed on 12 May
2021) [68]. X2K Web is an enhanced algorithm that performs an enrichment analysis to
prioritize transcription factors that most likely regulate the observed changes in mRNA
expression (ChEA and PWM), which was previously validated by Chen et al. [42]. It then
utilizes known protein–protein interactions (PPIs) to connect the identified transcription
factors to form a subnetwork. Finally, kinase enrichment analysis (KEA) is performed
to prioritize protein kinases known to phosphorylate substrates within the subnetwork
of transcription factors and the intermediate proteins that connect them. Top kinases
and regulatory proteins (ranked by hypergeometric p-values, which indicate unusual
differential expression in the database) were contrasted to individual low-throughput
experimental reports available in the literature.

3. Findings

3.1. Selection of Gene Expression Datasets

After retrieving the records using the Boolean algorithm, we obtained 33 datasets from
the GEO database, 20 from the ArrayExpress Archive, and one from the hand searching
process in Google Scholar. The expression data for one study that assessed changes in
muscle transcriptome after Cr supplementation during knee immobilization in healthy
young men [69] was not published within a public repository (unsuccessful e-mail com-
munication). After the assessment for inclusion criteria, only four records were suitable
for eligibility, although one study was excluded from the analysis because a treatment
combination with Cr, tacrine, and moclobemide was carried out. The overall procedure for
data extraction is shown in the PRISMA flow chart (Figure 1).
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Figure 1. PRISMA flow diagram.

We downloaded the gene expression datasets GSE7877 [70] (human), GSE5140 [71]
and GSE42356 [72] (mouse) from the GEO. Table 1 shows the characteristics of the studies
and datasets that were included in our CFG analysis.

Table 1. Datasets used in the convergent functional genomic analysis.

Organism Reference
GEO

Number
Design Creatine Control Platform

Human [70] GSE7877

Expression profiling of vastus
lateralis muscle in a randomized,

placebo-
controlled, crossover,

double-blind design in young,
healthy, non-obese men

supplemented with CrM vs.
placebo (dextrose) for ten days

12 12
Buck

Institute_Homo
sapiens_25K_verC

Mouse [71] GSE5140
Analysis of brains of C57Bl/6J

animals fed a Cr-supplemented
diet for six months

6 7
Affymetrix Mouse

Genome 430
2.0 Array

Mouse [72] GSE42356 3T3 fibroblasts overexpressing
CRT were treated with 5mM CrM 3 3

Illumina
MouseWG-6 v2.0

expression
beadchip

3.2. Analysis of Differentially Expressed Genes

After the analysis with the GEO2R tool, the differentially expressed genes were
selected using the adjusted p < 0.05 as the cut-off. Subsequently, these lists of genes were
filtered for duplicates and empty gene names to retrieve 112 genes from GSE5140 (Table S1)
and 11 genes from GSE42356 (Table S2). The available expression profile analyzed by
Safdar et al. [70] with 34 genes from GSE7877 was used for subsequent analysis (Table S3).
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3.3. Analysis of Convergence between Datasets

The results of the convergent analysis are shown in Figure 2. The human and mice
datasets converged in polyglutamine-binding protein 1 (PQBP1). This gene encodes a
scaffold protein involved in the regulation of transcription, alternative mRNA splicing (via
spliceosome), innate immunity, and neuron projection development (UniProtKB-O60828).
The list of genes used for the subsequent enrichment analysis encompassed two genes
from the converged results and 33 differentially expressed genes from the GSE7877 dataset
(Homo sapiens).

 

Figure 2. Convergent analysis of the differentially expressed genes obtained from the three datasets: (A) Venn diagram
comparing differentially expressed genes identified in the included datasets (adjusted p < 0.05); (B) list of genes derived
from the convergent functional genomics analysis in human and mouse models. Hs: Homo sapiens; Mm: Mus musculus.

3.4. Functional Enrichment Analysis

Functional annotation revealed that the 35 selected genes are involved in the regulation
of apoptosis, proliferation–differentiation, and replication–transcription processes. Table 2
shows the functional annotation GO terms (biological process, molecular function, and
cellular component) and the prediction analysis of interactions between the input list
and miRNAs.

Table 2. Functional annotation and miRNA enrichment analysis of the list of genes from the convergent analysis.

Category GO ID Term Adjusted p-Value

Biological Process

GO:0030879 Mammary gland development 0.00538

GO:0043069 Negative regulation of programmed cell
death 0.01899

GO:0045765 Regulation of angiogenesis 0.03483

GO:0071542 Dopaminergic neuron differentiation 0.05505

GO:0001934 Positive regulation of protein
phosphorylation 0.05505

Cellular Component

GO:0005664 Nuclear origin of replication recognition
complex 0.2386

GO:0005682 U5 snRNP 0.2386

GO:0031904 Endosome lumen 0.2386

GO:0046540 U4/U6 x U5 tri-snRNP complex 0.2386

GO:0005637 Nuclear inner membrane 0.2386
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Table 2. Cont.

Category GO ID Term Adjusted p-Value

Molecular Function

GO:0035198 miRNA binding 0.05290

GO:0036002 Pre-mRNA binding 0.05290

GO:0048365 Rac GTPase binding 0.05290

GO:0031593 Polyubiquitin-modification-dependent
protein binding 0.05290

GO:0001664 G-protein-coupled receptor binding 0.05290

Database miRBase Accession Description Adjusted p-Value

miRTarBase

MIMAT0000416 Mature sequence Homo sapiens miR-1-3p 0.0942

MIMAT0000275 Mature sequence Homo sapiens miR-218-5p 0.1405

MIMAT0000447 Mature sequence Homo sapiens miR-134-5p 0.1513

MIMAT0022487 Mature sequence Homo sapiens miR-5694 0.1961

MI0000542 Stem loop sequence Homo sapiens
miR-320a 0.2492

3.5. Upstream Regulatory Pathway Analysis

The upstream pathway analysis resulted in the proto-oncogene c-Fos (FOS), specificity
protein 1 (SP1), nuclear transcription factor Y subunit alpha (NFYA), the enhancer of
zeste homolog 2 (EZH2) and suppressor of zeste 12 (SUZ12) complex, zinc finger MIZ-
type containing 1 (ZMIZ1), Myc proto-oncogene protein (MYC), protein max (MAX, also
known as Myc-associated factor X), and erythroid transcription factor (GATA1) as the top
transcription factors that most likely regulate the observed changes in gene expression
after Cr administration. Our kinase enrichment analysis showed that mitogen-activated
protein kinase 14 (MAPK14, also known as p38), cyclin-dependent kinases (CDKs), casein
kinase II subunit alpha (CSNK2A1, also known as CK2A1), extracellular signal-regulated
kinases (ERKs), protein kinase B (Akt/PKB), and c-Jun N-terminal kinases (JNKs) are the
top signaling pathways that activate kinases known to phosphorylate substrates within
our subnetwork of transcription factors and intermediate proteins (Figure 3).

Figure 3. Cont.
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Figure 3. Upstream regulatory pathway analysis of the 35 selected differentially expressed genes: (A). transcription factor
enrichment analysis; (B) protein–protein interaction expansion; (C) kinase enrichment analysis; (D) eXpression2Kinases
network. Figures were obtained from the X2K Web (https://amp.pharm.mssm.edu/X2K/, accessed on 12 May 2021) after
running the upstream pathway analysis of the selected genes as the input gene list.
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4. Discussion

From a systems biology perspective, the analysis of interactions and characteristics
of the system’s components (e.g., molecular system bioenergetics, genome-wide gene-
expression profiling, and pathway identification) facilitates the deciphering of the action
mechanisms of various system-level properties and biological functions [73]. The CFG
approach has been described as a Bayesian way of cross-validating biological findings while
reducing uncertainty. In addition, the bioinformatics enrichment of groups of converged
genes leads to insights into pathways and mechanisms that may be involved in different
phenotypes [74]. This methodology has been successfully utilized, even with limited size
cohorts and datasets, in the study of gene associations with chronic fatigue syndrome [50];
biomarker identification for suicidality [48], attention-deficit–hyperactivity disorder [49],
stress-related psychiatric disorders [75], and mood disorders [52]; and the discovery of
novel candidate genes and signaling pathways for epileptogenesis [47] and retinol or
retinoic acid exposure [51]. In order to understand the underlying biological processes and
mechanisms mediating the effects of Cr administration, we performed a CFG analysis on
differentially expressed genes in humans and mice for the first time. Under the allostasis
paradigm (that is, adaptation to changes through mechanisms that alter the set point of
metabolic or physiological variables) [76], the CK/PCr system should be seen as an essential
mechanism for life (cell survival, growth, proliferation, differentiation, and migration or
motility). We previously suggested that the CK/PCr system works as a dynamic biosensor
of chemomechanical energy transduction [3] with ‘concurrent reactions with exchange
motifs’ [77] that might account for the wide range of diseases after alterations in intracellular
Cr concentrations. In agreement with the established regulation of cellular allostasis
through a complex balance of subcellular energy production and cellular mechanics [78],
our CFG and enrichment analysis showed several biological regulators related to energy
metabolism (extra- and intramitochondrial pathways) and cytoskeletal machinery (motor
and cytolinker proteins). This makes the CK/PCr system a fractal model that can be used
to exemplify the cytoskeleton-mediated, energy-driven, mechanoadaptative processes of
the cells. This is the first time an integrative approach has been implemented to elucidate
how the enhanced Cr metabolism (via CrM administration) is directly involved in the
cellular adaptations through a complex balance of subcellular energy production and
cellular mechanics.

4.1. Biological Pathways Mediating Effects

The functional annotation of the 35 selected differentially expressed genes after CrM
administration showed that these are involved in anti-apoptotic processes, cell differentia-
tion, and positive regulation of protein phosphorylation cascades. It must be noted that
these genes perform functions throughout the cell (nuclear origin of replication recognition
complex (nucleus), U5 snRNP (transcription complex), and endosome lumen (vesicles))
through either receptor activation and secondary messengers (G-protein-coupled receptor
binding, Rac GTPase binding, and polyubiquitin modification-dependent protein binding)
or direct regulation of de novo biosynthesis (miRNA binding and pre-mRNA binding)
(Table 2). After transcription factor enrichment analysis, the proteins that most likely
regulate the observed changes in gene expression after Cr administration are involved
in cell survival, apoptosis, proliferation, differentiation, migration, and the cytoskeletal
structure. To highlight this, among the top ranked transcription factors (Figure 3A) of our
analysis we found: (i) FOS is a G0/G1 switch regulatory protein that heterodimerizes with
members of the JUN family of transcription factors to form AP-1 complexes and regulate
signal transduction, cell proliferation, and differentiation [79]; (ii) SP1 was the first to be
cloned and characterized of the specificity protein–Krüppel-like factor (Sp/KLF) family of
transcription factors, which are involved in multitude of cellular pathways and processes
by regulating tissue- and developmental-stage-specific gene expression [80]; (iii) NFYA is
one of the three subunits of a highly conserved and ubiquitously expressed heterotrimeric
transcription factor that regulate gene expression at promoter regions [81]; (iv) EZH2 and
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SUZ12 are essential for the integrity of the polycomb group complexes, the expression
of which rises at the G1/S phase transition [82,83]; (v) ZMIZ1 regulates the activity of
various transcription factors, including the androgen receptor, Smad3/4, and p53 [84]; and
(vi) MYC is implicated in cell growth [85], proliferation, differentiation [86], and cellular
adhesion and migration [87,88], and may dimerize with MAX to bind DNA and exert its
effects [89].

The analysis of upstream regulatory signaling pathways resulted in MAPKs, CDKs,
CSNK2A1, and Akt/PKB being the most representative after Cr administration. Although
no clinical research has been conducted to study the changes in CSNK2A1 or CDK expres-
sion after Cr supplementation, one would expect a possible regulatory effect given that
both proteins play an essential role during cell cycle progression and differentiation [90,91].
It is interesting to note that CK and CSNK2A1 activities vary similarly during muscle cell
differentiation, with CSNK2A1 being dispensable for (i) the maintenance of the myogenic
identity, (ii) the expression of early myogenic markers and late muscle-specific gene ex-
pression, and (iii) the control of myoblast fusion [92]. CSNK2 has been reported to control
the Janus kinase–signal transducer and activator of transcription (JAK/STAT) signaling
pathway [93], which is the principal mechanism for a wide range of growth factors and
cytokines where other pathways such as MAPKs and PI3K/Akt are involved [94]. This
JAK/STAT pathway activation might regulate somatic growth via binding transcriptional
enhancers in the IGF1 locus [95]. In addition, CSNK2A and CDKs share a common target,
the integrator of neurotransmitters called dopamine- and cAMP-regulated phosphoprotein-
32 (DARPP-32) [96]. DARPP-32 interacts with β-adducin at the cytoskeleton to mediate
rapid environmental effects on neurons [97], which might explain its upregulation after Cr
treatment to promote differentiation and maturation of neurons [98]. Again, we highlight
the dynamic biosensor role of the CK/PCr system in this type of chemomechanical energy
transduction process. Recently, CSNK2A has been reported to be a critical element of the
Th17/Treg cell balance and differentiation [99], meaning more research is needed to unravel
the mechanisms that explain the effects of Cr on chromatin remodeling in immune cells.
Since immunity regulation goes beyond the scope of this review, please refer to [15] for a
recent comprehensive summary of the current findings and future directions in this regard.

The phosphorylation cascades of MAPKs are key components of extracellular signal
transduction, with important roles in cell survival, proliferation, and differentiation. The
signal begins at the activation of receptor tyrosine kinases (RTKs) and other transmembrane
receptors via guanine nucleotide exchange factors (GEFs, such as the son of sevenless [SOS])
that lead to the active form of the small G-proteins Ras [100]. After their activation, the Ras
variants interact with MAPK kinase kinases (MAPKKK, also called MAP3Ks or MEKKs,
with Raf being the most representative member) to activate MAPK kinase (MAPKK, also
known as MEK), then finally MAPKs through scaffold and adaptor proteins such as KSR,
JIP, and OSM [101]. There are three main MAPK families with different isoforms, namely
the ERKs, the JNKs, and the p38 MAPKs (p38 α/β/γ/δ) [102]. Besides the hormone
regulation of RTKs (e.g., growth hormone, IGF-1), the MAPK pathway may be activated
by energy-driven mechanosensing [103,104] and osmosensing [105] mechanisms. Alterna-
tively, activation of the IGF-1 receptor may stimulate the PI3K/Akt/mTORC1 pathway,
which has a crucial role in protein synthesis via RPS6K and 4E-BP1 [106]. Our functional
annotation analysis indicated that G-protein-coupled receptor binding (p = 0.002921) and
Rac GTPase binding (a subgroup of the Ras superfamily of GTP hydrolases) (p = 0.003855)
are among the top molecular functions of the differentially expressed genes that change
after Cr administration. It is possible that the experimentally reported activation of MAPKs
after Cr administration might be due to mechano- and osmosensing mechanisms driven
by the optimization of the CK/PCr system. For instance, CrM supplementation for ten
days has resulted in the mRNA overexpression of SPHK1 (osmosensing gene) and various
MAPKs in healthy men [70] (Appendix A Figure A1).

Interestingly, the results of our kinase enrichment analysis and the identification of
hub nodes (downstream effectors of the MAPK and IGF-1/PI3K/Akt pathways) (Figure 3)
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are in high agreement with the available low-throughput, high-sensitivity experimental
in vitro and in vivo evidence after Cr administration, such as qRT-PCR, Western blot-
ting, and electrophoretic mobility shift assay. Several human and animal studies have
shown that Cr brings higher growth hormone concentrations [107]; overexpression of
IGF-1 [34,36,108,109]; upregulation and higher activity of Akt/PKB [70,110,111]; down-
regulation of myostatin and increase in GASP-1 [35]; overexpression of p38α (also called
MAPK14) [69,112,113]; overexpression and higher activity of RPS6K and 4E-BP1 [37,38,114];
upregulation of myocyte enhancer factor isoforms [111,115]; overexpression of myogenic
regulatory factors, such as MyoD, Myogenin, Myf5, and MRF4/Myf6/Herculin [32,33,36];
and overexpression of myosin heavy chain (MHC) isoforms [116]. Remarkably, our ki-
nase enrichment analysis (Figure 3C–D) showed high agreement with the protein kinase
content after CrM supplementation, as reported by Safdar et al. (Figure A1) [70]. All
aforementioned experimental evidence validates the power of the computational predic-
tion of the multi-species convergent analysis, which highlights the need to include this
before performing low-throughput experimental analysis. It must be noted that many of
the signaling pathways that might be activated after Cr administration (Figure 4) follow
‘concurrent reaction with exchange motifs’, which are characterized by the high level of
enzymes transferring phosphorus-containing groups (EC 2.7) [77].

 

Figure 4. Bioinformatics- and knowledge-based pathway reconstruction after Cr supplementation. This is a representation
of pathways interactions based on the results of our enrichment analysis of differentially expressed genes after increasing
cellular Cr concentration and the available experimental evidence. This functional network follows the ‘bio-logic’ (integration
of bottom-up and top-down directions) of the genotype–outcome interaction. MAPK activation can occur via osmosensing
pathways that activate Ras/Raf (e.g., S1P/SPHK1) and mechanosensing pathways that involve mechanical and energy
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optimization of the cytoskeleton (e.g., Four-and-a-Half Lim 2 is an important mechanosensor that triggers hypertrophy
in response to strain and also docks key metabolic enzymes involved in the energy transduction process, such as M-
CK, adenylate kinase, and phosphofructokinase). Several subunits of the protein complexes and the architecture of the
cytoskeleton are not depicted for readability. We cautiously suggest two dose–response functional pathways for the
regulation of the Cr uptake: a kinase-driven mechanism as a result of the initial Cr-enriched environment, which is more
related to the anterograde trafficking via endolysosome-specific phosphoinositide compounds (1); and a ubiquitin-driven
mechanism that controls the excessive Cr uptake, which is more related to the retrograde trafficking via clathrin-dependent
and clathrin-independent processes (2). Interlinking protein filaments of the cytoskeleton are represented with lighter-
colored lines in the background. See the sections of the manuscript for rationale, citations, and more abbreviations.
Dashed arrows represent multiple steps. AMPK: AMP-activated protein kinase; CK: creatine kinase; GASP-1: growth
and differentiation factor (GDF)-associated serum protein-1; GDP: guanosine diphosphate; GH: growth hormone; GLUT:
glucose transporter; GRB2: growth factor receptor-bound protein 2; GTP: guanosine triphosphate; IGF-1: insulin-like
growth factor-1; LST8: target of rapamycin complex subunit LST8; MRFs: myogenic regulatory factors; Nedd4-2: E3
ubiquitin–protein ligase NEDD4-like; OSR1: oxidative-stress-responsive kinase 1; PDK1: phosphoinositide-dependent
kinase-1; PFK: phosphofructokinase; PI(3,5)P2: phosphatidylinositol 3,5-bisphosphate; PIKfyve: 1-phosphatidylinositol
3-phosphate 5-kinase; PI3K: phosphoinositide 3-kinase; PIP3: phosphatidylinositol (3,4,5)-trisphosphate; PK: pyruvate
kinase; SGK: serum- and glucocorticoid-regulated kinase; SPAK: SPS1-related proline–alanine-rich kinase; RACK1: receptor
for activated C kinase 1; RTK: receptor tyrosine kinases; TFs: transcription factors. Source: created by the authors (D.A.B.)
with BioRender—https://biorender.com/ (accessed on 10 May 2021).

4.2. Creatine and miRNAs

Interesting results were obtained from Enrichr using the miRTarBase data library
to analyze the miRNAs interactions. Regarding cancer, recent evidence has suggested
that Cr supplementation might have a carcinogenic effect [117]; nevertheless, contrary to
this hypothesis, the formation of carcinogenic heterocyclic amines is unrelated to CrM
supplementation [118], and even clinical research has demonstrated a potential anti-tumor
progression [119]. In fact, downregulation of the CK isozymes and low levels of PCr
and Cr are associated with sarcoma and adenocarcinoma progression [120]. Moreover,
Cr has been reported to enhance the anti-cancer effects of methylglyoxal in chemically
induced muscle cancerous cells in vitro and in sarcoma mouse cells in vivo [121]. In our
bioinformatics-assisted review of the Cr metabolism [3], we discussed the observed latency
towards reliance on glycolysis at high physical work rates after Cr administration, which
might explain the observed reduction in lactate accumulation (possibly via inhibition of
phosphofructokinase [122] and pyruvate kinase [123]) and the potential anti-tumor pro-
gression of Cr and its derivatives [124–126]. In this sense, the human muscle transcriptome
analysis performed by Safdar et al. [70] demonstrated that a 10-day CrM supplementation
period decreased the phosphofructokinase mRNA content by 21% versus placebo. For a
recent review on the role of Cr in T cell anti-tumor immunity and cancer immunotherapy,
please refer to Li and Yang [127].

Our enrichment analysis revealed for the first time that Cr administration might im-
pact certain miRNAs that control cancer progression and muscle function. We are aware
that more experimental evidence is needed to the identify clinical effects, therapeutic
targets, and potential biomarkers in health and disease states, especially in certain cancer
phenotypes where a Cr-dependent tumor progression has been proposed based on preclin-
ical data [128]. Table 3 briefly describes the functions of several of the top-ranked miRNAs
that were computationally predicted to interact with the list of selected differentially
expressed genes altered after CrM administration.
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Table 3. Information of predicted miRNAs interacting with the list of genes from the CFG analysis.

MicroRNA Relevant Information

miR-1-3p
Suppresses the proliferation of hepatocellular carcinoma [129] and
slows the proliferation and invasion of gastric [130] and lung
adenocarcinoma [131].

miR-218-5p Significantly upregulated during myogenic differentiation after
activating the IGF-1 and MAPK/ERK pathways [132].

miR-134-5p

Lower levels are found in prostate cancer compared to benign
prostatic hyperplasia [133]. In addition, it might have
neuroprotective effects by regulating the miR-134-5p/CREB pathway
in both humans and mice [134].

miR-5694
Mediates downregulation of AF9 (a subunit of the super elongation
complex and associates with the histone methyltransferases) and
provides metastatic advantages in basal-like breast cancer cells [135].

miR-320a
Although associated with certain types of cancer, it has been shown
to inhibit the proliferation and progression of melanoma [136] and
gastric adenocarcinoma [137].

miR-200b-3p Higher expression is found in prostate cancer compared to benign
prostatic hyperplasia [133].

miR-126a-3p
It targets low-density lipoprotein-receptor-related protein 1 and
blocks WNT signaling, which partially explain the anti-tumor effects
of curcumin [138].

miR-378a-3p

Exhibits tumor-suppressive and anti-metastatic effects in esophageal
squamous cell carcinoma [139] and glioblastoma multiforme [140];
however, miR-378a might also have a pro-angiogenic effect on
myoblasts and control vascularization of skeletal muscle [141].

Since most of the identified miRNAs repress cancer progression, it would be appropri-
ate to investigate the effects of CrM administration on these biological elements to evaluate
at which point Cr might regulate excessive proliferation. These post-transcriptional gene
regulators open a new field of research regarding the therapeutic role of CrM supplemen-
tation on health-related conditions. It needs to be noted that the osmosensing activation
of MAPK via Sphk1/S1P is related to several miRNAs [142], as well as the notion that
the effect of Cr on focal adhesion kinase [38,70] (Figure A1) might control muscle cell
differentiation through a small set of miRNAs that are connected to the focal adhesion
signaling during muscle regeneration, as was reported recently [143]. Further experimental
validation is warranted in the future.

4.3. The Regulation of the Creatine Transporter

In agreement with Santacruz et al. (2015), the elucidation for creatine transporter
(CRT, also known as SLC6A8) regulation merits further study given its importance to the
optimal function of several human tissues [144]. It needs to be noted that Cr belongs to a
set of seven putative systems biomarkers for Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis [145], which highlights its remarkable influence on neuron
survival and function. Since it is not able to increase itself to the same extent as skeletal
muscle, most of the research on enhancing Cr uptake using intermediate compounds (e.g.,
guanidinoacetate) or derivatives (e.g., Cr ethyl ester, dodecyl Cr ester, cyclocreatine, and Cr
gluconate) is focused on the brain [18] and the heart [146]. Additionally, even if intracellular
Cr levels increase after CrM (or Cr analogous) supplementation, the uptake is limited by
CRT downregulation due to mechanisms that are not fully understood. CrM supplementa-
tion has been shown to reduce the maximum rate of CRT activity (Vmax) with no changes in
the CRT expression [144,147,148], reinforcing the hypothesis of endosomal internalization.

Based on the results of our CFG and enrichment analysis, we performed a pathway
reconstruction using well-characterized and experimentally validated PPIs to identify
the possible mechanistic progression for the trafficking regulation of the CRT after CrM
supplementation. By combining a knowledge-based approach [149] and the results of our
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upstream regulatory analysis to build the pathway, we obtained two dose–response and
complementary functional networks: (i) a kinase-driven mechanism as a result of the initial
Cr-enriched environment (more related to the anterograde trafficking); (ii) a ubiquitin-
driven mechanism that controls the excessive Cr uptake (more related to the retrograde
trafficking) (Figure 4). A third possible mechanism encompasses the initial upregulation
of the full-length CRT by splice variants (SLC6A8C and SLC6A8D), considering that our
functional annotation revealed that the differentially expressed genes perform a function
in the U5–snRNP complex, which is involved in the pre-mRNA splicing events; however,
this will not be further discussed because of the lack of experimental support beyond the
study by Ndika et al. [150].

The enhancement of the CK/PCr system (Cr-enriched environment) via CrM supple-
mentation leads to the previously discussed activation of mechano- and energy-sensing
pathways, such as MAPKs and IGF-1/PI3K/Akt. The CRT function may be susceptible to
regulation by several kinases of these cascades [151]. Two-electrode voltage clamp record-
ings have revealed that mTOR [152], SGK1/3 [153], and 1-phosphatidylinositol 3-phosphate
5-kinase (PIKfyve) [154] enhance Cr uptake. It has been suggested that this process might
be mediated by the production of phosphatidylinositol-3,5-bisphosphate (PI(3,5)P2), which
is implicated in cytoskeleton rearrangement and cellular motility and provides spatial and
temporal control for membrane trafficking [155]. For example, GLUT-4 translocation is
regulated by PI(3,5)P2 concentrations, given that PIKfyve is localized in a subpopulation of
highly dynamic vesicles containing this transporter and may be activated by Akt/PKB after
triggering the insulin receptor pathway [156]. Additionally, SGK can phosphorylate the
E3 ubiquitin–protein ligase NEDD4-like (Nedd4-2), which reduces the ability of Nedd4-2
to interact with target proteins due to the interaction of the phosphorylated form with its
scaffolding protein 14-3-3 [157]. This positive feedforward mechanism has been reported in
the trafficking regulation of other membrane transporters [158,159]. Interestingly, Klotho
protein, a transmembrane protein determinant of aging and life span, upregulates the
activity of CRT by stabilizing the carrier protein in the cell membrane [160]. Klotho serves
as a powerful regulator of cellular transport across the plasma membrane [161] and is
associated with the activation of ERK 1/2 and SGK1 signaling cascades [162]. In recent
years, Klotho has been linked to glycolysis inhibition and anti-cancer activity [163], which
deserves more research due to its effect on Cr uptake. Further research is also needed to
understand the molecular processes that account for the increased CRT expression and Cr
uptake after activation of the estrogen-related receptor α [164].

As part of the hormetic dose–response, it is also plausible that the continuous increase
in Cr concentration activates cellular responses that negatively regulate Cr uptake via
possible ubiquitin-related mechanisms. Zervou et al. (2016) showed that very high Cr
concentrations (>160 nmol·mg−1 protein) might lead to impaired energy metabolism
in cardiomyocytes of transgenic mice overexpressing CRT, in what the authors defined
as a ‘substrate-rich but energy-poor heart’ [165]; thus, similar to other protein carriers,
downregulation of the CRT might result from nutrient sensitivity, energy sufficiency, and
osmotic changes [166]. Thioredoxin-interacting protein (Txnip), a member of a novel family
of proteins termed α-arrestin or arrestin-domain-containing proteins that possess homology
to β-arrestins [167], has been identified as the only gene upregulated after saturating cells
with Cr in vitro (Figure 2). This seems to be relevant in vivo, since higher mRNA (57.6%)
and protein (28.7%) levels of Txnip were found in animal models overexpressing CRT, while
Cr-deficient mouse hearts showed lower mRNA (39.71%) expression in comparison to
wild-type animals [72]. Thioredoxin (Txn1) is a small and ubiquitously expressed protein,
which in conjunction with thioredoxin reductase, reduces free radical oxygen species,
protein disulfides, and other oxidants [168]. The Txnip binds to Txn1 to exert critical
functions in terms of energy metabolism (e.g., increase redox stress, inhibit cellular glucose
uptake, among others) [169]. Notably, the arrestin domains are the crucial structural
elements in the metabolic functions of proteins such as Txnip [170], given that they operate
as multifaceted protein trafficking adaptors that serve as signaling scaffolds of multiple
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protein kinases. They bind to membrane cargo proteins and interact with the adaptor
protein complex 2, which is the second most abundant component of clathrin-coated
vesicles, in order to promote endocytic turnover of their cargos [171]. As the archetypal
β-arrestin, Tnxip has two major structural domains: the NH2 domain for protein–protein
interaction, with SH3-binding proteins and MAP3Ks [172]; and the COOH domain, with
proline-rich motifs that not only bind to both adaptin and clathrin heavy chains but
also interact and recruit WW-domain-containing E3 ubiquitin ligases, such as Nedd4-2,
to ubiquitinate proteins and promote internalization to endosomes [173]. In addition,
α-arrestins are likely to utilize other mechanisms to mark cargo for internalization by
clathrin-independent endocytosis [174]. It must be noted that JNK1, a top-ranked protein
kinase from our enrichment analysis, may phosphorylate and activate Nedd4-2 [175,176].
Interestingly, upstream activators of JNK1 such as JAK2 [177], JAK3 [178], and PKC [179]
have been reported to be negative regulators of the CRT; therefore, endosomal trafficking
of CRT might be highly regulated by Cr concentration and energy sufficiency. Likewise,
regulation of GLUT proteins by Txnip depends on glucose and energy-sensing pathways,
taking into account that if the AMP/ATP ratio increases, AMPK becomes activated and
phosphorylates Txnip to induce its degradation. This results in the repression of GLUT
protein endocytosis and promotes glucose uptake to relieve energy stress [180]. Regarding
Cr uptake, contradictory findings have been found regarding the regulation of CRT by
AMPK [181,182], which deserves more research; the biologically conserved response to
the mechanical stress induced by altered osmolarity [166] might also contribute to the
control of Cr uptake (as a cellular hyperhydrating agent). Besides the kinase activity
and the possible ubiquitination of CRT via Txnip/Nedd4-2, the JNK is considered the
main mechanism for osmosensing signal transduction [183]. Furthermore, it has been
demonstrated that SPAK and OSR1 are negative regulators of the CRT [184]. These kinases
are part of the osmosensing WNK-SPAK/OSR1 pathway, considered the master regulator
of cation-chloride cotransporters [185], such as the CRT. This osmosensing regulation of
clathrin-mediated endocytosis is preserved among several species [186–189].

It is worth mentioning the successful strategies carried out in recent years to rescue
misfolded and endoplasmic-reticulum-trapped CRT variants with the use of pharma-
cochaperones such as the FDA-approved 4-phenylbutyrate [190]. Several mutations of
the CRT may result in transporter malfunction due to misfolding followed by impaired
expression or reduced trafficking to the plasmalemma surface. Conformational changes
of the CRT might trigger quality control mechanisms involving N-glycosylation (e.g., un-
folded protein response) [191]. For a recent comprehensive review on this topic and novel
therapeutic strategies related to Cr deficiency syndrome, please refer to [192].

5. Limitations, Strengths, and Future Directions

This study should be interpreted in light of the following limitations and strengths:
(i) A very low number of ‘omics’ studies have evaluated the effects of CrM supplementation
in humans, meaning future (epi)genomics, transcriptomics, proteomics, and metabolomics
studies in this area are needed. Specifically, only one human dataset was deposited in
the repositories (GEO), showing again that more publicly available datasets are needed to
strengthen the current findings; however, the CFG approach has been highlighted for its
ability to distinguish signals from noise, even with limited cohorts and datasets [74,193].
(ii) The findings of the CFG, the bioinformatics enrichment analysis, as well as the conclu-
sions from in vitro and in vivo animal models should be interpreted with caution, given
they might not fully reflect cellular changes in humans after CrM supplementation but
rather represent a mechanistic insight into cellular dynamics and proof-of-concept evi-
dence to develop novel therapeutic strategies through the assessment of pharmacological
activators and inhibitors. (iii) Despite the limitations in the number of expression datasets,
the results obtained in the enrichment analysis (Enrichr and X2K) were contrasted and
supported by low-throughput, high-sensitivity experimental evidence that has identified
targeted genes and proteins related to the activated pathways after CrM supplementation
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in humans. However, experimental validation of candidate genes, protein, and miRNA
hubs from our analysis is warranted in the future. (iv) This study is a clear example of the
powerful features of the ‘omics’ high-throughput technologies and bioinformatics tools
and may represent a workflow for future studies that analyze emergent nutrients with
potential applications in sports and health or disease. In fact, understanding the interac-
tions between system components and their regulatory aspects allow following a ‘biologic’
interpretation that is different and much more valuable than the common top-down or
bottom-up approaches.

Future studies on identifying biological regulators of CrM supplementation on health
and disease include: (i) the changes in miRNAs content (and other regulator non-coding
RNAs); for instance, the use of a small-interfering RNA against Txnip resulted in increased
Cr uptake [72], meaning further work will contribute to elucidating the mechanisms of the
Txnip–CRT interaction and its potential therapeutic use as a next-generation medicine [194];
(ii) the pharmacochaperones (e.g., 4-phenylbutyrate) and their safety and efficacy to treat
pathologies associated with the Cr deficiency syndrome; (iii) the implementation of a sys-
tems biology approach as a necessary and unavoidable process to study other metabolic net-
works of high complexity, such as the Cr metabolism; (iv) the integration of (epi)genomics,
transcriptomics, phosphoproteomics, and metabolomics analyses (multi-omic analysis).
In this sense, a very recent tool called Causal Oriented Search of Multi-Omic Space (COS-
MOS) [195] was developed to extract mechanistic insights in a more consistent and robust
manner. This opens up an exciting field of research with multiple applications in several
human conditions.

6. Conclusions

The CK/PCr system acts as a hub for chemomechanical energy transduction (i.e.,
dynamic biosensor) during the cellular allodynamic states. For the first time, a CFG with
enrichment analysis was performed to identify relevant pathways and biological processes
mediating the effects of Cr in health and disease. The results of our secondary analysis of
available gene expression data showed that several cytoskeleton-mediated, energy-driven,
mechanoadaptative processes possibly account for the wide range of effects and diseases
after alterations of intracellular Cr concentrations. Additionally, we cautiously suggest two
dose–response and complementary functional networks for the negative regulation of CRT
after the continuous increase in Cr concentration: (i) a kinase-driven mechanism responsible
for anterograde trafficking during the initial Cr-enriched environment; (ii) a ubiquitin-
driven mechanism that controls the excessive Cr uptake. In general, Cr metabolism
encompasses one of the most complex and dynamic networks, meaning further studies
will be expected to outline evidence detailing the positive roles of CrM supplementation
in other uncovered areas of health and disease. This work might contribute to a better
understanding of the well-reported benefits of Cr in sports and its potential in health and
disease, although more research is warranted to validate some of the proposed mechanisms.
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Appendix A

 

Figure A1. Effects of ten days of CrM supplementation in healthy young men (with no changes
in their dietary intake) on protein kinase content using the Kinetworks KPKS 1.0 Protein Ki-
nase screen. PSTK = protein–serine/threonine kinase; PTYK = protein–threonine/tyrosine kinase;
PYK = protein–tyrosine kinase; PTK = protein–threonine kinase. Significant increases (red; p < 0.05),
trends for increases (green; p < 0.09), and no change (grey) in protein content with CrM supplementa-
tion vs. placebo are indicated. Reproduced from Safdar et al. (2008).
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Abstract: Creatine supplementation in conjunction with resistance training (RT) augments gains in
lean tissue mass and strength in aging adults; however, there is a large amount of heterogeneity
between individual studies that may be related to creatine ingestion strategies. Therefore, the
purpose of this review was to (1) perform updated meta-analyses comparing creatine vs. placebo
(independent of dosage and frequency of ingestion) during a resistance training program on measures
of lean tissue mass and strength, (2) perform meta-analyses examining the effects of different creatine
dosing strategies (lower: ≤5 g/day and higher: >5 g/day), with and without a creatine-loading
phase (≥20 g/day for 5–7 days), and (3) perform meta-analyses determining whether creatine
supplementation only on resistance training days influences measures of lean tissue mass and
strength. Overall, creatine (independent of dosing strategy) augments lean tissue mass and strength
increase from RT vs. placebo. Subanalyses showed that creatine-loading followed by lower-dose
creatine (≤5 g/day) increased chest press strength vs. placebo. Higher-dose creatine (>5 g/day), with
and without a creatine-loading phase, produced significant gains in leg press strength vs. placebo.
However, when studies involving a creatine-loading phase were excluded from the analyses, creatine
had no greater effect on chest press or leg press strength vs. placebo. Finally, creatine supplementation
only on resistance training days significantly increased measures of lean tissue mass and strength
vs. placebo.

Keywords: supplements; hypertrophy; sarcopenia

1. Introduction

The age-related decrease in lean tissue mass and strength are two main factors that con-
tribute to the development of sarcopenia [1]. Approximately 10% of the adult population
≥60 years of age has sarcopenia [2], which has a profound negative effect on functional in-
dependence and overall quality of life [3]. Furthermore, sarcopenia is associated with other
age-related diseases and health conditions such as osteoporosis and physical frailty [3,4].
Several lines of research suggest that sarcopenia is caused by age-related changes in muscle
protein kinetics, neuromuscular function and physiology, skeletal muscle morphology,
inflammation, and mitochondrial dysregulation [1,5,6]. In addition to these cellular and
mechanistic changes, insufficient physical activity and nutritional intake also contribute to
sarcopenia [3,7]. Interestingly, dietary intake of creatine, a key component for muscular
bioenergetics, decreases with age [8].

The combination of creatine supplementation and resistance training has the potential
to serve as an effective countermeasure to the age-related loss in lean tissue mass and
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strength, possibly by influencing anaerobic energy metabolism, calcium and glycogen
regulation, muscle protein kinetics, inflammation and oxidative stress [3,9,10]. However,
results from individual studies (n = 20) are mixed, with 10 studies showing beneficial
effects on measures of lean tissue mass and/or strength (leg press, chest press) while
10 studies found no greater benefit from creatine vs. placebo (Table 1). While numerous
methodological variables may explain these inconsistent findings, differences in creatine
dosage and frequency of ingestion during the resistance training program is likely in-
volved [10]. For example, of the 20 studies performed, 6 studies used a lower-dose creatine
strategy (≤5 g/day for 12–26 weeks), 6 studies used a creatine-loading phase (≥20 g/day
for 5–7 days) followed by a lower-dose creatine strategy (≤5 g/day) while 2 studies used
a creatine-loading phase (≥20 g/day for 5–7 days), followed by a higher-dose creatine
strategy (>5 g/day for 11 weeks). Furthermore, 6 studies used a higher-dose creatine
strategy (>5 g/day) for 8–52 weeks. Finally, 4 of the 20 studies had participants ingest
creatine only on resistance training days. The average sample size across studies was only
34 participants. Therefore, these studies were likely unpowered to detect small differences
in lean tissue mass and strength (leg press, chest press). To overcome low statistical power
across studies, meta-analyses are often performed.

Table 1. Study characteristics, dosing strategy, and outcomes of research examining the influence of creatine in older adults
with a resistance training program.

First Author, Year Population
Supplement Protocol

Resistance Training Duration OutcomesLoading Protocol Maintenance Dose

Lower-Dose/Absolute Studies (≤5 g/day)

Alves et al. [11]
N = 47; healthy women,
Mean age = 66.8 years
(range: 60–80 years)

CR 20 g/day for
5 days CR (5 g/day) or PLA RT = 2 days/wk 24 wks ↔ 1RM strength

compared to RT + PLA

Aguiar et al. [12] N = 18; healthy women;
Mean age = 65 years None CR (5 g/day) or PLA RT = 3 days/wk 12 wks

CR ↑ gains in fat-free
mass (+3.2%), muscle

mass (+2.8%), 1RM
bench press, knee

extension, and biceps
curl compared to PLA

Bemben et al. and
Eliot et al. [13,14]

N = 42; healthy men;
age = 48–72 years None CR (5 g/day) RT = 3 days/wk 14 wks ↔ lean tissue mass,

1RM strength

Bermon et al. [15]
N = 32 (16 men,

16 women); healthy;
age = 67–80 years

CR 20 g/day for
5 days CR (3 g/day) or PLA RT = 3 days/wk 7.4 wks

(52 days)

↔ lower limb muscular
volume,

1-, 12-repetitions
maxima, and the

isometric intermittent
endurance

Brose et al. [16]

N = 28 (15 men,
13 women); healthy;

age: men = 68.7,
women = 70.8 years

None CR (5 g/day) or PLA RT = 3 days/wk 14 wks

CR ↑ gains in lean tissue
mass and isometric knee

extension strength; ↔
type 1, 2a, 2x muscle

fiber area

Deacon et al. [17]
N = 80 (50 men,

30 women); COPD;
age = 68.2 years

CR 22 g/day for
5 days

CR (3.76 g/day) or
PLA RT = 3 days/wk 7 wks ↔ lean tissue mass or

muscle strength

Eijnde et al. [18] N = 46; healthy men;
age = 55–75 years None CR (5 g/day) or PLA Cardiorespiratory +

RT = 2–3 days/wk 26 wks
↔ lean tissue mass or

isometric maximal
strength

Gualano et al. [19]
N = 25 (9 men, 16

women); type 2 diabetes;
age = 57 years

None CR (5 g/day) or PLA RT = 3 days/wk 12 wks ↔ lean tissue mass

Gualano et al. [20]
N = 30; “vulnerable”

women; Mean
age = 65.4 years

CR 20 g/day for
5 days CR (5 g/day) or PLA RT = 2 days/wk 24 wks

CR + RT ↑ gains in 1RM
bench press and

appendicular lean mass
compared to PLA + RT

Hass et al. [21]

N = 20 (17 men, 3
women with idiopathetic

Parkinson’s disease);
Mean age = 62 years

CR 20 g/day for
5 days CR (5 g/day) or PLA RT = 2 days/wk 12 wks

CR ↑ chest press
strength, chair rise

performance; ↔ Leg
extension 1RM,

muscular endurance
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Table 1. Cont.

First Author, Year Population
Supplement Protocol

Resistance Training Duration OutcomesLoading Protocol Maintenance Dose

Neves et al. [22]

N = 24 (postmenopausal
women with knee

osteoarthritis);
Age = 55–65 years

CR 20 g/day for
1 week CR 5 (g/day) or PLA RT=3 days/wk 12 wks CR ↑ gains in limb lean

mass. ↔ 1RM leg press

Pinto et al. [23]
N = 27 (men and
women); healthy;
age = 60–80 years

None CR (5 g/day) or PLA RT = 3 days/wk 12 wks

CR ↑ gains in lean tissue
mass. ↔ 10 RM bench

press or leg press
strength

Higher-Dose/Relative Studies (>5 g/day)

Bernat et al. [24] N = 24 healthy men;
age = 59 ± 6 years None CR (0.1 g/kg/day;

~9.5 g/day) or PLA
High-velocity

RT = 2 days/wk 8 wks

↔ muscle thickness,
physical performance,

upper body muscle
strength. CR ↑ leg press

strength, total lower
body strength

Candow et al. [25] N = 35; healthy men;
age = 59–77 years None CR (0.1 g/kg/day;

~8.6 g/day) or PLA RT = 3 days/wk 10 wks

CR ↑ muscle thickness
compared to PLA. CR ↑

1RM bench press ↔
1RM leg press

Candow et al. [26]
N = 39 (17 men,

22 women); healthy;
age = 50–71 years

None

CR (0.1 g/kg;
~7.7 g/day) before RT,

CR (0.1 g/kg; ~8.8
g/day) after RT, or

PLA

RT = 3 days/wk 32 wks

CR after RT ↑ lean tissue
mass, 1RM leg press,

1RM chest press
compared to PLA

Candow et al. [27] N = 38; healthy men;
age = 49–67 years None

CR (On training days:
0.05 g/kg before and

0.05 g/kg after
exercise; total
~9.3 g/day) +

0.1 g/kg/day on
non-training days

(2 equal doses)

RT = 3 days/wk 12 months
↔ lean tissue mass,
muscle thickness, or

muscle strength

Chilibeck et al. [28] N = 33; healthy women;
Mean age = 57 years None CR (0.1 g/kg/day;

~6.9 g/day) or PLA RT = 3 days/wk 52 wks

↔ lean tissue mass and
muscle thickness gains

between groups.
↑ relative bench press
strength compared to

PLA.

Chrusch et al. [29] N = 30; healthy men;
age = 60–84 years

CR 0.3 g/kg/d
for 5 days

CR 0.07 g/kg/day;
~6.2 g/day or PLA RT = 3 days/wk 12 wks

CR ↑ gains in lean tissue
mass. CR ↑ 1RM leg

press, 1RM knee
extension, leg press

endurance, and knee
extension endurance.
↔ 1RM bench press or
bench press endurance.

Cooke et al. [30] N = 20; healthy men;
age = 55–70 years

CR 20 g/day for
7 days

CR 0.1 g/kg/day or
~8.8 g/day on training

days
RT = 3 days/wk 12 wks

↔ lean tissue mass, 1RM
bench press, 1RM leg

press

Johannsmeyer et al.
[31]

N = 31 (17 men,
14‘women); healthy;

age = 58 years
None CR 0.1 g/kg/day;

~7.8 g/day or PLA RT = 3 days/wk 12 wks
CR ↑ gains in lean tissue
mass and 1RM strength

in men only

To date, three meta-analyses have been performed involving creatine supplementation
and resistance training in older adults [9,32,33]. Collectively, results showed that creatine
and resistance training increased measures of lean tissue mass by ~1.2 kg and strength (leg
press, chest press) more than placebo and resistance training. However, no sub-analyses
were performed to determine whether the dosage of creatine used or the frequency of
ingestion (i.e., only on resistance training days) influenced measures of lean tissue mass
and/or strength. Since the publication of these meta-analyses, two additional studies
involving creatine supplementation and resistance training in older adults have been
published. Therefore, the purpose of this review was to (1) perform updated meta-analyses
comparing creatine vs. placebo (independent of dosage and frequency of ingestion) during
a resistance training program on measures of lean tissue mass and strength, (2) perform
meta-analyses examining the effects of different creatine dosing strategies (lower: ≤5 g/day
vs. higher: >5 g/day), with and without a creatine-loading phase (20 g/day for 5–7 days,
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and (3) perform meta-analyses determining whether creatine supplementation only on
resistance training days influences measures of lean tissue mass and strength. Results from
these meta-analyses may provide important information for the design of optimal creatine
supplementation strategies for older adults.

2. Materials and Methods

We have previously published two meta-analyses in 2014 [9] and 2017 [32]. Based on
our expertise in the literature, we updated these meta-analyses with recently published
studies since the date of the 2017 publication [32]. PubMed and SPORTDiscus databases
were searched. Similar to our previous meta-analysis [32] key terms and similar phrases
were used (creatine OR creatine monohydrate OR creatine supplementation OR creatine-
loading) AND (weight lifting OR weight training OR resistance training, OR resistance
exercise OR strength training) AND (age OR middle-age OR older adults OR elderly). Stud-
ies with the following criteria were included: (1) healthy and chronic disease participants
with a mean age >50 years of age; (2) must be a randomized control trial (RCT) where
participants were randomized to an intervention group consisting of creatine monohy-
drate with resistance training or placebo with resistance training; (3) included outcome
measures of whole-body lean tissue mass (determined with dual-energy X-ray absorp-
tiometry [DEXA], hydrostatic weighing, air displacement plethysmography, bioelectrical
impedance, or multi-site ultrasound), or upper-(chest press) or lower-body (leg press)
muscular strength. Studies were excluded if they were <5 weeks in duration.

Two researchers (S.C.F. and D.G.C.) determined whether the relevant articles were
to be included, and any disagreements were resolved by consensus. Databases were
searched up until February 2021. Means and standard deviations for baseline and post-
training measurements were extracted from each study for estimation of mean changes
and the standard deviation of mean changes across the interventions. Change scores were
calculated as the pre-training mean subtracted from the post-training mean. Standard
deviations (SD) for the change scores were estimated from pre and post-training standard
deviations (SD-pre and SD-post) using the following equation derived from the Cochrane
Handbook for Systematic Reviews of Interventions:

SD change score = [(SD pre)2 + (SD post)2 − 2 * (correlation between pre and post scores) * SD pre * SD post]1/2

We used 0.8 as the assumed correlation between pre- and post-scores. Heterogene-
ity was evaluated using χ2 and I2 tests where heterogeneity was indicated by either χ2

p-value ≤ 0.1 or I2 test value > 75%. We used a fixed-effects model for our meta-analysis.
Weighted mean differences were calculated for lean tissue mass, along with the 95% CI.
As units of measurement differed across studies for measurements of strength, calculated
standardized mean differences (SMDs) and 95% CIs for leg press and chest press strength
were used. Forest plots were generated using Review Manager 5.3 Software (Cochrane
Community, London, UK). Significance was established at p ≤ 0.05. Funnel plots were
generated and inspected for publication bias. Adverse events were also extracted.

Sub-Analyses

To examine the influence of creatine dosage, dosing strategy was extracted and classi-
fied as either higher (>5 g/day) or lower (≤5 g/day), as well as whether the study included
a “loading phase” (≥20 g/day for 5–7 days) and whether creatine was only consumed on
resistance training days. Only two studies [15,17] used a creatine dosage <5 g/day. Both
absolute and relative (based on body mass) dosing strategy studies were included. We esti-
mated an absolute dose of creatine ingested per day from the product of the average body
mass and the relative dose. Several sub-analyses were performed to examine the effects
of creatine within each classification. Furthermore, sensitivity analysis was conducted to
explore whether the overall effects depended on a single specific study.
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3. Results

3.1. Lean Tissue Mass

The analysis of 16 RCTs with 18 treatment arms (n = 509) revealed that creatine
supplementation and resistance training increased measures of lean tissue mass vs. placebo
and resistance training (Figure 1: mean difference = 1.32 kg [95% CI: 0.93, 1.72] p < 0.000001).

Sub-analyses showed that higher-dose creatine, with and without a creatine-loading
phase, produced significant gains in lean tissue mass vs. placebo (Figure 1: mean dif-
ference = 1.21 kg [95% CI: 0.57, 1.85] p = 0.0002). Even when studies incorporating a
creatine-loading phase were excluded, higher-dose creatine remained effective (Figure S1:
mean difference = 1.16 kg [95% CI: 0.49, 1.82] p = 0.0006).

Lower-dose creatine, with and without a creatine-loading phase, increased lean tissue
mass vs. placebo (Figure 1: mean difference = 1.40 kg [95% CI: 0.89, 1.91] p < 0.00001). When
studies incorporating a creatine-loading phase were excluded, lower-dose creatine was
still more beneficial than placebo (Figure S2: mean difference = 1.81 kg [95% CI: 1.20, 2.42]
p < 0.00001).

 

Figure 1. Forest plot of studies on lean tissue mass with sub-analyses using lower-dose creatine studies (≤5 g/day) and of
higher-dose creatine studies (>5 g/day) on lean tissue mass.

3.2. Chest Press Strength

The analysis of 17 RCTs with 19 treatment arms (n = 456) revealed that creatine supple-
mentation and resistance training significantly increased chest press strength vs. placebo
and resistance training (Figure 2: standard mean difference = 0.28 [95% CI: 0.09, 0.47]
p = 0.004).

Subanalyses showed that studies using higher-dose creatine, with and without a creatine-
loading phase, found similar effects compared to the placebo (Figure 2 and Figure S3; p > 0.05).
However, sensitivity analysis indicated that omitting the Candow et al. [27] study changed
the overall effect to significantly favor creatine (Figures S4 and S5; p = 0.008).

Studies using a creatine-loading phase followed by lower-dose creatine revealed a
significant benefit in favor of creatine (Figure 2: standard mean difference = 0.33 [95% CI: 0.05,
0.61] p = 0.02). However, when studies incorporating a creatine-loading phase were excluded
from the analysis, lower-dose creatine was similar to the placebo (Figure 3; p = 0.12).
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Figure 2. Forest plot of studies on chest press strength.

Figure 3. Forest plot of lower-dose creatine studies (≤5 g/day) on chest press strength with exclusion of creatine load-
ing studies.
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3.3. Leg Press Strength

The analysis of 15 RCTs with 17 treatment arms (n = 426) revealed that creatine supple-
mentation and resistance training significantly increased leg press strength vs. placebo and
resistance training (Figure 4: standard mean difference = 0.20 [95% CI: 0.00, 0.39] p = 0.05).

Sub-analyses showed that higher-dose creatine, with and without a creatine-loading
phase, produced greater gains in leg press strength vs. placebo (Figure 4: mean dif-
ference = 0.29 [95% CI: 0.04, 0.54] p = 0.02). However, when studies incorporating a
creatine-loading phase were excluded, higher-dose creatine was similar to the placebo
(Figure 5: p = 0.12).

Studies using lower-dose creatine, with and without a creatine-loading phase, had no
greater effect on leg press strength vs. placebo (Figure 4; p = 0.69 and Figure S6; p = 0.88).

 

Figure 4. Forest plot of studies on leg press strength.

3.4. Creatine Only on Training Days

When only including studies that provided creatine on resistance training days, there
were significant overall effects for favoring creatine on measures of lean tissue mass
(Figure 6: mean difference = 1.73 kg [95% CI: 0.87, 2.89] p < 0.0001), chest press strength
(Figure 7: standard mean difference = 0.58 [95% CI: 0.20, 0.96] p = 0.003), and leg press
strength (Figure 8: standard mean difference = 0.44 [95% CI: 0.06, 0.81] p = 0.02). Of
note, Cooke et al. [30] incorporated a creatine-loading phase followed by lower-dose
creatine (≤5 g/day) whereas the studies by Candow et al. [25,26] used higher-dose creatine
(>5 g/day).
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Figure 5. Forest plot of higher-dose creatine studies (>5 g/day) on leg press strength with exclusion of creatine-loading studies.

Figure 6. Forest plot of studies on lean tissue mass.

Figure 7. Forest plot of studies on chest press strength.

Figure 8. Forest plot of studies on leg press strength.
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3.5. Publication Bias

Funnel plots for each meta-analysis were visually inspected and showed no evidence
of publication bias.

3.6. Adverse Events

In the lower-dose studies (≤5 g/day), 10 studies reported no adverse events. One
study reported a single mild bout of gastro-intestinal distress from creatine [16] and one
study reported an overuse shoulder injury following creatine supplementation [18]. Neither
of these studies used a loading phase.

In the higher-dose studies (>5 g/day), five studies reported no adverse events. Two
studies similarly reported five incidences of gastrointestinal distress from creatine and
two incidences from placebo and two incidences of muscle cramps from both the creatine
and placebo group [27,28]. One of the two studies utilizing a loading phase reported an
increase in GI distress during the loading phase [29].

4. Discussion

The most important results from these meta-analyses were: (1) creatine supplemen-
tation (independent of creatine-loading, maintenance dosage and frequency of ingestion)
during a resistance training program increased measures of lean tissue mass and strength
compared to the placebo and resistance training in older adults, (2) the combination of
creatine-loading followed by lower-dose creatine (≤5 g/day) was effective for increasing
chest press strength, (3) the combination of creatine-loading and higher-dose creatine
(>5 g/day) was effective for increasing leg press strength, (4) creatine supplementation
only on resistance training days significantly increased measures of lean tissue mass and
strength compared to the placebo. These results have application for the design of effective
creatine supplementation strategies for older adults. For example, older adults wanting to
improve whole-body lean tissue mass and strength may expect these benefits from crea-
tine supplementation (i.e., ≥5 g) either daily or only on training days during a resistance
training program.

Increasing whole-body lean tissue mass and strength is fundamental for mitigating
sarcopenia and associated conditions of osteoporosis and physical frailty (3). Older adults
specifically looking to improve upper-body strength (perhaps to improve functionality,
posture and/or the ability to perform upper-body activities of daily living such as carrying
groceries) may need to load with creatine before proceeding to a lower daily dosage (≤5 g)
during their resistance training program. To specifically increase lower-body strength
(perhaps to improve balance, reduce the risk of falls and/or the ability to perform lower-
body activities of daily living such as climbing stairs), older adults may need to load
with creatine before proceeding to a higher daily dosage (>5 g) during their resistance
training program. While some have hypothesized creatine may have harmful effects [34], a
plethora of evidence shows no adverse events (compared to the placebo) with long-term
supplementation [35–37].

Previous meta-analyses have shown greater gains in measures of lean tissue mass
(~1.2–1.3 kg) and strength from creatine supplementation and resistance training in older
adults compared to the placebo [9,32,33]. Since the date of these publications, two ad-
ditional studies [24,27] have been performed. When these studies were included in the
current meta-analyses, creatine supplementation and resistance training still increased
measures of lean tissue mass (~1.32 kg) and strength compared to the placebo. Collectively,
results across meta-analyses suggest that the combination of creatine supplementation
and resistance training has the potential to mitigate sarcopenia. Although none of the
studies included in any of the meta-analyses were powdered to directly examine the effects
of creatine vs. placebo in older adults diagnosed with sarcopenia, sub-analyses from
three studies showed that the combination of creatine and resistance training eliminated
the classification of sarcopenia in 11 older adults [20,23,26]. Creatine supplementation
may augment lean tissue mass and strength through various mechanisms [3,4,10,32,37].
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First, supplementation increases intramuscular PCr resulting in greater resynthesis of
ATP during and following muscle contractions. Supplementation also increases muscle
GLUT-4 content and translocation to the sarcolemma which may increase glucose uptake
and subsequent glycogen resynthesis [38,39]. Creatine supplementation facilitates cal-
cium re-uptake via creatine kinase into the sarcoplasmic reticulum, and this may increase
myofibrillar cross-bride cycling, cell swelling, the expression of myogenic transcription
factors (i.e., Mrf4, myogenin), satellite cell proliferation, and the expression of growth
factors (i.e., insulin-like growth factor-1) [40,41]. Creatine supplementation enhances the
activation of protein kinases downstream in the mammalian target of rapamycin (mTOR)
pathway, and this may subsequently reduce measures of muscle protein catabolism (i.e.,
leucine oxidation, urinary 3-methylhistidine) [25,31]. Finally, creatine supplementation
could reduce inflammation (i.e., cytokines) [42,43] and oxidative stress [44–46], and again,
this may help reduce the loss of lean tissue mass with aging [4].

Incorporating a creatine-loading phase during the initial stages of a resistance training
program was determined to be important for improving upper- and lower-body strength.
It is well established that creatine-loading results in significant elevations in intramuscular
creatine levels [47]. However, the magnitude of the effect on strength outcome measures
may also depend on the maintenance dosage of creatine used for the remainder of the
training program.

Regarding upper-body strength, older adults who loaded with creatine and then
proceeded to ingest lower-dose creatine daily experienced greater upper body strength
gains compared to those on placebo. However, independent of a creatine-loading phase,
lower-dose creatine supplementation was no more effective than placebo. When all studies
were included in the analysis, higher-dose creatine supplementation daily, with and without
a creatine-loading phase, had no greater effect on upper-body strength compared to the
placebo. However, sensitivity analysis showed that when the Candow et al. [27] study
was removed, results became significant in favor of creatine. In this study, older males
supplemented with higher-dose creatine daily during supervised, whole-body resistance
training for 52 weeks. Results showed that changes in upper-body strength were similar
between creatine and placebo over time. Both creatine and placebo groups experienced
large increases in strength over time (creatine: ~69 kg; placebo: ~76 kg) which likely
masked any effect from creatine supplementation.

Regarding lower-body strength, creatine-loading followed by higher-dose creatine
daily had a favorable effect on strength whereas creatine-loading followed by lower-dose
creatine daily had no greater effect compared to the placebo. The magnitude of respon-
siveness to creatine supplementation in older adults may depend on initial intramuscular
creatine levels [10,48]. There is some evidence to suggest that phosphocreatine stores
decrease with aging [10], especially in muscles of the lower limbs, possibly due to type-II
muscle fiber atrophy, reduced participation in high-intensity activities and reduced meat
consumption [32]. Furthermore, lower-body muscle groups are more negatively affected
(i.e., greater strength deficit) by the aging process than upper-body muscle groups [49].
Therefore, to overcome possible age-related changes in muscle creatine content and lower-
body muscle morphology, higher creatine dosages (as opposed to lower-creatine dosages)
may be needed on a daily basis after a creatine-loading phase to improve lower-body
strength in older adults.

Most importantly, all the studies identified as using a high dose (i.e., >5 g/day) were
based on a relative dosing strategy (based on body mass; g/kg/day), while all the low dose
studies used an absolute dosing strategy (g/day). As such, future research is required to
directly compare an absolute and relative strategy to determine which method is superior.

Older adults who ingested creatine only on resistance training days experienced
greater gains in measures of lean tissue mass and strength compared to the placebo. One
study implemented a creatine-loading phase prior to lower-dose creatine daily [30] whereas
the other studies implemented a higher-dose daily strategy [25,26]. A common theme
across all studies was that creatine was consumed within 60 min’ post-exercise. While the
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mechanistic actions of creatine were not determined in these studies, previous research
has shown that prior muscle contractions (i.e., resistance training sessions) stimulate
greater creatine uptake into muscle [50] possibly through increased activation of creatine
transport kinetics [51,52]. These results may be important, as compliance to a creatine
supplementation program may be higher when creatine is only consumed on training
days. However, it is unknown whether older adults experience the same muscle benefits
when consuming creatine supplementation daily vs. only on training days during a
resistance training program. In addition, a provision of creatine from a regular diet should
be accounted for a total exposure to creatine in this population since creatine consumption
varies in the elderly [53].

Although the focus of this review was on combining creatine with resistance exer-
cise, there appears to be some benefits of creatine without concomitant exercise in older
adults [54,55]. Future research may be warranted to examine the dose of creatine to enhance
muscle performance without exercise.

5. Conclusions

Increasing whole-body lean tissue mass and strength is fundamental for mitigating
sarcopenia and associated conditions of osteoporosis and physical frailty [3]. Similar
to previous meta-analyses [9,32], our results showed that creatine supplementation and
resistance training increases measures of lean tissue mass and strength in older adults vs.
placebo. However, unique and important results from our sub-analyses indicate that a
creatine-loading phase is important for older adults wanting to improve muscle strength.
In addition to a creatine-loading phase, a lower daily dosage of creatine (≤5 g) appears
sufficient to improve upper-body strength. However, a higher daily dosage of creatine
(>5 g) after the loading phase is needed to increase lower-body strength. Regarding the
effects of creatine ingestion frequency, creatine supplementation only on resistance training
days significantly increased measures of lean tissue mass and strength compared to placebo.
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Abstract: White adipose tissue (WAT) is a dynamic endocrine organ that can play a significant role
in thermoregulation. WAT has the capacity to adopt structural and functional characteristics of the
more metabolically active brown adipose tissue (BAT) and contribute to non-shivering thermogenesis
under specific stimuli. Non-shivering thermogenesis was previously thought to be uncoupling
protein 1 (UCP1)-dependent however, recent evidence suggests that UCP1-independent mechanisms
of thermogenesis exist. Namely, futile creatine cycling has been identified as a contributor to WAT
thermogenesis. The purpose of this study was to examine the efficacy of creatine supplementation to
alter mitochondrial markers as well as adipocyte size and multilocularity in inguinal (iWAT), gonadal
(gWAT), and BAT. Thirty-two male and female Sprague-Dawley rats were treated with varying doses
(0 g/L, 2.5 g/L, 5 g/L, and 10 g/L) of creatine monohydrate for 8 weeks. We demonstrate that
mitochondrial markers respond in a sex and depot specific manner. In iWAT, female rats displayed
significant increases in COXIV, PDH-E1alpha, and cytochrome C protein content. Male rats exhibited
gWAT specific increases in COXIV and PDH-E1alpha protein content. This study supports creatine
supplementation as a potential method of UCP1-independant thermogenesis and highlights the
importance of taking a sex-specific approach when examining the efficacy of browning therapeutics
in future research.

Keywords: adipose tissue; creatine; mitochondria; thermogenesis

1. Introduction

The activation of white adipose tissue (WAT) into a more metabolically active tissue
has become a burning topic in obesity prevention and treatment. Today, WAT is no longer
regarded as an inert storage depot for triacylglycerides, but is considered to be a highly
plastic endocrine organ that can undergo dramatic phenotypic changes in response to
different stresses (i.e., exercise, cold) [1–4]. Recently, there has been a large focus on the
mechanisms by which WAT can be recruited to resemble the phenotypical and functional
characteristics of the more metabolically active brown adipose tissue (BAT). This process
is known as adipose tissue “browning” and results in the activation of beige adipocytes
that reside in WAT depots [5]. Lineage tracing and molecular analysis indicates these beige
adipocytes are distinct thermogenic fat cells [6], however beige adipocytes can convert to a
WAT phenotype when the stimulus, such as cold exposure, is terminated [7], indicating
that further work is necessary to fully distinguish white and beige adipocyte lineages.
Considering the vast amount of WAT that individuals possess, the activation of WAT into
the more metabolically active form of beige adipose tissue has the potential to significantly
increase daily energy expenditure [4,8]. Thus, it could be regarded as a potential therapeutic
treatment to combat the obesity epidemic and its related comorbidities.
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Morphologically, mature differentiated white adipocytes are described as unilocular—
containing a single large lipid droplet, few mitochondria, and a nucleus that has been
pushed to the border of the cell membrane [9]. In contrast, brown adipose tissue (BAT) is
described as multilocular with several smaller lipid droplets, a more central nucleus, and
a dense population of mitochondria, ultimately giving the tissue its characteristic brown
appearance [9]. Beige adipocytes lie along a continuum between WAT and BAT. The ther-
mogenic capacity of brown and beige fat relies predominantly on a fatty acid/H+ symport
mechanism mediated by uncoupling protein 1 (UCP1) [10–13]. This inner mitochondrial
membrane protein stimulates thermogenesis by uncoupling the electron transport chain.
Specifically, UCP1 dissipates the proton motive force and increases the rate of substrate
flux through the mitochondrial electron transport chain [14]. This UCP1 dependent process
is the most studied mechanism underlying the thermogenic capabilities of BAT, however,
recently, UCP1-independent modes of thermogenesis have been uncovered.

In comparing the response of wildtype and UCP1 knockout mice to adrenergic stimu-
lation, it was found that the thermogenic response (pharmacological and cold-induced)
was similar [15–18], implying the presence of UCP1-independent thermogenic mechanisms.
Previous work has found that reductions in high energy-phosphate compounds, such as
creatine, result in a dysregulation of thermogenesis [19,20] and a role for creatine cycling
in adipose tissue thermogenesis was suggested almost four decades ago [1]. In 2015,
Kazak et al. [14] performed quantitative mitochondrial proteomics and identified creatine
metabolism as a signature of beige fat from cold-exposed mice. Interestingly, both genetic
and pharmacological depletion of adipose creatine potentiates diet-induced obesity [21,22],
and inactivation of creatine transport results in fat accumulation [21]. In adipose tissue,
the creatine pool is regulated by intracellular synthesis and by influx from circulation. The
forward and reverse phospho-transfer reactions of phosphocreatine (PCr)/creatine in most
cells occur in a 1:1 stoichiometry with the ATP/ADP coupled. However, in thermogenic
adipocytes, it has been estimated that there is an excessive release of ADP with respect
to creatine [14,23]. Therefore, it is thought that creatine facilitates the regeneration of
ADP through futile hydrolysis of PCr [14]. Importantly, it was recently demonstrated
that creatine kinase B (CKB) traffics to the mitochondria where it plays an important role
in the futile creatine cycle [24] and that tissue-nonspecific alkaline phosphatase (TNAP)
localizes to the mitochondria where it acts as a robust PCr phosphatase in thermogenic
fat [25]. Together, these studies demonstrate that adipocyte creatine energetics can be a key
regulator of thermogenesis [14,20–23].

Creatine monohydrate (CM) is a stable form of creatine with an attached molecule
of water and is one of the most widely used and researched oral supplements (for re-
view [26,27]. CM supplementation is well known for its effects on enhancing body com-
position, muscle mass and health, and exercise performance [28,29]. Supplementation
is commonly in the range of 5 to 20 g/day which all lie within a range that is safe and
tolerable for consumption [27,30]. While most of the work in the area has focused on
CM supplementation and skeletal muscle outcomes, limited investigations have been
performed to demonstrate that CM supplementation can increase creatine concentrations
in other tissues. CM supplementation increases creatine concentrations in cardiac muscle,
brain, kidney, liver, and lung tissue female rodents [31]—however, adipose tissue was
not analyzed.

The purpose of the current investigation was to determine the effect of creatine sup-
plementation on WAT browning in male and female Sprague-Dawley rats. To examine
this question, male and female rats were separated into four different groups and sup-
plemented with different doses of creatine (0, 2.5, 5 and 10 g/L) for 8 weeks. The results
of this study provide novel information about the potential of creatine supplementation
to induce WAT browning and further provide insight into the sex-specific responses of
creatine supplementation.
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2. Materials and Methods

2.1. Animals and Study Design

Experimental protocols were approved by the Brock University Animal Care Com-
mittee (file #19-02-01) and are in compliance with the Canadian Council on Animal Care.
Thirty-two Sprague-Dawley rats (16 male, average body weight 372.4 g ± 12.1 g; 16 female,
average body weight 311.8 g ± 21.0 g) were ordered from Charles River Laboratories
(Wilmington, MA, USA) at 11 weeks of age. Rats acclimatized for 7 days in the Brock Uni-
versity Comparative Biosciences Facility. All rats were kept on a 12-h light:12-h dark cycle
and had ad libitum access to food (AIN-93G pellets) and water throughout the duration of
the study. Rats were separated by sex, housed in pairs, and randomly assigned into one
of four experimental groups: (1) control (1% sucrose via drinking water), (2) 2.5 g/L, (3)
5 g/L, and (4) 10 g/L of creatine monohydrate (CM) (Sigma-Aldrich; CAT# C3630) and
1% sucrose via drinking water. Incremental doses of creatine monohydrate were selected
to determine if there would be a dose response in adipose tissue adaptations. Rat weight,
food, and water intake were measured three times a week for 8 weeks [32].

2.2. Tissue Collection and Homogenization

After the 8-week feeding period, rats underwent non-survival surgeries using isoflu-
rane gas anesthesia. WAT samples were collected from inguinal subcutaneous fat depots
(iWAT) and gonadal fat depots (gWAT; epididymal and ovarian), while BAT samples were
collected from the interscapular fat pads. Samples were divided and placed in either
formalin for histological analysis or snap frozen in liquid nitrogen and stored at −80 ◦C for
analysis via Western blotting. Blood samples were collected from the heart and rats were
euthanized via exsanguination.

2.3. Western Blotting

Samples were homogenized via FAST prep (FastPrep®, MP Biomedicals, Santa Ana,
CA, USA) in 3 and 10 volumes (WAT and BAT samples respectively) of NP40 Cell Lysis
Buffer (Life Technologies; CAT# FNN0021) supplemented with 34 μL phenylmethylsulfonyl
fluoride and 50 μL protease inhibitor cocktail (Sigma; CAT# 7626-5G, CAT# P274-1BIL).
Homogenates were then centrifuged at 4 ◦C for 5 min at 1500× g, after which the in-
franatant was collected and protein concentration was determined using a Bicinchoninic
acid assay (Sigma-Aldrich—B9643, VWR—BDH9312). Homogenates were prepared in
2× Laemmli sample buffer (1 μg/μL) and were denatured at 100 ◦C for 5 min. Equal
amounts of sample (10–20 μg) were loaded to undergo protein separation via SDS-PAGE
(4% stacking, 10–15% resolving gel) for 90 min at 120 V). Protein was wet transferred
to 0.45 μm nitrocellulose membranes (CAT# 10600001, Milipore Sigma Burlington, MA,
USA) at 100 V for 60 min. Membranes were blocked in tris buffered saline/0.1% tween 20
(TBST) prepared with 5% non-fat dry milk for 1 h followed by overnight incubation at 4 ◦C
with the appropriate primary antibody. Following primary incubation, membranes were
rinsed with TBST and incubated with the appropriate Horseradish peroxidase-conjugated
secondary antibodies for 1 h at room temperature. Ponceau staining was used to confirm
equal protein loading (<10% variability across the membrane). Signals were detected using
enhanced chemiluminescence (Western Lightening ® Plus ECL, Perkin Elmer, MA, USA)
and were subsequently quantified by densitometry using a FluorChem HD imaging system
(Alpha Innotech, Santa Clara, CA, USA). The primary antibodies included: cytochrome C
(ABCAM, CAT# ab76237), citrate synthase (ABCAM, CAT# ab96600), COXIV (Molecular
Probes, CAT# A-21348), PDH (Millipore, CAT# ABS2082), UCP-1 (ABCAM, CAT# ab10983),
PGC-1α (Millipore, CAT# AB3242), GAMT (ABCAM, CAT# ab126736), and CKB (Abclonal;
cat. no. ab12631).
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2.4. Real-Time qPCR

Adipose mRNA was extracted and reverse transcribed into cDNA and changes in
mRNA expression were determined using real-time quantitative PCR as described pre-
viously [33]. RNA was isolated from adipose tissue following homogenization in Tri-
zol reagent using an RNeasy kit according to the manufacturer’s instructions (RNeasy
Kit 74106; Qiagen). RNA yield and purity were determined using a Nano-drop system
(NanoVue plus; GE healthcare). RNA samples were prepared at 1 μg/μL using RNase free
water. cDNA was synthesized using random primers and dNTP (Invitrogen) at a 1:1 ratio
as well as a master mix (5 × FSB, DTT, RNase out and SuperScript II Reverse Transcriptase).
7500 Fast Real-Time PCR system (Applied Biosystems) was used to perform the RT qPCR.
Samples were loaded in duplicate and contained 10 μL of PCR master mix, 4 μL of RNase
free water, 1 μL of gene expression assay, and 5 μL of cDNA. Gene expression assays were
purchased for Slc6a8 (Rn00506029_mL). Gapdh was used as a housekeeping gene and was
not different between groups. Relative differences in Slc6a8 were determined using the
2-ΔΔCT method and normalized to the respective control group [34].

2.5. Histology

Samples (gWAT, iWAT, and BAT) underwent fixation in 10% neutral buffered formalin
(Millipore Sigma, CAT#HT501128) for 62 h. Following fixation, samples were transferred
into 70% ethanol for future processing. Samples underwent dehydration via ethanol
(1 × 90% 30 min, 3 × 100% 40 min) and xylene (Fischer Scientific) (3 × 45 min). Samples
were embedded in paraffin and 10 μm sections were mounted on 1.2 mm Superfrost™
slides. Slides were stained with Harris hematoxylin and eosin (H&E), imaged using a
Nikon Eclipse 80i microscope (CAT#PL-D655CU-CYL), and images were captured with
Pixelink software. Three images from each animal (~150 cells/image) were sampled to
determine cross-sectional area and percent multilocular (ImageJ software, National Institute
of Mental Health, Bethesda, MD, USA).

2.6. Statistical Analysis

Control male and female comparisons were made with a one-way analysis of variance
(ANOVA). Comparisons within sex and across doses were made with a one-way ANOVA
with all measurements being made relative to the control groups. Post-hoc analysis was
completed with a Tukey’s multiple comparisons test. Statistical significance was assumed
at p ≤ 0.05, and GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA) was
used to perform all statistical analyses. Results are stated and presented as mean ± SEM
for all groups.

3. Results

3.1. Animal and Adipose Tissue Depot Characteristics

No differences were observed for male or female rat body mass at the end of the
intervention between creatine doses. Female rats had a lower body mass compared to males
in each creatine supplementation group (p < 0.05). Food and water intake were not different
for either male or female rats in each creatine supplementation group. Normalizing for
body mass, female rats ate more when compared to males in each treatment group (p < 0.05).
Total creatine consumption relative to body mass was different between doses for both
male and female rats. Relative creatine consumption was higher in the 2.5 g/L (p = 0.001),
5 g/L (p < 0.001), and 10 g/L (p < 0.001) groups compared to the control group. Compared
to the 2.5 g/L group, the 5 g/L (p = 0.005) and 10 g/L (p < 0.001) groups had higher relative
creatine consumption. The 10 g/L group consumed more creatine relative to bodyweight
than the 5 g/L group (p < 0.001). No differences were observed across treatment groups for
male or female adipose tissue protein content (ug protein/mg tissue; Table 1). Using rat
weights and water consumption data, it is estimated that rats consumed 0.22 g/kg/day
(2.5 g/L group), 0.41 g/kg/day (5 g/L group), and 0.79 g/kg/day (10 g/L group) with no
difference in relative creatine intake between sexes. The Human Equivalent Dose based on
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body surface area adjustments [35] suggests that these doses would be equivalent to 2.5,
4.7, and 9.0 g/day in a 7-kg human—normal ranges of CM supplementation.

Table 1. Animal and adipose depot characteristics.

Animal Characteristics

Creatine (g·L−1) 0 2.5 $ 5 & 10

End point body mass (g)

Males 587.8 ± 9.1 602.8 ± 14.1 610.3 ± 25.3 584.5 ±23.0

Females 376.8 ± 13.5 * 416.3 ±13.5 * 397.0 ± 7.1 * 404.8 ± 28.3 *

Food Intake (g·day−1)

Males 24.4 ± 0.3 24.3 ± 0.9 23.7 ± 1.7 23.8 ± 1.3

Females 17.7 ± 1.2 * 19.0 ± 0.7 * 18.3 ± 0.1 * 18.75 ± 1.2 *

Water Intake (mL·day−1)

Males 57.9 ± 14.0 44.9 ± 8.7 36.1 ± 2.2 # 43.5 ± 1.0

Females 34.7 ± 4.6 * 35.8 ± 5.4 * 35.4 ± 1.9 * 27.9 ± 1.3 *

Gonadal Adipose Tissue Protein Content (ug protein/mg tissue)

Males 19.4 ± 1.3 19.4 ± 1.2 18.2 ± 0.3 19.1 ± 1.3

Females 19.5 ± 1.0 18.0 ± 1.1 18.1 ± 0.3 18.1 ± 0.7

Inguinal Adipose Tissue Protein Content (ug protein/mg tissue)

Males 28.2 ± 1.2 27.5 ± 3.9 33.9 ± 6.0 29.0 ± 0.9

Females 29.0 ± 4.6 25.1 ± 1.0 29.8 ± 1.7 29.9 ± 0.9

Interscapular Brown Adipose Tissue Protein Content (ug protein/mg tissue)

Males 93.4 ± 5.4 111.6 ± 12.2 99.6 ± 9.4 107.2 ± 10.8

Females 112.0 ± 9.4 106.3 ± 12.2 117.2 ± 7.6 120.9 ± 3.1
End point body mass, total food intake, water intake, and creatine intake. Data are presented as means ± SD.
* p < 0.05 compared to males in the same treatment group. # p < 0.05 compared to control of same sex. $ p < 0.05
compared to 2.5 g/L group of same sex. & p < 0.05 compared to 5 g/L group of same sex.

3.2. Creatine Supplementation Increases Mitochondrial Markers in Female Rat Inguinal White
Adipose Tissue

Female rats had lower PDH-E1 alpha and citrate synthase protein content in inguinal
subcutaneous adipose tissue when compared to male rats (p < 0.05; Figure 1A). Creatine
supplementation did not alter mitochondrial protein content in male rat inguinal subcu-
taneous adipose tissue (Figure 1B). In female rats, creatine supplementation resulted in
a higher COVIX (5 g/L), PDH-E1alpha (2.5 g/L, 5 g/L, and 10 g/L), and cytochrome C
(10 g/L) content compared to control females (p < 0.05; Figure 1B). No differences were
observed in UCP1 content in male or female rats (Figure 1C). No differences were observed
for male or female adipocyte area or % multilocular in the 10 g/L creatine supplemented
group compared to control (Figure 1D).
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Figure 1. Subcutaneous inguinal white adipose tissue (iWAT) mitochondrial protein content and morphology. (A) Quantified
Western blot data for iWAT protein content of COXIV, PDH-E1α, Cytochrome C (Cyto C), citrate synthase (CS), PGC-1α,
and uncoupling protein-1 (UCP1) for control male and female rats. (B) Quantified Western blot data for mitochondrial
proteins across creatine supplemented groups and representative Western blot images. (C) UCP-1 content in male and
female rats across creatine supplemented groups. (D). Representative images of H&E stained slides. Scale bar on H&E
representative image represents 100 μm. Data were analyzed by ANOVA and are presented as mean ± SEM, * denotes
significantly different from control group, p < 0.05.

3.3. Creatine Supplementation increases Mitochondrial Markers in Male Rat Gonadal White
Adipose Tissue

Female rats had lower PGC-1alpha content in gonadal visceral adipose tissue com-
pared to male rats (p < 0.05; Figure 2A). Creatine supplementation did not alter mitochon-
drial protein content in female rat gonadal visceral adipose tissue (Figure 2B). In male rats,
creatine supplementation resulted in a higher COXIV content (10 g/L vs. all other groups,
p < 0.05) and PDH-E1alpha content (10 g/L vs. control and 2.5 g/L, and 5 g/L vs. 2.5
g/L, p < 0.05) (Figure 2B). No differences were observed for male or female adipocyte area
(Figure 2C). Control male rats had higher % multilocular adipocytes compared to control
females (Figure 2C). No differences in % multilocular adipocytes were observed in the 10
g/L creatine supplemented group compared to control or between sexes (Figure 2C).
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Figure 2. Visceral gonadal white adipose tissue (gWAT) mitochondrial protein content and morphology. (A) Quantified
Western blot data for gWAT protein content of COXIV, PDH-E1α, Cytochrome C (Cyto C), citrate synthase (CS), PGC-1α,
and uncoupling protein-1 (UCP1) for control male and female rats. (B) Quantified Western blot data for mitochondrial
proteins across creatine supplemented groups and representative Western blot images. (C) Representative images of H&E
stained slides. Scale bar on H&E representative image represents 100 μm. Data were analyzed by ANOVA and are presented
as mean ± SEM, * denotes significantly different from control group, p < 0.05.

3.4. Creatine Supplementation does Not increase Mitochondrial Markers Brown Adipose Tissue in
either Male or Female Rats

Female rats displayed higher PGC-1alpha content compared to male rats (Figure 3A).
Creatine supplementation did not alter mitochondrial protein content in either male or
female BAT at any of the supplemented doses (Figure 3B, p < 0.05). No differences were
observed for UCP1 content in male or female rats across all creatine supplemented groups
(Figure 3C). No differences were observed for male or female adipocyte area or % multiloc-
ular in the 10 g/L creatine supplemented group compared to control (Figure 3D).
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Figure 3. Brown adipose tissue (BAT) mitochondrial protein content and morphology. (A) Quantified Western blot data
for BAT protein content of COXIV, PDH-E1α, Cytochrome C (Cyto C), citrate synthase (CS), PGC-1α, and uncoupling
protein-1 (UCP1) for control male and female rats. (B) Quantified Western blot data for mitochondrial proteins across
creatine supplemented groups and representative Western blot images. (C) UCP-1 content in male and female rats across
creatine supplemented groups. (D) Representative images of H&E stained slides. Scale bar on H&E representative image
represents 100 μm. Data were analyzed by ANOVA and are presented as mean ± SEM, denotes significantly different from
control group, p < 0.05.

3.5. Creatine Supplementation Alters Markers of Creatine Uptake and Metabolism

Examination of GAMT protein content, a catalyst enzyme responsible for mediating
intrinsic creatine synthesis, revealed no differences for GAMT content across any of the
creatine dosages or sexes (Figure 4A). CKB was analyzed as a marker of creatine cycling.
CKB content was higher in female iWAT at 5 g/L compared to control, this did not reach
significance in the 10 g/L group. There were no differences observed in the other depots
and no differences observed in the male samples (Figure 4B). As a marker of alterations in
creatine transport, Slc6a8 expression was examined. Slc6a8 expression was higher in gWAT
of female rats treated with 10 g/L creatine compared to controls with no differences in
the other adipose depots (Figure 4C). In male rats, 5 and 10 g/L creatine supplementation
resulted in higher Slc6a8 expression in iWAT (Figure 4C). Finally, creatine content was
examined in the adipose depots of the 10 g/L groups and compared to the control groups.
Creatine content was measured with a commercially available assay kit and was performed
as outlined in the assay kit instructions (Biovision, Catalog #K635-100). Creatine content
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was higher in female and male iWAT within the 10 g/L dose with no differences in the
other adipose depots (Figure 4D).
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Figure 4. Adipose tissue markers of creatine uptake and metabolism. (A) Adipose tissue depot GAMT protein content in
female (left) and male (right) rats. (B) Creatine kinase B content. (C) Slc6A8 mRNA expression. (D) Creatine content. Data
were analyzed by ANOVA and are presented as mean ± SEM, * denotes significantly different from control group, p < 0.05.

4. Discussion

Futile creatine cycling has been identified as a mechanism involved in adipose tissue
browning and thermogenesis [14,20–24]. This study examined the potential for creatine
supplementation to alter mitochondrial markers in WAT in both male and female Sprague-
Dawley rats. Our novel results demonstrate that male and female WAT have a depot
specific and sex dependent response to creatine supplementation. Creatine supplementa-
tion resulted in an increased creatine content in iWAT in the female and male rats. This was
accompanied by increased mitochondrial markers (COXIV, PDH-E1alpha, and cytochrome
C) in female rats. No effects on mitochondrial protein markers were observed in male
iWAT depots, despite an increase in creatine content. Alternatively, there were no changes
in response to creatine supplementation in female rat gWAT, however in male rats, cre-
atine supplementation increased mitochondrial markers (COXIV and PDH-E1alpha) in
gWAT. Together, these results highlight creatine supplementation as a potential means to
increase WAT mitochondrial content and further highlight the importance of examining
sex differences when studying adipose tissue.

Historically, adipose mediated thermogenesis has focused on the role of UCP1, how-
ever, it has become apparent that there are UCP1 independent mechanisms that contribute
to adipose tissue browning and thermogenesis. Creatine supports energy expenditure in
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adipocytes and recent work has highlighted a role for futile creatine cycling in adipose
tissue thermogenesis [14,19–24,36,37]. The potential underlying mechanisms that link
creatine to thermogenic respiration have been recently reviewed [8,37]. However, it was
not until recently that work has shed some light into the exact underlying mechanisms.
Briefly, it has been determined that creatine elicits a substrate cycle of mitochondrial ATP
turnover in a sub-stoichiometric fashion [37] and that the recruitment of mitochondrial CKB
plays a crucial role in the transfer of phosphate between ATP and creatine [24]. Recently,
TNAP was also identified to play an important role [25]. In thermogenic adipocytes, TNAP
localizes to mitochondria where it initiates the futile cycling of creatine dephosphorylation
and phosphorylation [25]. The potential of dietary creatine supplementation to stimulate
adipose tissue browning has yet to be fully investigated. Kazak et al. examined creatine
supplementation in Adipo-Gatm KO mice and found that supplementation rescued im-
paired adrenergic thermogenesis in these mice [22]. Here, we demonstrated that 8 weeks
of creatine supplementation results in increased mitochondrial markers in WAT depots
with no change in UCP1 content. This is an important and novel finding as it suggests that
dietary creatine may be a means to improve adipose tissue health and possibly increase
thermogenesis, independent of UCP1. One limitation of this work is the lack of functional
outcomes at the tissue and whole-body level. Future work should determine if these
increases in mitochondrial protein content result in enhanced mitochondria respiration and
in turn if this enhances whole-body energy expenditure. While there were no differences
in body mass amongst groups at the end of the intervention, it is possible that longer term
supplementation or supplementation in conjunction with exercise training may result in
significant reductions in body mass.

Interestingly, the observed increases in mitochondrial markers were sex- and depot-
specific. Our findings show that in female rats, 8 weeks of creatine supplementation
resulted in mitochondrial adaptations in inguinal subcutaneous WAT with no changes
in the visceral WAT, while the opposite was true for male rats. Much information about
adipose tissue depots specific differences has accumulated over the past few decades.
It is known that the type of adipose tissue and the location in which it accumulates is
important with regard to disease risk. For example, the accumulation of visceral WAT
is associated with an increased risk of insulin resistance, type 2 diabetes, dyslipidemia,
and atherosclerosis [38,39], while subcutaneous WAT is associated with higher insulin
sensitivity and a reduced risk of type 2 diabetes [40–42]. The underlying mechanisms
for the varying responses and metabolic effects of subcutaneous and visceral fat are most
likely due to unique properties within the depots. Subcutaneous and visceral adipocytes
develop from different progenitor cell lines, differentiate at varying rates, and can develop
unique gene expression profiles [43,44]. For example, the expression of PRDM16, a tran-
scription coregulatory protein responsible for adipose tissue browning, is much higher
in subcutaneous WAT compared to visceral WAT [45]. It is known that beige cells are
found interspersed in the WAT of humans and rodents [46–48], and the browning occurs
predominantly in subcutaneous WAT. These differences between adipose tissue depots
could account for the diverse responses to dietary creatine supplementation in our study.
However, further investigation is needed to fully determine the molecular mechanisms
underlying the creatine-induced mitochondrial changes and how this regulation is specific
to each adipose tissue depot in both sexes. Future studies should explore differences in
creatine transporter content and uptake across depots and sexes.

Animal models have demonstrated that sex and sex hormones can influence adipose
tissue development, adipogenesis, gene expression profiles regulating insulin resistance
and lipolysis, as well as the inflammatory tone and remodeling responses to obesity [49].
It is possible that the observed differences in response to creatine supplementation are
due to circulating sex hormones. Previous work has shown that subcutaneous WAT has
a higher concentration of estrogen receptors and progesterone receptors compared to
androgen receptors in females. In contrast, visceral WAT has a higher concentration of
androgen receptors [49,50]. This differential expression of sex hormone receptors could
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have influenced the response to creatine supplementation observed here in female and
male rats. Interestingly, in differentiated 3T3L1 adipocytes, estradiol stimulated the specific
activity of creatine kinase [51,52]. This highlights the differential response in adipose
depots across sexes and together with our results sets the groundwork for future work in
the area.

In the current study, mRNA analysis was conducted to examine if creatine supple-
mentation had an effect on the expression of the creatine transporter (Slc6a8). Differences
were demonstrated in a sex- and depot-specific manner. Females exhibited increases of
the Slc6a8 gene within the gWAT adipose depot, whereas males exhibited this increase
in the iWAT depot. This finding is compelling as it contrasts our other findings, which
demonstrated that females experienced mitochondrial protein increases in iWAT and males
in the gWAT. As explained previously, subcutaneous iWAT has higher concentrations of
estrogen receptors in females, whereas visceral gWAT has higher concentrations of an-
drogen receptors. Therefore, it is possible this finding may be explained as an adaptive
physiological response; the Slc6a8 gene may be upregulated in female gWAT depots and
male iWAT depots in an attempt to produce equal physiological responses among different
adipose depots within the same rat, however, this is purely speculative.

The current study provides new information demonstrating the potential of dietary
creatine supplementation on improving WAT health and increasing mitochondrial markers.
Of note are the novel sex- and depot- specific responses to creatine supplementation. These
highlight the importance of examining sex-differences in adipose tissue. Future work
should explore the depot- and sex- specific responses to creatine. Importantly, the results
presented here highlight the efficacy of creatine supplementation to increase mitochondrial
proteins and highlight the potential as a preventative or therapeutic treatment for obesity
and related metabolic diseases.
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Abstract: Creatine monohydrate (CrM) supplementation has been shown to improve body compo-
sition and muscle strength when combined with resistance training (RT); however, no study has
evaluated the combination of this nutritional strategy with cluster-set resistance training (CS-RT).
The purpose of this pilot study was to evaluate the effects of CrM supplementation during a high-
protein diet and a CS-RT program on lower-limb fat-free mass (LL-FFM) and muscular strength.
Twenty-three resistance-trained men (>2 years of training experience, 26.6 ± 8.1 years, 176.3 ± 6.8 cm,
75.6 ± 8.9 kg) participated in this study. Subjects were randomly allocated to a CS-RT+CrM (n = 8), a
CS-RT (n = 8), or a control group (n = 7). The CS-RT+CrM group followed a CrM supplementation
protocol with 0.1 g·kg−1·day−1 over eight weeks. Two sessions per week of lower-limb CS-RT were
performed. LL-FFM corrected for fat-free adipose tissue (dual-energy X-ray absorptiometry) and
muscle strength (back squat 1 repetition maximum (SQ-1RM) and countermovement jump (CMJ))
were measured pre- and post-intervention. Significant improvements were found in whole-body
fat mass, fat percentage, LL-fat mass, LL-FFM, and SQ-1RM in the CS-RT+CrM and CS-RT groups;
however, larger effect sizes were obtained in the CS-RT+CrM group regarding whole body FFM (0.64
versus 0.16), lower-limb FFM (0.62 versus 0.18), and SQ-1RM (1.23 versus 0.75) when compared to the
CS-RT group. CMJ showed a significant improvement in the CS-RT+CrM group with no significant
changes in CS-RT or control groups. No significant differences were found between groups. Eight
weeks of CrM supplementation plus a high-protein diet during a CS-RT program has a higher clinical
meaningfulness on lower-limb body composition and strength-related variables in trained males
than CS-RT alone. Further research might study the potential health and therapeutic effects of this
nutrition and exercise strategy.
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1. Introduction

Several changes with regard to the synthesis and hydrolysis of adenosine triphosphate
(ATP) occur inside muscle cells during all-out short-term physical exercise [1]. This relation-
ship between energy production and consumption (myocellular ATP/ADP ratio) is crucial
for the onset of muscle fatigue, which is characterized by an acute reduction in force and
power in response to contractile activity [2]. In parallel to the decrease of the ATP/ADP
ratio, muscle concentrations of inorganic phosphate (Pi) and hydrogen ions (H+) signifi-
cantly rise over the course of high-intensity physical exercise. This metabolic stress is also
currently considered one of the main mechanisms evoking muscle fatigue [3]. Affecting
mainly the muscle fibers expressing myosin heavy chain isoform II (fast twitch or type II),
the intracellular accumulations of Pi and H+ impair the function of the contractile machin-
ery via several mechanisms, including inhibition of actomyosin and sarco/endoplasmic
reticulum Ca2+-ATPases (SERCA), reduction of the Gibbs free energy of ATP hydrolysis, al-
teration of the state of actin–myosin cross-bridges, and uncoupling of dihydropyridine and
ryanodine receptors [3–5]. In fact, it has been proposed that initial phase of force reduction
is accompanied by an increase in Pi concentration and dysregulation of Ca2+ handling (i.e.,
disruptions in the Ca2+ release–reuptake process in the sarcoplasmic reticulum), suggesting
a possible precipitation of calcium phosphate in the sarcoplasmic reticulum [6].

It is well known that the metabolism of phosphagen compounds (high-energy phos-
phates), such as phosphocreatine (PCr), provides an immediate and predominant energy
source for the rapid and localized regeneration of ATP during explosive short-duration
physical exercise [7]. Interestingly, during periods of muscle inactivity (rest between sets),
PCr resynthesis requires energy from ATP hydrolysis to allow the transphosphorylation
of free creatine (Cr) by different creatine kinase (CK) isoforms [8]. In comparison to ATP
and ADP, PCr and Cr are smaller and less negatively charged molecules that can be found
in much higher concentrations in the myocyte, allowing greater intracellular flux through
the mitochondrial reticulum [9] and CK/PCr system [10,11]. Hence, the CK/PCr system
might be considered as a crucial spatio-temporal energy and metabolic buffer during
high-intensity short-duration physical exercise [8]. Optimization of the CK/PCr system
can be attained by supplementation with creatine monohydrate (CrM), which is not only
the most studied, safe, and effective nutritional ergogenic aid [12–15] but also has several
potential health/therapeutic benefits [16–21].

As a type of explosive strength training, progressive heavy resistance training (RT)
is recognized by promoting positive musculoskeletal and functional adaptations in a
wide range of populations [22–25]. Traditional set configurations of RT usually involve a
number of repetitions performed in a continuous fashion without any pause in between.
However, several configurations of cluster-set RT (CS-RT), which includes intra-set rest
periods, have been studied with interest in the recent years [26–29]. This strategy has
been reported as a time-efficient tool to attenuate the loss in mean propulsive velocity,
power, and peak force [30,31], and to improve the exercise adaptations in strength-trained
individuals [32,33].

The intra-set rest periods of CS-RT might hypothetically lead to a greater PCr resyn-
thesis, which in turn could optimize the energy and metabolic buffering role of the CK/PCr
system. Indeed, it has been proposed that this would control intramuscular pH, avoid
accumulation of metabolic products, restore membrane potential to resting values, and in-
crease blood flow reperfusion into the muscle and consequently increase oxygen transport
to the tissues [34]. Previous work has shown that during rest PCr resynthesis has a biphasic
time course behavior (fast phase during the first 21–22 s and slow phase from 170 s and
beyond) [35]. Although different studies have assessed the effects of CS-RT with different
configurations on both progressive overload [36,37] and plyometric training [38,39], to our
knowledge there is no study that has evaluated the combination of this strategy with CrM
supplementation on body composition and strength. Thus, the aim of this pilot study was
to evaluate the effects of chronic CrM supplementation (0.1 g·kg−1·day−1) plus a high-
protein diet during an eight-week CS-RT program on lower-limb body composition and
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strength-related variables in resistance-trained men. We hypothesize that the combination
of CrM, a high-protein diet, and CS-RT will have a great impact on exercise adaptations in
advanced exercisers.

2. Materials and Methods

2.1. Trial Design

This was a triple-arm single-blinded and repeated-measures randomized controlled
pilot study in resistance-trained men. The study was designed following the Consolidated
Standards of Reporting Trials (CONSORT) extension to pilot and feasibility trials with
suitable adaptations [40]. We evaluated the effects of CrM supplementation on a high-
protein diet during eight weeks of a CS-RT program on lower-limb body composition and
strength-related parameters. All variables were measured at baseline (Week 0) and after
the CS-RT program (Week 8) (Figure 1).

Figure 1. Experimental design of the study. CMJ: countermovement jump; CrM: creatine monohy-
drate; CS-RT: cluster-set resistance training; LL-DXA: lower-limb assessment with dual-energy X-ray
absorptiometry; SQ-1RM: 1 repetition maximum for the back squat.

2.2. Participants

A total of 27 men (26.1 ± 7.6 years; 177.2 ± 7.1 cm; 75.8 ± 8.4 kg; 24.1 ± 2.1 kg·m−2)
volunteered to participate in this pilot study. Subjects were suitable for eligibility if:
(i) >18 years old; (ii) >2 years of RT experience; (iii) were committed to adhere to their
respective prescribed training protocol with no other physical activity performed nor extra
dietary supplements consumed during the 8-week study period. Taking any performance
and image-enhancing drugs in the 2-year period prior to the study were considered as
exclusion criteria. The participants were informed about the experimental protocol and the
potential associated risks. The research protocol was approved by the Ethics Committee
of the EADE-University of Wales Trinity Saint David (code: EADECAFYD-2019) and
developed in accordance to the ethical guidelines of the Declaration of Helsinki [41].

2.3. Intervention Procedures

Experimental procedures were conducted as previous studies carried out by our
research group [26,42]. Both experimental groups (CS-RT+CrM and CS-RT) trained to
volitional failure twice a week with 72 h of rest between sessions. The exercise intervention
program was performed within the infrastructure of the fitness and strength conditioning
center ‘Physical Training’ (Málaga, Spain) while measurements were taken in the Human
Kinetics and Body Composition Laboratory at the University of Málaga.

509



Nutrients 2021, 13, 2303

2.3.1. Anthropometry

All anthropometric data were collected during the first visit to the laboratory during
the familiarization weeks. Body mass was measured with a digital scale to the nearest 50 g
(Tanita RD-545, Tokyo, Japan). A fixed stadiometer was used to measure the stature (SECA
220, Hamburg, Germany).

2.3.2. Exercise Protocol

All participants were familiarized with advanced resistance training strategies. The
CS-RT+CrM and CS-RT groups performed the same training protocol during the eight
weeks of the study while subjects of the control group were asked to maintain their habitual
training regimes throughout the study (Table 1). Three exercises were performed in the
following order: squat (3 sets), deadlift (3 sets), and leg press (2 sets). An unsupervised
standardized training program for upper limbs was prescribed in the experimental groups.
Training sessions were monitored by strength and conditioning specialists, adjusting the
loads whenever necessary.

Table 1. Eight-week cluster-set resistance training protocol.

Group Exercises Sets per Exercise Reps per Set Clusters per Set Intra-Set Rest (s)
Inter-Set
Rest (s)

CS-RT+CrM Squat, deadlift,
and leg press *

3 12 4 × 3RM 20 180

CS-RT 3 12 4 × 3RM 20 180

Control Followed their habitual diet and training programs (no recorded)

Participants were encouraged to train on Monday and Thursday to favor recovery given all reported having lower energy levels and
mechanical expenditure during the weekend. * Two sets were performed for the leg press exercise.

2.3.3. Dietary Intervention

All participants were prescribed to consume ∼39 kcal·kg−1 FFM per day in order to
optimize changes in body composition [43]. In the CS-RT+CrM and CS-RT groups, partic-
ipants were instructed to consume the following macronutrient distribution: 5.0 g·kg−1

FFM·day−1 of carbohydrates, 2.5 g·kg−1 FFM·day−1 of protein, and 1.0 g·kg−1 FFM·day−1

of fat [44]. Similar foods were recommended for the diets of participants in the CS-
RT+CrM and CS-RT groups while subjects in the control group maintained their habitual
diet. The CS-RT+CrM group followed an eight-week CrM supplementation protocol of
0.1 g·kg−1·day−1 (Creatine-Red Gold Series, MTX Corporation, Irún, Spain). Several stud-
ies have shown that this chronic supplementation protocol (with or without loading phase)
is safe and effective for improving exercise performance capacity and training adapta-
tions in trained men [12,13]. The individualized amount of CrM was fully dissolved in
≈500 mL of a shake with 0.5 g·kg−1 beef protein (Carnicode, MTX Corporation, Irún,
Spain) and given to the participants immediately after each training session (in the morn-
ing on non-training days). Both CS-RT+CrM and CS-RT groups consumed 0.5 g·kg−1

protein post-exercise and, therefore, we equated protein consumption between experimen-
tal groups. A sport nutritionist designed and supervised all individualized protocols to
optimize dietary adherence and confirm the dietary compliance (total daily energy intake
and macronutrient distribution).

2.4. Outcomes

Primary and secondary outcomes were measured following laboratory procedures
reported in previous articles published by our research group [26,42].

2.4.1. Primary Outcome Measures

Whole and regional body composition were estimated using dual-energy X-ray absorp-
tiometry (DXA). Each subject was scanned by a certified technician, and the distinguished
bone and soft tissue, edge detection, and regional demarcations were performed by com-
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puter algorithms (software version APEX 3.0, Hologic QDR 4500, Bedford, MA, USA).
The lower-limb region included the foot, lower leg, and upper leg and was defined by an
inclined line passing just below the pelvis crossing the neck of the femur. For each scan,
subjects wore sports clothes and were asked to remove all materials that could attenuate
the X-ray beam. This included jewelry items and underwear containing a wire. Calibration
of the densitometer was checked daily against the standard calibration block supplied by
the manufacturer. To determine intertester reliability, two different observers manually
selected the area for each subject (coefficient of variation ranged from 1.0 to 2.0%).

To eliminate the influence of the fat-free adipose tissue (FFAT), we adjusted the DXA
measurements based on the model proposed by Heymsfield et al. (2002) [45]. This model
describes that 85% of adipose tissue is fat while the remaining 15% is the estimated fat-free
component. Eliminating the influence of FFAT on DXA-derived fat-free mass (FFM) has
been shown to provide more accurate values to detect changes in body composition [46].
Therefore, to calculate adipose tissue mass we based our method on the one employed by
Abe et al. (2018) [47] and adjusted the DXA-derived vales as follows: first, we estimated
the adipose tissue as DXA fat mass ÷ 0.85; FFAT was then calculated as adipose tissue ×
0.15; finally, DXA FFM was adjusted with the elimination of FFAT.

2.4.2. Secondary Outcome Measures
Muscle Strength (Repetition Maximum Test)

The 1 repetition maximum (1RM) for the back squat (SQ) was assessed in a Smith
machine (Gervasport, Madrid, Spain) following procedures reported previously [26,42].
Participants reported to the laboratory having abstained from any exercise other than
activities of daily living for at least 72 h before the reference test and at least 72 h before
post-study testing. All men performed a general warm-up prior to testing, which consisted
of 7 to 10 min of light cardiovascular exercise. A specific warm-up set of the given exercise
was then provided for 12 to 15 repetitions with approximately 40% of the 1RM perceived
by the participants, with a load progression for each exercise of 3 to 6 load increments. The
increases in each load were approximately 10% 1RM until reaching a mean propulsive
velocity of 0.5 m·s−1 [8], followed by increments of 5 to 10 kg until attainment of 1RM.
A rest interval of three to five minutes was afforded between each successive attempt.
Participants had to reach parallel in the 1RM SQ for the trial to be considered a successful
attempt. The protocol followed the recommendations described by McGuigan [48] and the
technical execution of the squat according to Caulfield & Berninger [49].

Muscle Power (Countermovement Jump Test)

Participants were instructed to avoid vigorous exercise for 72 h before the tests in
both the pre- and post-test periods. Prior to testing, all men performed a general warm-up
consisting of light stretching and stationary cycling for 10–12 min. The countermovement
jump (CMJ) test was performed on a jump mat (Smart Jump; Fusion Sport, Coopers Plains,
Australia) as we have reported previously [26]. Participants were instructed to initiate each
jump by squatting to 90◦ of knee flexion while keeping their hands at the waist and trunk
erect, emphasizing that the movement should be performed without interruption from
beginning to end. A total of 3–5 attempts were permitted for familiarization. Thereafter,
two jumps were recorded with a rest interval of 1 min between each trial; the highest value
was used for analysis (coefficient of variation of the technician was 4.65%).

2.5. Sample Size

Non-probability sampling (convenience sampling) was implemented as it is often
a strategy used in pilot studies. This leads to gain insight before a full-fledged research
activity takes place [50]. After the call to participate in this study, 24 subjects were suitable
for eligibility from the available population (i.e., resistance-trained men attending the
fitness and strength conditioning center ‘Physical Training’ located in Malaga, Spain).
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2.6. Randomization

Subjects were randomly assigned (www.randomizer.org accessed on 3 July 2021) to
three groups using a 1:1 allocation ratio design: the CS-RT+CrM group (n = 9), the CS-RT
group (n = 9), and the control group (n = 9). Subsequently, familiarization and baseline
measurements were performed.

2.7. Statistical Analysis

The descriptive statistics are expressed as mean and standard deviation (SD). To
determine statistical significance, we examined the 95% CIs for the difference between the
mean change scores (Δ = Week 8–Week 0). If the 95% CI excludes zero, the difference will
attain significance at the p < 0.05 level. Effect size was calculated as unbiased Cohen’s d
(dunb), considering a result of ≤0.2 as a small, 0.5 as a moderate, ≥0.8 as a large effect, and
≥1.30 as a very large effect [51]. Estimation plots were generated to display the repeated
measures data across two time points (at baseline and after eight weeks). A difference-
in-differences (Diff-in-Diff) analysis was performed to compare changes in the outcome
variables between the groups, as we have implemented previously [52]. Complementarily,
the Kruskall–Wallis test was used for the pairwise comparisons of the Δ between groups.
Statistical analyses were performed using IBM SPSS, version 26 (IBM Corp., Armonk, NY,
USA), and the Exploratory Software for Confidence Intervals [53].

3. Results

Twenty-three men (26.6 ± 8.1 years; 176.3 ± 6.8 cm; 75.6 ± 8.9 kg; 24.3 ± 2.0 kg·m−2)
completed the study and were included in the analysis. One participant from the control
group discontinued intervention due to injury. Three participants (one per group) were
excluded from the analysis because of personal adverse events (Figure 2).

Figure 2. CONSORT flow diagram.
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3.1. Baseline Data

Analysis of baseline characteristics showed that there were no statistical differences
(Kruskal–Wallis test, p > 0.05) between the groups for the studied variables (Table 2).

Table 2. Descriptive information of participants at baseline.

Variable
CS-RT+CrM

(n = 8)
x (SD)

95% CI
(min, max)

CS-RT
(n = 8)
x (SD)

95% CI
(min, max)

Control
(n = 7)
x (SD)

95% CI
(min, max)

Body mass (kg) 76.41 (6.72) 70.79, 82.03 75.09 (11.69) 65.31, 84.86 75.22 (8.83) 67.04, 83.39
Stature (cm) 179.41 (5.07) 175.16, 183.65 173.31 (7.72) 166.85, 179.77 176.45 (7.47) 169.54, 183.36

BMI (kg·m−2) 23.89 (1.71) 22.45, 25.32 25.02 (2.73) 22.73, 27.31 24.25 (2.51) 22.82, 25.68
Body fatDXA (%) 18.00 (4.45) 14.27, 21.73 16.63 (3.27) 13.89, 19.36 15.72 (3.99) 12.02, 19.41

FMDXA (kg) 13.89 (4.15) 10.42, 17.37 12.62 (3.65) 9.56, 15.67 12.04 (4.32) 8.04, 16.05
FFATtotal (kg) 2.45 (0.73) 1.84, 3.06 2.22 (0.64) 1.68, 2.76 2.12 (0.76) 1.42, 2.83
FFMDXA (kg) 62.51 (4.69) 58.59, 66.43 62.47 (8.98) 54.95, 69.98 63.17 (5.69) 57.90, 68.44

FFMDXA minus
FFATtotal (kg) 60.06 (4.63) 56.18, 63.93 60.24 (8.58) 53.06, 67.42 61.04 (5.32) 56.12, 65.96

LL-mass (kg) 38.70 (3.83) 35.49, 41.90 37.10 (6.55) 31.6, 42.58 38.10 (4.97) 33.50, 42.71
LL-FMDXA (kg) 8.03 (2.83) 5.67, 10.40 7.11 (2.17) 5.30, 8.93 6.66 (2.58) 4.27, 9.05
LL-FFAT (kg) 1.41 (0.49) 1.00, 1.83 1.25 (0.38) 0.93, 1.57 1.17 (0.45) 0.75, 1.59

LL-FFMDXA (kg) 30.66 (2.42) 28.63, 32.69 29.98 (5.01) 25.78, 34.18 31.44 (3.01) 28.65, 34.23
LL-FFM minus
LL-FFAT (kg) 29.24 (2.45) 27.19, 31.29 28.72 (4.79) 24.71, 32.74 30.27 (2.77) 27.70, 32.84

SQ-1RM (kg) 110.62 (13.36) 99.45, 121.79 113.00 (16.82) 98.93, 127.06 113.00 (16.02) 98.18, 127.81
CMJ (cm) 38.92 (5.64) 34.20, 43.64 39.14 (4.69) 35.21, 43.06 38.47 (5.91) 33.00, 43.95

Data are expressed as mean (standard deviation) and 95% confidence interval. FFM and LL-FFM were corrected for fat-free adipose tissue.
BMI, body mass; CI, confidence interval; CMJ, countermovement jump; CrM, creatine monohydrate; CS-RT, cluster-set resistance training;
FFAT, fat-free adipose tissue; FFM, fat-free mass; FM, fat mass; LL-FFAT; lower-limb fat-free adipose tissue; LL-FFM; lower-limb fat-free
mass; LL-FM; lower-limb fat mass; LL-mass, lower-limb mass; SQ-1RM, 1 repetition maximum for the back squat.

3.2. Outcomes

The results of all variables are expressed as Δ ± SD [95% CI]; dunb [95% CI] and
presented in Table 3. After eight weeks, there were no significant differences in body
mass in any group. Whole-body fat mass and fat percentage had a moderately significant
decrease in the groups CS-RT+CrM (−2.18 ± 0.82 (−2.88, −1.49); −0.44 (−0.77, −0.20) and
−1.75 ± 1.41 (−2.94, −0.56); −0.47 (−0.93, −0.11), respectively) and CS-RT (−1.75 ± 1.41
(−2.94, −0.56); −0.47 (−0.93, −0.11) and −1.32 ± 1.12 (−2.26, −0.37); −0.36 (−0.64, −0.07),
respectively) while moderate and small effects were detected for these variables in the
control group. FFM (corrected for FFAT) increased significantly in all groups although
a higher effect size was found in the participants of the CS-RT+CrM group (2.95 ± 1.68
(1.54, 4.35); 0.64 (0.24, 1.19)) in comparison to the CS-RT (1.57 ± 1.09 (0.65, 2.48); 0.16
(0.05, 0.30)) and control (0.87 ± 1.91 (−0.89, 2.64); 0.13 (−0.11, 0.41)) groups. A statistically
significant and moderate reduction in lower-limb fat mass was observed in the CS-RT+CrM
(−0.87 ± 0.44 (−1.24, −0.51); −0.28 (−0.51, −0.11)) and CS-RT (−0.83 ± 0.72 (−1.44,
−0.22); −0.35 (−0.71, −0.07)) groups with a small effect for the control group (−0.45 ± 0.50
(−0.92, 0.006); −0.15 (−0.34, 0.002)). Finally, both experimental groups presented significant
changes in lower-limb FFM (corrected for lower-limb FFAT), although the participants
supplemented with CrM had a higher effect size (0.62 versus 0.18 for the CS-RT+CrM and
CS-RT groups, respectively). No significant change was detected in the control group for
lower-limb FFM.
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Table 3. Pre- and post-intervention data on the main study variables.

Variable Group
Week 0
x (SD)

Week 8
x(SD)

Δ

x (SD) [95% CI]
dunb

δ [95% CI]

Body mass (kg)
CS-RT+CrM 76.41 (6.72) 77.59 (4.89) 1.18 (2.33) [–0.76, 3.13] 0.17 [–0.09, 0.48]

CS-RT 75.09 (11.69) 75.11 (11.34) 0.01 (1.17) [–0.96, 1.00] 0.00 [–0.06, 0.07]
Control 75.22 (8.83) 74.96 (9.52) –0.25 (2.16) [–2.25, 1.74] –0.02 [–0.20, 0.14]

Body fatDXA (%)
CS-RT+CrM 18.00 (4.45) 15.81 (4.37) –2.18 (0.82) [–2.88, –1.49] * –0.44 [–0.77, –0.20]

CS-RT 16.63 (3.27) 14.87 (3.28) –1.75 (1.41) [–2.94, –0.56] * –0.47 [–0.93, –0.11]
Control 15.72 (3.99) 14.49 (3.91) –1.22 (1.08) [–2.23, –0.22] * –0.27 [–0.57, –0.03]

FMDXA (kg)
CS-RT+CrM 13.89 (4.15) 12.39 (3.92) –1.50 (0.88) [–2.24, –0.76] * –0.33 [–0.61, –0.12]

CS-RT 12.62 (3.65) 11.30 (3.56) –1.32 (1.12) [–2.26, –0.37] * –0.36 [–0.64, –0.07]
Control 12.04 (4.32) 11.08 (4.35) –0.96 (0.97) [–1.86, –0.06] * –0.19 [–0.42, –0.01]

FFMDXA minus
FFATtotal (kg)

CS-RT+CrM 60.06 (4.63) 63.01 (3.35) 2.95 (1.68) [1.54, 4.35] * 0.64 [0.24, 1.19]
CS-RT 60.24 (8.58) 61.81 (8.62) 1.57 (1.09) [0.65, 2.48] * 0.16 [0.05, 0.30]

Control 61.04 (5.32) 61.92 (6.04) 0.87 (1.91) [–0.89, 2.64] 0.13 [–0.11, 0.41]

LL-mass (kg)
CS-RT+CrM 38.70 (3.83) 39.26 (3.44) 0.55 (0.99) [–0.27, 1.38] 0.13 [–0.05, 0.35]

CS-RT 37.10 (6.55) 37.17 (6.53) 0.07 (1.00) [–0.76, 0.91] 0.01 [–0.09, 0.11]
Control 38.10 (4.97) 38.09 (5.34) –0.01 (1.08) [–1.01, 0.99] –0.002 [–0.15, 0.15]

LL-FMDXA (kg)
CS-RT+CrM 8.03 (2.83) 7.16 (2.65) –0.87 (0.44) [–1.24, –0.51] * –0.28 [–0.51, –0.11]

CS-RT 7.11 (2.17) 6.28 (1.96) –0.83 (0.72) [–1.44, –0.22] * –0.35 [–0.71, –0.07]
Control 6.66 (2.58) 6.20 (2.64) –0.45 (0.50) [–0.92, 0.006] * –0.15 [–0.34, 0.002]

LL-FFM minus
LL-FFAT (kg)

CS-RT+CrM 29.24 (2.45) 30.83 (2.09) 1.59 (0.70) [1.00, 2.18] * 0.62 [0.27, 1.11]
CS-RT 28.72 (4.79) 29.78 (5.10) 1.05 (0.43) [0.69, 1.41] * 0.18 [0.08, 0.33]

Control 30.27 (2.77) 30.79 (3.15) 0.52 (1.12) [–0.51, 1.56] 0.15 [–0.12, 0.46]

SQ-1RM (kg)
CS-RT+CrM 110.62 (13.36) 132.16 (17.27) 21.53 (11.19) [12.17, 30.89] * 1.23 [0.50, 2.25]

CS-RT 113.00 (16.82) 127.50 (17.48) 14.50 (12.27) [4.24, 24.75] * 0.75 [0.17, 1.48]
Control 113.00 (16.02) 121.31 (19.87) 8.31 (9.02) [–0.03, 16.66] 0.40 [–0.001, 0.89]

CMJ (cm)
CS-RT+CrM 38.92 (5.64) 41.65 (5.23) 2.72 (1.99) [1.06, 4.39] * 0.44 [0.13, 0.85]

CS-RT 39.14 (4.69) 40.50 (6.01) 1.36 (4.42) [–2.34, 5.06] 0.22 [–0.33, 0.82]
Control 38.47 (5.91) 37.63 (5.71) –0.84 (3.23) [–3.82, 2.14] –0.12 [–0.55, 0.28]

Data is presented as mean (x) and standard deviation (SD). FFM and LL-FFM were corrected for fat-free adipose tissue. BMI, body mass
index; CI, confidence interval; CMJ, countermovement jump; CrM, creatine monohydrate; CS-RT, cluster-set resistance training; FFAT,
fat-free adipose tissue; FFM, fat-free mass; FM, fat mass; LL-FFAT; lower-limb fat-free adipose tissue; LL-FFM; lower-limb fat-free mass;
LL-FM; lower-limb fat mass; LL-mass, lower-limb mass; SQ-1RM, 1 repetition maximum for the back squat. * Statistically significant change
(p < 0.05).

In regard to lower-limb strength, a statistically significant increase in SQ-1RM was
found in the CS-RT+CrM and CS-RT groups with no significant changes in the control
participants (8.31 ± 9.02 (−0.03, 16.66); 0.40 (−0.001, 0.89)). However, men supplemented
with CrM showed a large effect size (21.53 ± 11.19 (12.17, 30.89); 1.23 (0.50, 2.25)) in
comparison to the moderate effect seen in the CS-RT group (14.50 ± 12.27 (4.24, 24.75); 0.75
(0.17, 1.48)). Only participants of the CS-RT+CrM group showed a moderate statistically
significant improvement in lower-limb muscle power measured as CMJ (2.72 ± 1.99 (1.06,
4.39); 0.44 (0.13, 0.85)) while no significant changes were observed in the CS-RT (1.36 ± 4.42
(−2.34, 5.06); 0.22 (−0.33, 0.82)) and control (−0.84 ± 3.23 (−3.82, 2.14); −0.12 (−0.55, 0.28))
groups. Figure 3 shows paired results between initial and final measurements.
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Figure 3. Estimation plots showing pre- and post-intervention values on analyzed variables. Paired data from CS-RT+CrM
(left), CS-RT (middle), and control (right) groups are shown as small circles joined by blue lines. The differences between
the initial (Week 0) and final (Week 8) means are plotted on a floating difference axis whose zero is aligned with the
pre-test mean. The filled pink triangle marks the difference on that axis and the 95% CI on that difference is displayed. The
differences are shown as open triangles on the difference axis. FFM and LL-FFM were corrected for fat-free adipose tissue.
BMI, body mass index; CI, confidence interval; CMJ, countermovement jump; CrM, creatine monohydrate; CS-RT, cluster-set
resistance training; FFAT, fat-free adipose tissue; FFM, fat-free mass; FM, fat mass; LL-FFAT; lower-limb fat-free adipose
tissue; LL-FFM; lower-limb fat-free mass; LL-FM; lower-limb fat mass; LL-mass, lower-limb mass; SQ-1RM, 1 repetition
maximum for the back squat.

The independent between-group Diff-in-Diff analysis (Table 4) showed no statistical
differences. This was confirmed by performing a Kruskall–Wallis test for the pairwise
comparisons of the Δ between groups (all p > 0.05). Figure 4 shows the change in the
outcome variables in the experimental groups compared to the change in the outcome in
the control group.
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Figure 4. Difference-in-difference estimation plots for all variables. This graphic shows the difference (Δ = Week 8–Week 0)
of the differences, which is the calculation of the group means: CS-RT+CrM (Δ1), CS-RT (Δ2), and control (Δ3) groups on
lower-limb body composition and strength-related variables. The effect chosen for examination is displayed as the triangle,
with its 95% CI, against a floating different axis.

4. Discussion

The effects of CrM supplementation on body composition and RT performance have
been ratified over 30 years of clinical research in different populations [12,14–16]. However,
this study is expected to be the first literature contribution on the combination of CrM
supplementation and a CS-RT program. An 8-week lower-limb CS-RT program (four
clusters of 3RM per set with 20 s of intra-set rest period and 180 s of inter-set rest) was
carried out twice per week with 72 h of recovery between sessions. We measured the effects
of a CrM supplementation protocol (0.1 g·kg−1·day−1) during this CS-RT program on
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lower-limb body composition and strength/power-related variables in resistance-trained
men. Since CS-RT takes advantage of the intra-set rest periods to allow PCr resynthesis,
which can evoke potentially greater benefits than traditional RT [32,33], we hypothesized
that CrM would have a superior impact on the exercise adaptations to this training strategy
in resistance-trained men that aim to optimize body composition and muscle strength.

Significant improvements were observed after the CS-RT program in the participants
supplemented with or without CrM on the main studied variables (i.e., whole-body fat per-
centage, fat mass, whole-body FFM, lower-limb fat mass, and lower-limb FFM). However,
higher clinical meaningfulness (larger effect sizes) was obtained in the CS-RT+CrM group
regarding whole-body FFM (0.64 versus 0.16), lower-limb FFM (0.62 versus 0.18), and
SQ-1RM (1.23 versus 0.75) when compared to the CS-RT group. Interestingly, lower-limb
muscle power only improved significantly after CrM supplementation (dunb = 0.44) with
no significant changes in the CS-RT nor the control group. Thus, although no significant
difference between groups was detected, we partially confirmed our initial hypothesis. In
fact, a similar but not identical RT methodology known as drop-set RT has also been shown
to be benefited by CrM supplementation [54]; nevertheless, the referred study included
untrained aging males, which remarks the novel findings of our research.

It is highly possible that optimization of the CK/PCr system after CrM supplementa-
tion allow energy and metabolic buffering (regulation of Pi, H+ and Ca2+ concentrations),
which might result in a higher training volume with the same mechanical output. Some
researchers have suggested recently that the CK/PCr system might act as a dynamic biosen-
sor of the cellular chemo-mechanical energy transduction (cellular allostasis) [8]. This is
important at the whole-body level if we consider that the altered phenotype of an indi-
vidual is a result of an allostatic load that is sustained for an appropriate interval of time;
hence, the faster the recovery, the sooner the desired alteration in the phenotype [55]. More
studies in female and untrained exercisers are needed to confirm the potential optimization
of CS-RT adaptations by CrM, especially if the similar effects of traditional RT and CS-RT
in postmenopausal and elderly women are taken into account [56].

We evaluated effects on lower-limb body composition and strength due to the marked
response in this group of muscles after CrM administration [57] and the potential sports-
and health-related benefits that can be derived from CS-RT [58]. Hence, the clinical impor-
tance of our findings (moderate and large effect sizes) open an interesting line of research
in other several areas. Thus, further research is warranted on a wide range of phenotypes
that can be benefited from the combination of CS-RT and CrM supplementation, including
age-related loss of lower-limb mass (sarcopenia) [59], age-related loss of lower-limb muscle
strength/power (dynapenia) [60], cancer-related impairments of lower-limb neurological
function and skeletal muscle mass [61], osteoarthritis-related low skeletal muscle mass in
the lower limbs [62], and the potential of CrM to reduce hemodialysis-related sarcopenia
and improve quality of life in hemodialysis patients [63,64].

It is noteworthy that we not only used an evidence-based nutritional strategy to opti-
mize increases in lean body mass and strength (high-protein hyperenergetic diet) [43,65,66]
but also analyzed DXA body composition data after adjusting for FFAT to accurately esti-
mate the changes in lean tissue [46]. We are aware that as a result of the skewed selection
of participants this study is susceptible to bias and other forms of selection errors [67].
However, besides serving as a time-efficient strategy with lower financial expenditures,
this small-scale feasibility study allows us to evaluate the practicability of carrying out an
intervention in a larger future study [50], in this case on the effects of CrM supplementation
during a CS-RT program.

5. Conclusions

Resistance-trained men following a high-protein diet and a CS-RT program with or
without CrM supplementation improved body composition and strength-related variables
in lower limbs after eight weeks, while no changes were detected in participants following
an unsupervised nutrition and RT exercise regime. Notwithstanding, the supplemen-
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tation with CrM promoted greater exercise adaptations considering the higher clinical
meaningfulness (larger effect sizes) on whole-body FFM, lower-limb FFM, and SQ-1RM in
comparison to the CS-RT and control groups. Although double-blinded clinical trials with
a larger sample are needed to confirm these findings, the combination of CrM supplemen-
tation and CS-RT seems a practical strategy to optimize training adaptation in advanced
exercisers that aim to increase lower-limb FFM and strength. Further research might study
the potential health and therapeutic effects of this nutrition and exercise strategy.
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Abstract: Nutritional habits can have a significant impact on cardiovascular health and disease.
This may also apply to cardiotoxicity caused as a frequent side effect of chemotherapeutic drugs,
such as doxorubicin (DXR). The aim of this work was to analyze if diet, in particular creatine (Cr)
supplementation, can modulate cardiac biochemical (energy status, oxidative damage and antioxidant
capacity, DNA integrity, cell signaling) and functional parameters at baseline and upon DXR treatment.
Here, male Wistar rats were fed for 4 weeks with either standard rodent diet (NORMAL), soy-based
diet (SOY), or Cr-supplemented soy-based diet (SOY + Cr). Hearts were either freeze-clamped in situ
or following ex vivo Langendorff perfusion without or with 25 μM DXR and after recording cardiac
function. The diets had distinct cardiac effects. Soy-based diet (SOY vs. NORMAL) did not alter
cardiac performance but increased phosphorylation of acetyl-CoA carboxylase (ACC), indicating
activation of rather pro-catabolic AMP-activated protein kinase (AMPK) signaling, consistent with
increased ADP/ATP ratios and lower lipid peroxidation. Creatine addition to the soy-based diet
(SOY + Cr vs. SOY) slightly increased left ventricular developed pressure (LVDP) and contractility
dp/dt, as measured at baseline in perfused heart, and resulted in activation of the rather pro-anabolic
protein kinases Akt and ERK. Challenging perfused heart with DXR, as analyzed across all nutritional
regimens, deteriorated most cardiac functional parameters and also altered activation of the AMPK,
ERK, and Akt signaling pathways. Despite partial reprogramming of cell signaling and metabolism
in the rat heart, diet did not modify the functional response to supraclinical DXR concentrations in the
used acute cardiotoxicity model. However, the long-term effect of these diets on cardiac sensitivity to
chronic and clinically relevant DXR doses remains to be established.

Keywords: adenosine 5′-monopnophosphate-activated protein kinase; anthracyclines; creatine sup-
plementation; cardiac signaling; cardiotoxicity; doxorubicin; soy; vegetarian/vegan diet

1. Introduction

Nutritional habits are increasingly recognized for their impact on cardiovascular health
and disease, including prevention of cancer relapse or different comorbidities [1]. This is
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of particular interest for acute or chronic cardiotoxicity caused by anticancer chemother-
apeutics, in particular anthracyclines, such as doxorubicin (DXR; reviewed in [2–4]), for
which efficient preventive or therapeutic strategies are still lacking. Currently, cardiotoxic
side effects are minimized by limiting total drug dose, slow administration by infusion
rather than bolus injection, liposomal drug encapsulation, or co-administration of the
iron chelator dexrazoxane, a protective adjuvant only approved in the USA [5–7]. More
recent recommendations to patients have started to emphasize lifestyle changes, including
physical activity (exercise) and nutritional habits [1,8–12].

Creatine (Cr) is one of the most popular dietary supplements [13]. Humans synthesize
only about 50% of their daily Cr requirement in the kidney, pancreas, and liver [14] and
certain brain cells [15]. The remainder has to be taken up from Cr-containing non-vegan
nutrition, especially fish and meat [16]. Cr then enters cells, such as cardiomyocytes, via the
plasma membrane Cr transporter. Cr constitutes a cellular energy precursor, transformed
within the cell into the “energy-rich” phosphocreatine (PCr). Cr and PCr, together with
isoforms of creatine kinase (CK), confer bioenergetic advantages by providing an efficient
energy buffer and transfer system for cells and tissues with high and fluctuating energy
requirements, such as the heart [17]. Supplementation with chemically pure Cr shows
protective effects in different pathologies, such as cardiac ischemia and reperfusion injury
([18]; for a review, see [19]) or neurodegenerative and muscular disorders (reviewed in [16]).
Some protective effects were also observed with DXR-induced injury, including reduced
cardiac damage in DXR-treated animals [20], improved viability of DXR-treated cultured
cardiomyocytes and H9c2 cells [21,22], and protection against DXR-induced RNA damage
in non-cardiac cells [23]. CK overexpression in a murine model of DXR cardiotoxicity
improved myocardial energetics, contractile dysfunction, and survival [24]. Beyond the
bioenergetic functions of Cr and PCr, pleiotropic anti-oxidative and anti-apoptotic effects
were reported, including reduced mitochondrial ROS, increased oxidative stress defense,
and inhibition of mitochondrial permeability transition (reviewed by [16,25]). Cr and PCr
also interact with anionic membrane phospholipids, increasing phospholipid packing and
thus stabilizing and protecting biomembranes [26].

Cr supplementation is of particular interest in combination with vegetarian/vegan
diets that naturally do not contain Cr. Using soy-derived products (soy meal or soy protein
isolate) to replace meat- and fish-derived compounds as the main protein source yields a
Cr-free diet, which can serve as an experimental control for Cr supplementation. However,
soy-based products have been reported to also mediate protective metabolic effects on their
own, including on the cardiovascular system [27–30]. Some of the bioactive compounds in
soy-derived products are supposed to be isoflavones (genistein, daidzein, and equol) that
may act as phytoestrogens [28].

Here, we investigated whether a soy-based vegan chow (SOY) as compared to a
standard rodent chow (NORMAL), and a Cr-supplemented soy chow (SOY + CR) as
compared to SOY, can affect cardiac function, biochemistry, and cell signaling in general,
and the cardiac response to DXR in particular. In our case, NORMAL contained soy
meal and fish hydrolysate as protein sources, with the latter containing a variable amount
of naturally occurring Cr. SOY was entirely vegan, with soy products as the exclusive
protein source and entirely lacking Cr, while SOY + CR was supplemented with 2% (w/w)
chemically pure synthetic Cr monohydrate. Our data show that one month of being fed
the differential diet has modest but significant functional and biochemical effects on the
rat heart, in particular on specific cell signaling pathways. Some of them are potentially
relevant for cardiac health and the response to DXR, but they did not confer functional
improvement in the perfused heart model of acute DXR cardiotoxicity.

2. Materials and Methods

2.1. Materials

Doxorubicin hydrochloride (DXR) was purchased from Sigma (Saint Louis, MO, USA)
or Selleck Chemicals (Houston, TX, USA). A stock solution (10 mM) was prepared in
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water and kept frozen until use. Further dilutions were prepared in Krebs-Henseleit
buffer [31] just before heart perfusion. Protease inhibitor cocktail tablets were obtained
from Roche (Mannheim, Germany) and phosphatase inhibitor cocktail was obtained from
Pierce (Rockford, IL, USA). Creatine (creatine monohydrate, Creapure®) was a gift from
AlzChem Trostberg GmbH (Trostberg, Germany).

2.2. Animals

All procedures involving animals were approved by the Grenoble Ethics Committee
for Animal Experimentation (15_LBFA-U884-HD-01). Male Wistar rats initially fed a
standard chow for young rats (A03 reference U8200, Safe, Augy, France; 3237 kcal/kg)
were then differentially fed for 4 weeks starting from 2 months of age. One group of
animals continued to receive the standard chow for adult rats (NORMAL; A04 reference
U8220, Safe, Augy, France; 2791 kcal/kg) containing 4% (w/w) fish hydrolysate and 8%
(w/w) soy meal. The second group was fed a Cr-free soy-based chow (SOY; modified A04
reference U8220 version 149, Safe, Augy, France; 2711 kcal/kg) where fish hydrolysate
was replaced by the same percentage of soy isolate. The third group was fed the latter
chow supplemented with 2% (w/w) creatine (SOY + Cr, modified A04 reference U8220
version 150, Safe, Augy, France; 2711 kcal/kg). Diets were purchased from Safe, Augy,
France). After 4 weeks of the differential diets, animals were anaesthetized with sodium
pentobarbital (50 mg/kg i.p.), and hearts were freeze-clamped in situ (immediately after
thoracotomy of respirator-ventilated animals) or following ex vivo Langendorff perfusion
with or without 25 μM DXR (see the experimental scheme in Figure 1). Frozen hearts were
stored at −80 ◦C.

Figure 1. Scheme of the experimental procedure (for details, see Material and Methods).

2.3. Rat Heart Perfusion

Perfusion experiments were essentially performed according to the protocol described
earlier [31–34]. Briefly, rats were anaesthetized with sodium pentobarbital (50 mg/kg
i.p.) and heparinized (1500 IU/kg i.v.). Hearts were quickly removed and perfused at
constant pressure in a non-circulating Langendorff apparatus with Krebs-Henseleit buffer,
first for 30 min for stabilization (baseline) with Krebs-Henseleit buffer alone, and then for
80 min either with Krebs-Henseleit buffer without (control) or with 25 μM DXR. The DXR
concentration was chosen on the basis of our previous studies [31–34]. During perfusion,
systolic pressure, end diastolic pressure, dp/dt and –dp/dt, and heart rate were recorded
every 10 min.

2.4. Metabolites, Oxidative Damage/Antioxidant Status, and DNA Integrity

Protein-free extracts were obtained by perchloric acid precipitation, and metabolites
were quantified using HPLC (AMP, ADP, ATP) or a spectrophotometric assay (Cr and PCr)
as described earlier [32,34]. Markers of oxidative damage and antioxidant status were
quantified in heart extracts prepared as described earlier [35]. Reduced thiol (SH) groups
were assayed according to [36]. N-acetyl cysteine (NAC) in the range of 0.125 to 1 mM
(prepared from a 100 mM stock solution) was used for calibration. Standards and heart
extracts were diluted in 50 mM phosphate buffer, 1 mM EDTA, pH 8, and 2.5 mM 5,5′-
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dithio-bis-(2-nitrobenzoic acid) (DTNB), and subsequently the absorbance was measured at
412 nm. Antioxidant status was evaluated using the ferric reducing ability power (FRAP)
assay [37]. Plasma thiobarbituric acid reactive substance (TBARS) concentrations were
assessed as described [38]. Total genomic DNA was isolated with the QIAamp DNA mini kit
(Qiagen) according to the manufacturer’s instructions. The final concentration and quality
of DNA were estimated both spectrophotometrically (DU-640; Beckman Instruments, Milan,
Italy) at 260 nm, and by agarose gel electrophoresis. Nuclear and mitochondrial DNA
damage were evaluated using a two-step strategy based on a long PCR and real-time PCR
as described in detail elsewhere [34].

2.5. Immunoblotting

SDS-PAGE separation of heart homogenates (40–50 μg) and immunoblotting were
performed according to standard procedures [34]. The transfer quality and equality
of loading were checked by Ponceau staining. The blots were developed with chemi-
luminescence reagent (ECL Prime, GE Healthcare) using a CCD camera (ImageQuant
LAS 4000, GE Healthcare). The quantification of signals was conducted using Image-
QuantTL software (GE Healthcare). Tubulin or total protein were used for normalization
for the phosphorylated proteins (probed on different membranes). The following primary
antibodies obtained from Cell Signaling (Beverly, MA) were used: anti-AMPKα (Cat#
2532, RRID:AB_330331), anti-P(Thr172)AMPKα Cat# 2535, RRID:AB_331250), anti-ACC
(Cat# 3662, RRID:AB_2219400), anti-P(Ser79)ACC (Cat# 3661, RRID:AB_330337), anti-Akt
(Cat# 4691, RRID:AB_915783), anti-P(Ser473)Akt (Cat# 4060, RRID:AB_2315049), anti-
P(Thr308)Akt (Cat# 13038, RRID:AB_2629447), anti-ERK-1/2 (Cat# 4695, RRID:AB_390779),
anti-P(Thr202/Tyr204)ERK-1/2 (Cat# 4370, RRID:AB_2315112), anti-tubulin (Cat# 2128,
RRID:AB_823664), anti-P(Ser/Thr)Akt Substrate Motif RXXS/T (Cat# 9614, RRID:AB_331810).

2.6. Data Analysis

Results are expressed as means ± SEM, if not stated otherwise. Depending on the
experimental design, statistical analysis was performed using one- or two-way ANOVA
(Sigma Plot; Systat Software, San Jose, CA, USA) or linear regression with dummy variables
and robust standard errors (Stata 13; Stata Corp., College Station, TX, USA) to deal with
the heterogeneity of variance. When appropriate, these were followed by the Student–
Newman–Keuls or Bonferroni test, respectively, for pairwise comparisons. The one-way
ANOVA P-values are not reported; the results of pairwise comparisons are reported in the
case of significant one-way ANOVA P-values. For two factorial analysis, we report signifi-
cance values for the effects of diet (PDiet, independent of DXR), DXR (PDXR, independent
of diet), and the interaction of both diet and DXR treatment (PDiet*DXR; indicating if the
effect of one factor depends on the level of the second factor), and the results of pairwise
comparisons (p). The P or p values are given in the graphs with 3 decimal places (and in
bold characters) if significant, and with 2 decimal places if not. A value of P or p < 0.05 (for
interaction P < 0.1) was considered statistically significant.

3. Results

The effects of the three nutritional regimens, standard rodent chow (NORMAL), soy-
based diet (SOY), and Cr-supplemented soy-based diet (SOY + Cr), on the heart under
control and DXR-challenged conditions were studied in a rat model (Figure 1). After one
month of the differential diet, there was no significant difference in animal body weight
(NORMAL 366 ± 6 g (n = 36), SOY 387 ± 12 g (n = 23), SOY + Cr 370 ± 11 g (n = 21)).
Biochemical parameters were determined both in hearts freeze-clamped in situ immediately
after thoracotomy, and after ex vivo Langendorff perfusion, consisting of a 30 min stabilization
period followed by 80 min of perfusion without (control group) or with 25 μM DXR (DXR
group). Functional parameters were measured ex vivo during Langendorff perfusion.

528



Nutrients 2022, 14, 583

3.1. Heart Function

Cardiac function was first determined in perfused hearts at baseline (after 30 min
of stabilization, Figure 2A), and then after 80 min of subsequent perfusion without or
with DXR (Figure 2B). Data at baseline are considered to reflect the in vivo situation. The
Cr-supplemented diet (SOY + Cr vs. SOY, Figure 2A) affected cardiac function, with a
slight increase in the cardiac developed pressure LVDP (p = 0.043) and contractility dp/dt
(p = 0.039). There was no significant effect of soy diet (SOY vs. NORMAL). DXR perfusion
impaired almost all cardiac functional parameters (PDXR < 0.001, Figure 2B) except heart
rate, with a time-course (Figure S1) consistent with previous studies [31–34]. A statistically
significant interaction between diet and DXR was only seen for diastolic pressure at the
end of perfusion (EDP; PDiet*DXR = 0.047, Figure 2B), increasing more in the group fed the
Cr-free soy chow (SOY vs. NORMAL, p = 0.002; SOY vs. SOY + Cr, p = 0.005).

Figure 2. Heart function: effect of diet and DXR. Hemodynamic parameters: left ventricular devel-
oped pressure (LVDP), end-diastolic pressure (EDP), dp/dt, −dp/dt, heart rate (HR), and rate
pressure product (RPP) measured in Langendorff perfused hearts after 30 min of stabilization
(A) or after 30 min of stabilization followed by an additional 80 min of perfusion (B) without or
with 25 μM DXR (empty or hatched bars, respectively). EDP values are given only in (B), as during
the stabilization period shown in (A), EDP was adjusted to 5 mm Hg and thereafter the volume of
the balloon rest unchanged. Statistical analysis with linear regression followed by the Bonferroni
test for pairwise comparisons. For −dp/dt, HR, RPP in (A), and HR in (B), there are no statistically
significant differences between groups. Mean ± SEM, n = 11–28 (A), n = 4–14 (B).

3.2. Creatine and Adenylate Levels

Cellular Cr availability and energy state were studied by determination of the Cr and
adenylates in heart in situ and after ex vivo perfusion. A deteriorated energy state is often
observed in DXR cardiotoxicity [39]. The diets affected the free and total Cr content in situ
(Figure 3A) and also after ex vivo perfusion (PDiet = 0.019 and 0.058, respectively, Figure 3B).
As expected, 4 weeks of oral Cr supplementation (SOY + Cr vs. SOY) increased free and
total Cr (p = 0.036 and p = 0.028, respectively, in ex vivo perfused hearts).
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Figure 3. Energy metabolite levels: effect of diet and DXR. PCr, free Cr, total Cr, ATP, ADP/ATP, and
AMP/ATP ratios in hearts freeze-clamped in situ immediately after thoracotomy (A) or following ex
vivo Langendorff perfusion (B) without or with 25 μM DXR (empty or hatched bars, respectively).
Statistical analysis with linear regression followed by the Bonferroni test for pairwise comparisons.
For PCr, ATP, and AMP/ATP in (A) and PCr and ADP/ATP in (B), there are no statistically significant
differences between groups. Mean ± SEM, n = 3–6 (A), n = 4–16 (B).

Interestingly, standard chow-fed animals also showed increased Cr in comparison
to SOY (NORMAL vs. SOY), but the effect was seen only in the group used for ex vivo
perfusion (p = 0.016 for free Cr and strong tendency p = 0.08 for total Cr), possibly due
to a higher Cr content in the batch of NORMAL chow used here. Cardiac adenylate
levels and ADP/ATP and AMP/ATP ratios remained largely unchanged between the diets
(Figure 3A,B, lower rows), except for the soy chow, where the ADP/ATP ratio increased in
hearts clamped in situ (SOY vs. NORMAL, p = 0.002). DXR perfusion across all nutritional
regimens affected the ATP content and increased AMP/ATP ratios (PDXR = 0.027 and 0.012,
respectively, Figure 3B). No statistically significant interference was found between diet
and DXR (Figure 3B).

3.3. Cell Signaling Pathways

Nutrition can lead to sustained alterations in cell signaling, and this can also occur
with DXR treatment as we have shown earlier [31–34]. We therefore analyzed the activation
of specific key signaling pathways involved in stress and pro-survival responses: AMP-
activated protein kinase (AMPK; determined by phosphorylation of AMPK itself and
its substrate acetyl-CoA carboxylase, ACC), extracellular signal-regulated kinase (ERK,
determined by ERK phosphorylation), and Akt (determined by either Akt phosphorylation
or global phosphorylation of Akt substrates) in heart in situ (Figure 4A) and after ex vivo
perfusion (Figure 4B). Our experiments revealed a differential cardiac activation pattern
of these signaling pathways, dependent on the diet (Figure 4A,B). The soy-based diet
(SOY vs. NORMAL) almost doubled ACC phosphorylation (p = 0.004 in situ; p = 0.002
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after ex vivo perfusion), consistent with the above-described increase in the ADP/ATP
ratio. Changes in P-AMPK were similar but weaker and did not reach significance. The
addition of Cr to the soy-based diet (SOY + Cr vs. SOY) led to no further change in P-ACC
but activated ERK (p = 0.014 in situ) and Akt (p = 0.015 in situ; p < 0.001 after ex vivo
perfusion at Ser473, and a tendency with p = 0.08 at Thr308). Perfusion with DXR changed
the phosphorylation of AMPK, ACC, ERK, and Akt at Ser473 (PDXR = 0.022, PDXR = 0.003,
PDXR < 0.001, strong tendency with PDXR = 0.06, respectively, Figure 4B). This confirmed
our previous observations in animals fed a NORMAL diet [31,34], namely a DXR-induced
inactivation of AMPK signaling with a decrease of P-AMPK and P-ACC (tendencies of
p = 0.11 and 0.10, respectively), together with an activation of Akt (p = 0.005 at Ser473) as
one factor potentially involved in AMPK inactivation [34]. For phosphorylation of Akt at
Ser473, the interaction between diet and DXR was significant (PDiet*DXR = 0.09, Figure 4B),
with an increase only observed in the NORMAL group.

Figure 4. Activation of signaling pathways: effect of diet and DXR. Activation of cardiac pro-survival
signaling pathways (AMPK, Akt, ERK) probed by immunoblot in total homogenates of hearts freeze-
clamped in situ immediately after thoracotomy (A) or following ex vivo Langendorff perfusion
(B) without or with 25 μM DXR. The P-ACC/ACC ratio and phosphorylated Akt substrates are a
readout for the activation of the AMPK and Akt pathways, respectively. The quantification of the
bands is given in the right panel; in (B), empty or hatched bars correspond to perfusion without
or with 25 μM DXR, respectively. For each protein, all signals originate from the same blot. Total
protein or tubulin signals were used for normalization. Statistical analysis with one-way (A) or
two-way (B) ANOVA followed by the Student–Newman–Keuls test for pairwise comparisons. For
P-AMPK/AMPK in (A), there is no statistically significant difference between groups. Mean ± SD,
n = 3–5.
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3.4. Oxidative Damage, Antioxidant Status, and DNA Integrity

Diet and DXR can affect the cellular oxidative/antioxidant balance. As a readout, we
determined peroxidized lipids (TBA reactive substances, TBARS) and antioxidant status
(reduced thiols; ferric reducing antioxidant power, FRAP), along with the integrity of
mtDNA and nDNA in hearts in situ (Figures 5A and 6A) and after ex vivo perfusion
(Figures 5B and 6B). In Situ, the soy-based diet diminished FRAP (SOY vs. NORMAL;
p = 0.032, Figure 5A). In the ex vivo perfused heart, the diets affected both TBARS and
FRAP (PDiet < 0.001 and 0.001, respectively, Figure 5B). Again, the soy-based diet reduced
both parameters (SOY vs. NORMAL; p < 0.001 for both; SOY vs. SOY + Cr; p = 0.023 also
for both, Figure 5B). Despite these differences, the integrity of nuclear and mitochondrial
DNAs was not affected by diet, neither in situ (Figure 6A) nor after perfusion (Figure 6B).
Oxidative and genotoxic stress are molecular hallmarks of DXR toxicity [34,40,41].

Figure 5. Oxidative/antioxidant status: effect of diet and DXR. Reduced thiols, peroxidized lipids
(TBARS), and total antioxidant power (FRAP) measured in hearts freeze-clamped in situ immediately
after thoracotomy (A) or following ex vivo Langendorff perfusion (B) without or with 25 μM DXR
(empty or hatched bars, respectively). Statistical analysis with one-way (A) or two-way (B) ANOVA
followed by the Student–Newman–Keuls test for pairwise comparisons. For thiols, TBARS in (A) and
thiols in (B), there are no statistically significant differences between groups. Mean ± SEM, n = 5–6
(A), n = 4–7 (B).

After DXR perfusion, TBARS tended to increase as compared to the control (PDXR = 0.058,
Figure 5B), but the lower TBARS and FRAP values in the SOY group as compared to NOR-
MAL were preserved (Figure 5B). Consistent with our previous study in ex vivo Langen-
dorff perfused heart [34], DXR caused extensive mitochondrial and nuclear DNA damage,
but again, the extent of damage was unaffected by the three diet regimens (Figure 6B).
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Figure 6. DNA integrity: effect of diet and DXR. Integrity of nuclear and mitochondrial DNA
measured in hearts freeze-clamped in situ immediately after thoracotomy (A) or following ex vivo
Langendorff perfusion (B). The bars in (B) represent the ratio of amplification values of DXR-perfused
hearts to controls (perfusion without DXR) and are expressed as a percent. Statistical analysis with
one-way ANOVA. For any parameter, there is no statistically significant difference between groups.
Mean ± SD, n = 4–5.

4. Discussion

This study reveals nutrition-induced alterations in cardiac function, cell signaling,
and some biochemical markers after only 4 weeks of differential feeding of young male
rats. The Cr-free soy-based diet (SOY) as compared to standard rodent diet (NORMAL)
activated AMPK signaling as revealed by increased ACC phosphorylation, slightly in-
creased the ADP/ATP ratio, and lowered both lipid peroxidation and the total antioxidant
capacity. Supplementation of SOY with 2% Cr (SOY + Cr) as compared to SOY moderately
increased cellular Cr, predominantly affected signaling pathways by activating Akt and
ERK, and slightly increased cardiac developed pressure and contractility (LVDP and dp/dt)
at baseline. These alterations are, in principle, relevant for cardiac health and its response
to DXR, but they did not alleviate cardiac dysfunction induced by acute DXR challenge in
the perfused heart model applied here.

Three key signaling pathways with fundamental importance for cardiovascular health
were altered by diet: AMPK, ERK, and Akt. This may be critical to many functional
and biochemical changes detected in our study. AMPK is a central energy sensor and
regulator of the cell. During energy stress, it is activated allosterically by AMP and ADP,
favors catabolism, and maintains cellular energy homeostasis [42]. Soy-based diet (SOY)
as compared to standard chow (NORMAL) led to strong phosphorylation of ACC, an
AMPK substrate, reporting activation of this pathway in the heart, consistent with a
slightly reduced energy state in situ. Perfusion with DXR is known to induce a drop
in the cardiac energy state [39], but paradoxically, this often occurs without activation
of AMPK signaling, as reported by us [31,34] and others [43]. In the present study, we
also observed signs of bioenergetic impairment by DXR in perfused heart, together with
decreased AMPK activation. Only the SOY group maintained AMPK energy signaling
as seen at the level of P-AMPK and P-ACC. Indeed, some treatments known to activate
AMPK were shown to mitigate DXR cardiotoxic effects, including diet restriction [43,44].
Different soy components were implicated in AMPK activation in tissues other than heart,
such as phytoestrogens in rat [45], genistein in cultured cancer cells [46], and different types
of polyphenols [47,48]. The addition of Cr (SOY + Cr) did not (further) activate cardiac
AMPK, consistent with a study on skeletal muscle [49], and not supporting earlier data on
muscle cells [50].
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Phosphorylation and activation of the rather pro-anabolic Akt and ERK by diet in heart
in situ occurred rather inversely relative to AMPK. While the soy diet (SOY vs. NORMAL)
increased AMPK activity and left Akt activity unchanged or tended to diminish ERK
activity, the addition of Cr (SOY + Cr vs. SOY) led to activation of Akt and ERK, with
a trend of lower AMPK activity. This supports a negative cross-talk of these kinases as
described by us [34] and others [34,51–53], and by which AMPK is inhibited via Akt-
dependent phosphorylation in its catalytic α-subunit. This cross-talk can modulate AMPK
activity in the heart both under basal conditions in situ and during DXR perfusion [34].
The inhibitory effects of the soy-based diet on Akt and ERK could be mediated by genistein,
known to inhibit Tyr kinases (for a review, see [54]) and to have an anti-proliferative effect,
consistent with indirect AMPK activation [55–59]. The activation of Akt and ERK seen
with Cr supplementation was also reported for skeletal muscle [60,61] and suggested by
recent database meta-analysis [62]. Such rather pro-anabolic effects could mediate many
cytoprotective aspects of Cr supplementation, such as in cardioprotection [18,19], muscular
dystrophies, neuromuscular and neurodegenerative disorders [16,63], brain health [64],
or wound healing [65]. Notably, upregulation of Akt was shown to confer significant
cardioprotection in DXR-treated animals [66].

Slightly altered performance of the perfused heart was observed only after Cr sup-
plementation (SOY + Cr vs. SOY) under baseline conditions. Contractility (dp/dt) and
developed pressure (LVDP) were modestly increased, together with a trend of a decreased
heart rate, with the latter resulting in an unchanged rate pressure product (RPP). Beyond
bioenergetics, Cr enhances the expression of muscle myogenic regulatory factors as re-
ported for skeletal muscle [60,61,67,68] and affects signaling pathways, such as the Akt
activation mentioned above. An earlier study did not detect Cr-induced changes in cardiac
function [69], possibly because the reference diet plays an important role. Soy is not only
Cr-free but may itself have additional cardio-vascular effects not examined here, such as
blood pressure-lowering effects [70–74]. Moreover, the higher basal activity of the AMPK
pathway may potentiate Cr effects, since both are directed to improve cell energetics. Per-
fusion with DXR deteriorated cardiac function as expected, but diet did not modulate
the functional response, except for a lower increase in diastolic pressure in the SOY + Cr
vs. SOY group. Cr was also not effective in a perfused heart model for acute oxidative
stress [75]. Possibly, the acute insult at a supraclinical DXR dose is too strong, and long-term
exposure of animals to low clinical DXR doses would be more suitable for an analysis of
dietary effects.

A striking feature of the soy-based diet (SOY vs. NORMAL) was the low cardiac level
of both lipid peroxidation and total antioxidant capacity. This was most pronounced in
the ex vivo perfused heart, likely because of perfusion-associated oxidative stress. The
antioxidant properties of soy include the main soy isoflavone genistein [76] and other
phytoestrogens or polyphenolic compounds. They share a high reactivity as hydrogen or
electron donors, can stabilize unpaired electrons as polyphenol radicals, chelate transition
metal ions, modulate the expression of antioxidant defense genes, and activate signaling
pathways [77,78]. However, a general lipid-lowering capacity of soy could also reduce
detectable lipid peroxides [27,54,79], consistent with AMPK-induced reduction of lipid
anabolism and an increase of their catabolism. The combined reduction of both lipid
peroxidation and total antioxidant capacity may seem surprising, but the latter is likely
an adaptation to the lower oxidative stress levels in the SOY group, as also indicated
by literature data [80]. Cr supplementation had no such dramatic effects. Further, diet-
related differences in oxidative stress were not reflected in oxidative DNA lesions, because
these were either below the detection threshold, or they were rapidly removed by repair
systems. Thus, mt and nDNA are unlikely targets and/or mediators of the diet-related
effects described herein.

Regarding Cr, it should be emphasized that supplementation can only modestly
increase cardiac Cr levels, as observed here and in earlier studies [69]. With increasing
cellular Cr, a feedback mechanism downregulates the creatine transporter in charge of
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cellular Cr uptake [69]. Nevertheless, even this moderate increase in intracellular Cr was
sufficient to trigger some significant cardiac effects.

Finally, our study calls for a note of caution with respect to diets used in animal studies.
Already basic formulations likely contain ingredients with considerable biological activity.
In particular, the soy-derived products commonly used in rodent chow (soy meal or protein
isolate) must be considered as bioactive agents or even nutraceuticals [28]. The present
study used a soy-based diet as a genuine Cr-free control chow for Cr supplementation
studies. However, replacing 4% fish hydrolysate with 4% soy protein isolate already
generates a bio-active diet. Soy-derived products contain isoflavones (genistein, daidzein,
and equol) that are qualified as phytoestrogens due to their ability to act in the body as
estrogens or selective estrogen receptor modulators [72]. Thus, caution is advised when
translating results obtained with animals fed a high-soy diet directly to humans, especially
those consuming a traditional Western diet. The quantity of circulating phytoestrogens in
rats ingesting a soy-based diet may be comparable to Asian people who eat a soy-based
diet [28]. Even if soy dietary supplements became popular in vegetarian/vegan cuisine, the
overall benefit and/or safety of this diet is still a matter of debate (for a review, see [27–30]).
Obviously, phytoestrogens may negatively affect the reproduction system, mainly in males
and children [28]. In view of these controversies, the controlled use of soy or other bioactive
compounds in animal diets and the explicit analysis of their effects is highly desirable. In
this context, the choice of animal gender should also be considered. For example, practically
all animal studies on DXR cardiotoxicity were conducted with male animals and these are
then compared to human studies performed with both genders, although gender may affect
the cardiac response to DXR. Earlier literature suggested that female sex is a risk factor
for DXR cardiotoxicity [81–83], but most recent reports show that female sex hormones
may protect against DXR cardiotoxicity by reducing oxidative stress and proinflammatory
responses [84,85]. One may even ask whether phytoestrogens could successfully mimic
this effect.

5. Conclusions

In conclusion, a soy-based diet alone or supplemented with Cr, fed for four weeks
to rats, is sufficient to alter cardiac function, cell signaling, and biochemical markers of
the energy state and oxidative stress. These effects are relevant for cardiovascular health
but were not sufficient to alleviate cardiac dysfunction induced by a supraclinical DXR
concentration in the perfused rat heart model. However, whether these diets could affect
the long-term response to chronic and clinically relevant DXR doses in the rat model
described here, or in human patients treated with DXR, remains to be established.
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Abstract: Creatine is an important energy metabolite that is concentrated in tissues such as the
muscles and brain. Creatine is reversibly converted to creatine phosphate through a reaction with
ATP or ADP, which is catalyzed by the enzyme creatine kinase. Dietary supplementation with
relatively large amounts of creatine monohydrate has been proven as an effective sports supplement
that can enhances athletic performance during acute high-energy demand physical activity. Some
side effects have been reported with creatine monohydrate supplementation, which have stimulated
research into new potential molecules that could be used as supplements to potentially provide
bioavailable creatine. Recently, a popular supplement, creatyl-L-leucine, has been proposed as a
potential dietary ingredient that may potentially provide bioavailable creatine. This study tests
whether creatyl-L-leucine is a bioavailable compound and determines whether it can furnish creatine
as a dietary supplement. Rats were deprived of dietary creatine for a period of two weeks and then
given one of three treatments: a control AIN-93G creatine-free diet, AIN-93G supplemented with
creatine monohydrate or AIN-93G with an equimolar amount of creatyl-L-leucine supplement in
the diet for one week. When compared to the control and the creatine monohydrate-supplemented
diet, creatyl-L-leucine supplementation resulted in no bioaccumulation of either creatyl-L-leucine or
creatine in tissue.

Keywords: creatine; amino acids; dietary supplement

1. Introduction

Creatine is a critical energy metabolite that is synthesized from the amino acids argi-
nine, methionine, and glycine via a two-enzyme, interorgan, metabolic pathway [1–3].
Creatine serves particularly important function in the muscle and brain and is concentrated
in these tissues by a sodium-dependent transporter to levels approximately 100-fold greater
than plasma. Via a reaction catalyzed by the enzyme creatine kinase, creatine is in equilib-
rium with creatine phosphate, which effectively serves to buffer cellular ATP concentrations
during periods of acute demand for large amounts of energy such as depolarization or
contractile events. Approximately 2 g of creatine is lost from the body per day per 70 kg
body weight and this creatine is replaced either endogenous synthesis or by absorption
from the diet; creatine is obtained in the diet mainly from meat and dairy products [4].

Creatine monohydrate (CrM) has been used as a sports supplement for decades and
there is clear evidence that dietary creatine supplements improve muscle performance
during burst-type exercises such as sprinting, track and field events or powerlifting [5].
Numerous animal studies have documented that dietary creatine supplementation can
increase total muscle and brain creatine content [1]. Albeit brain creatine content does not
increase to the same extent as does muscle in response to dietary CrM supplementation
since creatine does not easily cross the blood–brain barrier. Indeed it has been shown, using
P-31 NMR, that two weeks of dietary supplementation with creatine increased muscle con-
centrations of creatine phosphate by approximately 20% in young male subjects [6]. Given
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the significant literature demonstrating the ergogenic benefit of creatine supplementation it
is not surprising that creatine is a major component of the more than 5.4 billion dollar (in
2015) sports supplement industry [7].

The most common form of dietary creatine supplement is CrM [1,8]. CrM is usually
taken as a loading dose of 20 g per day for 5–7 days followed by a maintenance dose of
5 g per day. However, some studies have suggested that the relatively large amount of
creatine taken to achieve benefits can cause an osmotic induced gastrointestinal system [1].
This has stimulated some to investigate whether alternate forms of creatine could be better
tolerated, stable and bioavailable. Jäger et al. published an extensive analysis of potential
sources of creatine and concluded that CrM was the most favorable of the compounds
tested [9]. Recently it has been suggested that the molecule creatyl-L-leucine (CLL) (Figure 1)
may potentially serve as a bioavailable form of creatine that could be used as a dietary
ingredient [10]. In the same study, it was shown that CLL had no toxicity when provided for
90 days at 5 g/kg body weight in rats. However, it was also noted that the biological fate of
ingested CLL was unknown. The purpose of the present study is to test the bioavailability
of CLL and to determine whether creatine is a digestive or metabolic product of dietary
CLL.

Figure 1. Chemical structures of (A) creatyl-L-leucine and (B) creatine.

2. Materials and Methods

All experimental procedures involving animals were conducted by CARE Research
LLC in an AAALAC-accredited, USDA-certified, and OLAW-accredited facility. The study
design and animal usage were reviewed and approved by the CARE Research Institutional
Animal Care and Use Committee (IACUC) for compliance with regulations prior to study
initiation (IACUC number 2042). Animal welfare for this study was in compliance with the
U.S. Department of Agriculture’s (USDA) Animal Welfare Act (9 CFR Parts 1, 2, and 3), the
Guide for the Care and Use of Laboratory Animals, and CARE Research SOPs.

All chemicals were purchased from Sigma-Aldrich, except for HPLC grade Methanol
and Formic acid which were purchased from Fisher Scientific. Purified AIN-93G diets [11]
that were free of creatine or had supplemented CrM or an equimolar equivalent of CLL were
custom ordered by CARE Research, LLC from Harlan Teklad (Envigo). Diets composition
can be found in Table 1. The presence of CrM and CLL in the respective experimental diets
was verified by aqueous acidic extraction and HPLC analysis as described below.

This study was designed to compare the bioavailability of CLL to that of the common
creatine supplement CrM against a creatine-free control diet. To give the most favorable
condition for absorption and accretion of creatine or CLL, 24 rats were provided with a
control creatine-free AIN-93G diet (CON) for 14 days to deplete body creatine to levels
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supported by an endogenous synthetic capacity. At day 15, n = 8 rats were randomly chosen
and switched to an AIN-93G diet supplemented with 0.4% w/w CrM (CrMD) and n = 8
different rats were randomly chosen and switched to an AIN-93G diet supplemented with
0.656% w/w CLL (CLLD). The remaining n = 8 rats were maintained on the creatine-free
AIN-93G diet. Experimental diets were fed until tissues were collected on day 22. An equal
number of male and female rats were used in each group.

Table 1. Composition of experimental diets.

CON CrMD * CLLD *

Ingredient g/Kg Diet g/Kg Diet g/Kg Diet

Casein 200.0 200.0 200.0
L-Cystine 3.0 3.0 3.0

Corn starch 397.49 393.49 390.93
Maltodextrin 132.0 132.0 132.0

Sucrose 100.0 100.0 100.0
Soybean oil 70.0 70.0 70.0

Cellulose 50.0 50.0 50.0
Mineral Mix (AIN-93G-MX, 94046) 35.0 35.0 35.0
Vitamin Mix (AIN-93-VX, 94047) 10.0 10.0 10.0

Choline bitartrate 2.5 2.5 2.5
Tert-butylhydroquinone 0.014 0.014 0.014
Creatine monohydrate 0 4.0 0

Creatyl-L-leucine 0 0 6.56
* 0.4% Creatine monohydrate (CrMD); 0.656% creatyl-L-leucine (CLLD). American Institute of Nutrition (AIN).

Rats were anesthetized using inhaled isoflurane and blood was collected from the
portal vein and abdominal aorta. A portion of the quadricep muscle and the whole brain
were removed quickly and snap-frozen in liquid nitrogen. Body weights were recorded
every 7 days and food consumption was recorded daily.

Guanidine compounds were analyzed using the method of Buchnerger and Ferdig [12].
Briefly, plasma or tissues were deproteinized using ice-cold perchloric acid and neutralized
with potassium carbonate and potassium hydroxide. After deproteinization, the guanidine
compounds creatine, guanidinoacetate and CLL were reacted with ninhydrin to produce
fluorescent derivatives. These derivatives were separated with an aqueous formic acid and
methanol gradient using a Thermo Ultimate UHPLC system equipped with a reverse-phase
(C18) HPLC column (Sigma). Pure reference standards were obtained from Sigma-Aldrich,
except for CLL which was obtained from Hueston Hennigan LLP.

Validation of CLL measurement was accomplished by derivatizing pure CLL dissolved
in water with the method of Buchberger and Ferdig. A distinct peak was observed for
CLL that eluted later than creatine. No peak corresponding to CLL was present when
a deproteinized water blank or mouse plasma were treated in the same manner. Mouse
plasma was spiked with standard CLL and greater than 90% recovery was obtained. A
standard curve for CLL was generated to determine the concentration of CLL in samples.
The limit of detection for CLL was calculated to be 126 μM and the limit of quantification
for CLL was calculated to be 383 μM.

Data were analyzed using a One-way Analysis of Variance (One-way ANOVA) with
Tukey’s post hoc test for multiple comparisons. A statistical p value less than 0.05 was
used as a cut-off to determine significant statistical differences in means. Linear regression
analysis was performed on body weight and food intake data. Data are presented as means
+/− one standard deviation from the mean. n = 8 per group.

3. Results

Rats in all groups gained weight and there was no statistical difference in body weight
between groups (Figure 2). Food intake was not different between any of the groups
(Figure 3) and the average food intake over the course of the experiment was 21.7 ± 3.0,
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21.0 ± 2.7 and 22.6 ± 2.4 g per day for the control, CrM and CLL diets, respectively. This
amounts to an average daily intake of 0.56 mmoles of creatine by the CrMD rats and
0.61 mmoles of CLL by the CLLD group. For the last two days of the feeding period the rats
consumed an average of 0.55 moles of creatine per day in the CrMD group and 0.59 mmoles
of CLL per day in the CLLD group. Thus, rats consumed approximately equimolar quantity
of creatine and CLL during the feeding period.

Figure 2. Body weight over the course of the feeding trial. Open circles represent weights for rats fed
creatine-free AIN-93G diet for the entire 21 days; open triangles represent weights for rats fed creatine-
free diet for 14 days and then switched to AIN-93G diet supplemented with 0.4% (w/w) creatine
monohydrate for the remaining 7 days; black circles represent weights for rats fed creatine-free diet
for 14 days and then switched to AIN-93G diet supplemented with 0.656% (w/w) creatyl-L-leucine
(CLL) for the remaining 7 days. Values are presented as the mean ± one standard deviation, n = 8
per group.

Figure 3. Food intake for all groups. Panel (A) Data for all days of experiment and panel (B) expanded
data for days 15–21. Open circles represent the average daily food intake for rats fed creatine-free
AIN-93G diet for the entire 21 days; open triangles represent average daily food intake for rats fed
creatine-free diet for 14 days and then switched to AIN-93G diet supplemented with 0.4% (w/w)
creatine monohydrate for days 15–21; black circles represent average daily food intake for rats fed
creatine-free diet for 14 days and then switched to AIN-93G diet supplemented with 0.656% (w/w)
creatyl-L-leucine (CLL) for days 15–21. Values are presented as the mean ± one standard deviation,
n = 8 per group.
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The creatine concentration in plasma from the abdominal aorta (AA) was approxi-
mately 7-fold higher in CrMD-fed rats when compared to either CON or CLLD groups
(Figure 4A). Creatine content of portal venous (PV) plasma was 10-fold higher in CMD
rats compared to CON and CLLD rats (Figure 4B). The content of creatine in AA and PV
plasma from CON and CLLD groups did not differ.

Figure 4. Plasma concentrations of creatine and guanidinoacetate. Panel (A) arterial plasma concen-
tration of creatine; panel (B) portal venous plasma concentration of creatine; panel (C) arterial plasma
concentration of guanidinoacetate; panel (D) portal venous concentration of guanidinoacetate. The
open bar represents rats fed creatine-free diet (CON), light gray bar represents rats fed 0.4% w/w cre-
atine monohydrate supplemented diet, dark gray bar represents rats fed 0.656% CLL supplemented
diet. Values are presented as the mean ± one standard deviation, n = 8 per group. Asterisks indicate
significance by p-value; p < 0.0001 = ****, p < 0.001 = ***, p < 0.01 = **, ns = not significant.

Guanidinoacetate (GAA) is the immediate precursor to creatine that is synthesized
from arginine and glycine, primarily in the kidney. GAA can then undergo methylation
to form creatine, primarily in the liver [3]. Renal synthesis of GAA is downregulated
by dietary creatine supplementation, and we observe that GAA concentration in the AA
plasma of CrMD rats was approximately one-third that of CON and CLLD (Figure 4C).
GAA in the PV plasma was not significantly different between groups (Figure 4D).

The creatine content of the quadricep muscle from CMD rats was 1.63-fold higher than
in CON rats and 1.53-fold higher than in CLLD rats (Figure 5A).

Figure 5. Muscle and brain creatine content. Panel (A) Creatine content of quadricep muscle; panel
(B); creatine content of whole brain. The open bar represents rats fed creatine-free diet (CON), light
gray bar represents rats fed 0.4% w/w creatine monohydrate-supplemented diet, dark gray bar
represents rats fed 0.656% CLL supplemented diet. Values are presented as the mean ± one standard
deviation, n = 8 per group. Asterisks indicate significance by p-value; p < 0.01 = **, p < 0.05 = *,
ns = not significant.
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The creatine content of the brain was not significantly different between groups
(Figure 5B). However, multiple comparison analysis gave an adjusted P-value of 0.052
(1.26-fold difference in mean) between the CON and CrMD rats, indicating a trend toward
higher creatine content in the brain of rats supplemented with CrM.

CLL was not detectable in any of the samples assayed.

4. Discussion

CrM remains one of the most widely used dietary supplements that provides signif-
icant ergogenic benefit during sport [5]. CrM supplements are also used as a therapy to
treat several muscular and neurodegenerative disorders [13–15]. CrM is a stable powder
that is soluble in water but is somewhat unstable in solution, depending on temperature
and pH [1]. Scientific consensus is that CrM as a supplement is safe and the only adverse
effect reported was gastrointestinal discomfort [1,16]. Efforts have been made to iden-
tify an alternative supplement that has more favorable characteristics and could provide
bioavailable creatine. Although several creatine salts have been assessed for favorable
properties and bioavailability, CrM was still found to be the most favorable form of creatine
supplement [9]. Covalent modification of creatine has also been used to produce new
compounds that could potentially be converted to creatine in vivo. The ethyl ester of
creatine has been synthesized and tested for bioavailability and muscle performance in
humans [17]. However, it was concluded that the ethyl ester of creatine did not increase
muscle creatine content or enhance physical performance. CLL has been tested for toxicity
and is used as an additive in some sports supplements and beverages under the trademark
Super Creatine [18]. The present study is the first controlled study to independently test
the bioavailability of CLL and to what extent CLL could be a bioavailable form of creatine.

The intent of this study was to provide the most favorable condition for the absorption
and tissue uptake of the test compounds. Provision of a creatine-free diet reduces body
creatine stores to a basal level that is sustained by endogenous synthesis of creatine from
the amino acids, arginine, glycine, and methionine. Thereafter, relatively high doses of
creatine or an equimolar amount of CLL were provided in the diet; a controlled design that
compares both compounds equally. It was found that CLL supplementation in the diet did
not increase plasma, muscle or brain creatine levels after 7 days of supplementation. In
comparison, CrM supplementation significantly increased creatine levels in plasma and
muscle while brain creatine content displayed a trend toward an increase. Since the portal
vein drains blood from the intestine, it is expected that compounds that are well absorbed
from the intestine would be more concentrated in plasma from this vessel. The observation
that portal venous plasma creatine concentration from CLLD rats was not different from
CON rats indicates that CLL is not converted to creatine in the intestine during digestion.
Unpublished data suggested creatyl-L-glutamine was only 27% hydrolyzed to creatine in
an in vitro model of digestion [10]. However, we conclude CLL is not a source of creatine
during digestion as there was no bioaccumulation of creatine in tissues over the 7 days
of CLL supplementation. Moreover, CLL was not detected in the portal venous plasma
indicating that CLL is not well absorbed through the intestine. The limit of detection
of CLL using the HPLC assay was 126 uM, therefore it cannot be concluded that CLL
is not absorbed. However, there was no bioaccumulation of CLL detected in our study
indicating that CLL is poorly absorbed even under high levels of dietary supplementation.
For comparison, the level of supplement provided in our study would equate to a 70 kg
human consuming approximately 17.6 g of creatine or 28.9 g of CLL per day.

Peptide bonds are a similar bond to that found in CLL. Peptide bonds are normally
stable under physiological conditions, only hydrolyzed by protease or peptidase enzymes.
However, the chemical structure of CLL is not likely to be recognized by the active sites of a
protease or peptidase enzymes given the very different structure of creatine when compared
to amino acid residues in a peptide. Thus, it is highly unlikely that a peptidase enzyme
or other enzyme would bind to CLL to catalyze hydrolysis to creatine and leucine. If an
appreciable amount of CLL is either hydrolyzed to creatine and then absorbed, or absorbed
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and then hydrolyzed in tissues, it would be reasonable to expect to see a significant increase
in plasma or tissue creatine concentrations upon dietary supplementation with high doses
of CLL, but this was not observed.

In summary, CLL has been proposed as a potential source of creatine when supple-
mented in the diet and this study tested the bioavailability of CLL in this capacity. The
previous literature examining CLL did not test the bioavailability or offer insight into the
biological fate of CLL [10,18]. It is now found that rats provided with large doses of CLL
in the diet did not yield increases in creatine concentrations in plasma, muscle or brain
tissue. CLL was also not detectable in any of the biological samples assayed from rats
supplemented with CLL. Thus, it is concluded that CLL did not bioaccumulate, is poorly
absorbed by the intestine and is not a bioavailable source of creatine. These data would also
suggest that analogous creatine, amino acid-amides, would also have similar properties as
dietary supplements.
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