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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.
Acknowledgments

Publication costs for the invited papers published in the Nutrients Special Issue on creatine
supplementation for health and clinical diseases and published in this book were provided by Alzchem
Group AG, Trostberg GmbH.
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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



Nutrients 2021, 13, 447

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 HbAlc 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 HbAlc 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,
SLC6AS) 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-
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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 (1 = 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-kB 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., TNFo, 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 SLC6AS
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

10



Nutrients 2021, 13, 447

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 (3P 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.

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 [Mg?*:ATP4~ >~
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 N*-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).
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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 (PO32), not a phosphate (PO,37),
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 SLC6AS8) [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 uM) [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~!at4°Cand 14 g-L~! 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—I1st 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?*:ATP*~]?>~ and Cr to produce PCr and [Mg?*: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~! dry mass (=40 mM) [56] although PCr
is found in higher concentration (80-85 mmoL-kg~! dry mass or ~27 mM, ~67%) than
free Cr (2240 mmoL kg ~! dry mass or 213 mM, ~:33%) [8]. Besides the difference in the
free energy change (AG®) for the hydrolysis of PCr and ATP at pH 7.0 (—44.58 kJ-moL !
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~!-day~! (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 ! [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~!-day~!), 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~! dry mass [64,65]. Brault et al. (2007) demonstrated
that CrM does not alter the PCr/total Cr ratio and hence the AG® 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~!-day 1)
using 3'P and 'H 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 (VO,) 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
(1) 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 T (slower PCr kinetics) [81], and a
slower VO, 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 pmoL-s - g’l, which is much higher than ATP
synthesis by oxidative phosphorylation (2.5 umoL-s~!-g™!) or by de novo pathways (0.39
pmoL-s~1.g71) [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 Ca?*-ATPase (SERCA) and sarcolemma. This guarantees
the thermodynamic efficiency of ATP hydrolysis (AG® is kept high) [94]. Interestingly,
Ramirez 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 ~2340,000)
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).
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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 (3-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 F,F;-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 (3-
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 UCPI-negative beige/brite adipocytes from C57BL/6] 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 UCPI-negative model, which supported Cr cycling as a
UCP1-independent thermogenic mechanism. Since UCPI-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 Ca?* 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 Ca®* cycling by SERCA. In spite of these findings, a recent study by Con-
nell et al. [130] showed that CrM supplementation (20 g-day~! 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 (3-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 B-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~!) inhibited the AMPK« 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 ') and
subsequent six-week rehabilitation training (2.5 g-day ') did not affect the expression of
AMPK «1, «2, or 32 subunits or the phosphorylation status of AMPK «1. 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., 3-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, MAPKSs) 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-]) 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 y-phosphate of the ATP molecule is transferred to the $-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 Ca?* handling (optimal uptake
rate and sarcoendoplasmic reticulum content) [189]. Despite the presence of high levels
of cytosolic ATP, depletion of PCr impairs Ca?* 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
NH;-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 MAPKSs [206,208]. This dynamic biosensor activity of CK/PCr

42



Nutrients 2021, 13, 1238

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 MAPKSs [208],
which in turn might trigger the IGF-1/Aktl/AS160 and/or the mTORC2/Aktl/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
CKisozymes 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, 3-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 Ca?* 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].
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Figure 4. Importance of Cr metabolism in whole-body physiology. The CK/PCr system is essential for the chemo-mechanical
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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 (SLC6AS8) 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 SLC6AS8 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 A) 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 3-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 SLC6AS,
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
CRT?2) is a pseudogene located in the 16p11.2 genomic region [251]. SLC6A10P contains
~97% nucleotide sequence similarity to SLC6AS8, but has been suggested to have an early
stop codon [252]. Although there are reports of mRNA expression for the SLC6AI10P 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 SLC6AS gene
by alternative splicing, and these include SLC6A8A, SLC6A8B, SLC6A8C and SLC6ASD.
The first splice variant of the full-length SLC6A8A, called SLC6AS8B, 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, Gonzédlez 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, Martinez-Munoz 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 C1~ 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 Ca%*
-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 H,O,
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 3-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 Viax 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 SLC6AS 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.AF. and E.S.R.; writing—editing, ].R.S., CM.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 Edelife™ 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

Contflicts 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, ].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 AlzZChem 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. Quimica
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, ].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. ]. 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, RM.; 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, ].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.; Rackayova, V.; Pierzchala, K.; Grosse, J.; McLin, V.A.; Cudalbu, C. Longitudinal neurometabolic changes in the

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

50



Nutrients 2021, 13, 1238

20.

21.

22.
23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Joncquel-Chevalier Curt, M.; Voicu, P.-M.; Fontaine, M.; Dessein, A.-E; 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]

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]

Wallimann, T.; Harris, R. Creatine: A miserable life without it. Amino Acids 2016, 48, 1739-1750. [CrossRef]

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]

Arlin, J.-B.; Bhardwaj, R M.; Johnston, A.; Miller, G.J.; Bardin, J.; MacDougall, E; Fernandes, P.; Shankland, K.; David, W.LE;
Florence, A.J. Structure and stability of two polymorphs of creatine and its monohydrate. CrystEngComm 2014, 16. [CrossRef]
Dash, A.K.; Mo, Y.; Pyne, A. Solid-state Properties of Creatine Monohydrate. . Pharm. Sci. 2002, 91, 708-718. [CrossRef]
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]

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. . Int. Soc. of Sports Nutr. 2017, 14. [CrossRef] [PubMed]

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

Bonilla, D.A.; Pérez-Idarraga, A.; Odriozola-Martinez, 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. ]. Environ. Res. Public Health 2020, 18, 103.
[CrossRef]

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

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

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

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]

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]

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]

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

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

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

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

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]

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]

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.].; de Oliveira, ].J. Effects of Creatine Supplementation on Renal Function: A Systematic Review and Meta-Analysis. ]. Ren.
Nutr. 2019, 29, 480-489. [CrossRef] [PubMed]

Forbes, 5.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. ]. Funct. Morphol. Kinesiol. 2019, 4, 62. [CrossRef]
[PubMed]

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.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

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]

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]

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? . Int. Soc. Sports Nutr. 2021, 18. [CrossRef] [PubMed]

Kreider, R.B.; Stout, J.R. Creatine in Health and Disease. Nutrients 2021, 13, 447. [CrossRef]

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 |. 2008, 275, 3236-3247.
[CrossRef]

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

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]

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]

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 (SLC6AS) defect: A new creatine-deficiency syndrome. Am. |. Hum. Genet. 2001, 68, 1497-1500. [CrossRef]

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]

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

Stout, J.R.; Antonio, J.; Kalman, D. Essentials of Creatine in Sports and Health; Humana Press: New York, USA, 2008. [CrossRef]
Ellington, W.R. Phosphocreatine represents a thermodynamic and functional improvement over other muscle phosphagens.
J. Exp. Biol. 1989, 143, 177-194.

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]

Harris, R.C.; Soderlund, 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]

Vermeulen, A.; Wieme, R.; Robbrecht, J.; De Buyzere, M.; De Slypere, ].P.; Delanghe, ]. Normal reference values for creatine,
creatinine, and carnitine are lower in vegetarians. Clin. Chem. 1989, 35, 1802-1803. [CrossRef]

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. . Nutr. 2018, 119, 759-770. [CrossRef]

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

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]

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. . Physiol. Endocrinol. Metab. 1996, 271, E31-E37. [CrossRef]
Greenhaff, PL.; 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]

Dechent, P; Pouwels, PJ.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]

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

Schulze, A. Creatine deficiency syndromes. Mol. Cell. Biochem. 2003, 244, 143-150. [CrossRef] [PubMed]

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]

Stockler-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.E,, Clarke, ].T.R., Eds.; Springer: Berlin/Heidelberg,
Germany, 2006; pp. 255-265. [CrossRef]

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

52



Nutrients 2021, 13, 1238

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

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]

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

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]

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

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]

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

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

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]

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]

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

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

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]

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]

Dzeja, P.P; Terzic, A. Phosphotransfer networks and cellular energetics. J. Exp. Biol. 2003, 206, 2039-2047. [CrossRef]

Bessman, S.P.; Carpenter, C.L. The Creatine-Creatine Phosphate Energy Shuttle. Anniu. Rev. Biochem. 1985, 54, 831-862. [CrossRef]
Kongas, O.; van Beek, J. Creatine kinase in energy metabolic signaling in muscle. Nat. Preced. 2007. [CrossRef]

Fiedler, G.B.; Schmid, A.L; Goluch, S.; Schewzow, K.; Laistler, E.; Niess, E; 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]

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

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]

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]

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]

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]

Ramirez Rios, 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]

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

Wallimann, T.; Schlésser, 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]

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.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

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]

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]

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

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]

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]
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]

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]

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. |. Bioenerg. Biomembr. 2009, 41, 259-275. [CrossRef]

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. ]. Mol. Sci. 2010, 11, 982-1019. [CrossRef] [PubMed]

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]

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]

Bonilla, D.A.; Marin, E.; Pérez, A.; Carbone, L.; Kammerer, M.; Vargas, S.; Lozano, J.; Barale, A.; Quiroga, L.; Mata, E; et al.
Thermogenesis and Obesity; A Brief Review and rs104894319 Polymorphism in Venezuelan Population. EC Nutr. 2018, 13, 4-16.
Rousset, S.; Alves-Guerra, M.C.; Mozo, J.; Miroux, B.; Cassard-Doulcier, A.M.; Bouillaud, E; Ricquier, D. The Biology of
Mitochondrial Uncoupling Proteins. Diabetes 2004, 53, S130-5135. [CrossRef]

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

Ramsden, D.B.; Ho, PW.L.; Ho, ]JWM.; Liu, H.E; So, D.H.E; 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]

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

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

Pohl, E.E.; Rupprecht, A.; Macher, G.; Hilse, K.E. Important Trends in UCP3 Investigation. Front. Physiol. 2019, 10. [CrossRef]
Skulachev, V.P. Fatty acid circuit as a physiological mechanism of uncoupling of oxidative phosphorylation. FEBS Lett. 1991, 294,
158-162. [CrossRef]

Jezek, P.; Engstova, H.; Zackova, M.; Vercesi, A.E.; Costa, A.D.T.; Arruda, P; Garlid, K.D. Fatty acid cycling mechanism and
mitochondrial uncoupling proteins. Biochim. Biophys. Acta BBA Bioenerg. 1998, 1365, 319-327. [CrossRef]

Klingenberg, M.; Huang, S.-G. Structure and function of the uncoupling protein from brown adipose tissue. Biochim. Biophys.
Acta BBA Biomembr. 1999, 1415, 271-296. [CrossRef]

Fedorenko, A.; Lishko, P.V.; Kirichok, Y. Mechanism of Fatty-Acid-Dependent UCP1 Uncoupling in Brown Fat Mitochondria. Cell
2012, 151, 400-413. [CrossRef] [PubMed]

Macher, G.; Koehler, M.; Rupprecht, A.; Kreiter, J.; Hinterdorfer, P.; Pohl, E.E. Inhibition of mitochondrial UCP1 and UCP3 by
purine nucleotides and phosphate. Biochim. Biophys. Acta BBA Biomembr. 2018, 1860, 664—672. [CrossRef]

Kazak, L.; Chouchani, E.T.; Jedrychowski, M.P,; Erickson, B.K.; Shinoda, K.; Cohen, P; Vetrivelan, R.; Lu, G.Z.; Laznik-Bogoslavski,
D.; Hasenfuss, S.C.; et al. A Creatine-Driven Substrate Cycle Enhances Energy Expenditure and Thermogenesis in Beige Fat. Cell
2015, 163, 643-655. [CrossRef]

Kazak, L.; Chouchani, E.T.; Lu, G.Z,; Jedrychowski, M.P; Bare, C.J.; Mina, A.L; Kumari, M.; Zhang, S.; Vuckovic, I; Laznik-
Bogoslavski, D.; et al. Genetic Depletion of Adipocyte Creatine Metabolism Inhibits Diet-Induced Thermogenesis and Drives
Obesity. Cell Metab. 2017, 26, 660-671.e663. [CrossRef]

54



Nutrients 2021, 13, 1238

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Bertholet, A.M.; Kazak, L.; Chouchani, E.T.; Bogaczyniska, M.G.; Paranjpe, I.; Wainwright, G.L.; Bétourné, A.; Kajimura, S.;
Spiegelman, B.M.; Kirichok, Y. Mitochondrial Patch Clamp of Beige Adipocytes Reveals UCP1-Positive and UCP1-Negative Cells
Both Exhibiting Futile Creatine Cycling. Cell Metab. 2017, 25, 811-822.e814. [CrossRef] [PubMed]

Kazak, L.; Roesler, A. UCP1-independent thermogenesis. Biochem. |. 2020, 477, 709-725. [CrossRef]

Kazak, L.; Cohen, P. Creatine metabolism: Energy homeostasis, immunity and cancer biology. Nat. Rev. Endocrinol. 2020, 16,
421-436. [CrossRef] [PubMed]

Ikeda, K.; Yamada, T. UCP1 Dependent and Independent Thermogenesis in Brown and Beige Adipocytes. Front. Endocrinol.
(Lausanne) 2020, 11. [CrossRef] [PubMed]

Chouchani, E.T.; Kajimura, S. Metabolic adaptation and maladaptation in adipose tissue. Nat. Metab. 2019, 1, 189-200. [CrossRef]
[PubMed]

Wallimann, T.; Tokarska-Schlattner, M.; Kay, L.; Schlattner, U. Role of creatine and creatine kinase in UCP1-independent adipocyte
thermogenesis. Am. |. Physiol. Endocrinol. Metab. 2020, 319, E944-E946. [CrossRef]

Connell, N.J.; Doligkeit, D.; Andriessen, C.; Kornips-Moonen, E.; Bruls, YM.H.; Schrauwen-Hinderling, V.B.; van de Weijer,
T.; van Marken-Lichtenbelt, W.D.; Havekes, B.; Kazak, L.; et al. No evidence for brown adipose tissue activation after creatine
supplementation in adult vegetarians. Nat. Metab. 2021, 3, 107-117. [CrossRef] [PubMed]

Kraft, T.; Hornemann, T.; Stolz, M.; Nier, V.; Wallimann, T. Coupling of creatine kinase to glycolytic enzymes at the sarcomeric
I-band of skeletal muscle: A biochemical study in situ. J. Muscle Res. Cell Motil. 2000, 21, 691-703. [CrossRef]

Westerblad, H.; Allen, D.G.; Lannergren, ]. Muscle Fatigue: Lactic Acid or Inorganic Phosphate the Major Cause? Physiology 2002,
17,17-21. [CrossRef]

Wau, F; Beard, D.A. Roles of the creatine kinase system and myoglobin in maintaining energetic state in the working heart.
BMC Syst. Biol. 2009, 3. [CrossRef]

Gerlach, G.; Hofer, H.W. Interaction of immobilized phosphofructokinase with soluble muscle proteins. Biochim. Biophys. Acta
BBA Gen. Subj. 1986, 881, 398—404. [CrossRef]

Mor, L; Cheung, E.C.; Vousden, K.H. Control of Glycolysis through Regulation of PFK1: Old Friends and Recent Additions.
Cold Spring Harb. Symp. Quant. Biol. 2011, 76, 211-216. [CrossRef]

Foucault, G.; Vacher, M.; Merkulova, T.; Keller, A.; Arrio-Dupont, M. Presence of enolase in the M-band of skeletal muscle and
possible indirect interaction with the cytosolic muscle isoform of creatine kinase. Biochem. J. 1999, 338, 115-121. [CrossRef]
[PubMed]

Brown, K.S.; Hettling, H.; van Beek, ]. H.G.M. Analyzing the Functional Properties of the Creatine Kinase System with Multiscale
‘Sloppy” Modeling. PLoS Comput. Biol. 2011, 7. [CrossRef]

Bose, S.; French, S.; Evans, EJ.; Joubert, F.,; Balaban, R.S. Metabolic Network Control of Oxidative Phosphorylation. J. Biol. Chem.
2003, 278, 39155-39165. [CrossRef] [PubMed]

Saks, V.; Monge, C.; Guzun, R. Philosophical Basis and Some Historical Aspects of Systems Biology: From Hegel to Noble—
Applications for Bioenergetic Research. Int. J. Mol. Sci. 2009, 10, 1161-1192. [CrossRef] [PubMed]

Guzun, R.; Timohhina, N.; Tepp, K.; Monge, C.; Kaambre, T.; Sikk, P.; Kuznetsov, A.V.,; Pison, C.; Saks, V. Regulation of respiration
controlled by mitochondrial creatine kinase in permeabilized cardiac cells in situ. Biochim. Biophys. Acta BBA Bioenerg. 2009, 1787,
1089-1105. [CrossRef]

Klepinin, A.; Ounpuu, L.; Mado, K.; Truu, L.; Chekulayev, V.; Puurand, M.; Shevchuk, 1.; Tepp, K.; Planken, A.; Kaambre, T. The
complexity of mitochondrial outer membrane permeability and VDAC regulation by associated proteins. . Bioenerg. Biomembr.
2018, 50, 339-354. [CrossRef]

Anflous-Pharayra, K.; Cai, Z.-].; Craigen, W.J]. VDAC1 serves as a mitochondrial binding site for hexokinase in oxidative muscles.
Biochim. Biophys. Acta BBA Bioenerg. 2007, 1767, 136-142. [CrossRef] [PubMed]

Pedersen, P.L. Warburg, me and Hexokinase 2: Multiple discoveries of key molecular events underlying one of cancers’ most
common phenotypes, the “Warburg Effect”, i.e., elevated glycolysis in the presence of oxygen. ]. Bioenerg. Biomembr. 2007, 39,
211-222. [CrossRef] [PubMed]

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]

Hofmann, P. Cancer and Exercise: Warburg Hypothesis, Tumour Metabolism and High-Intensity Anaerobic Exercise. Sports 2018,
6,10. [CrossRef]

Fadaka, A.; Ajiboye, B.; Ojo, O.; Adewale, O.; Olayide, I.; Emuowhochere, R. Biology of glucose metabolization in cancer cells.
J. Oncol. Sci. 2017, 3, 45-51. [CrossRef]

Marchesi, E; Vignali, D.; Manini, B.; Rigamonti, A.; Monti, P. Manipulation of Glucose Availability to Boost Cancer Immunothera-
pies. Cancers Basel 2020, 12, 2940. [CrossRef]

Balsom, P.D.; Soderlund, K.; Sjodin, B.; Ekblom, B. Skeletal muscle metabolism during short duration high-intensity exercise:
Influence of creatine supplementation. Acta Physiol. Scand. 1995, 154, 303-310. [CrossRef]

Balsom, P.D.; Ekblom, B.; Séerlund, K.; SjodIn, B.; Hultman, E. Creatine supplementation and dynamic high-intensity intermittent
exercise. Scand. ]. Med. Sci. Sports 2007, 3, 143-149. [CrossRef]

Dos Santos, M.G. Estudio Del Metabolismo Energeético Muscular Y De La Composicion Corporal De Atletas Por Métodos No Destructivos;
Universitat Autonoma de Barcelona: Barcelona, Spain, 2001.

55



Nutrients 2021, 13, 1238

151.

152.

153.

154.

155.
156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Ceddia, R.B.; Sweeney, G. Creatine supplementation increases glucose oxidation and AMPK phosphorylation and reduces lactate
production in L6 rat skeletal muscle cells. ]. Physiol. 2004, 555, 409-421. [CrossRef] [PubMed]

Dobgenski, V.; Santos, M.; Kreider, R. Effects of creatine supplementation in the concentrations of creatine kinase, creatinine, urea
and lactate on male swimmers. J. Nutr. Health 2016, 2, 1-5.

Oliver, ].M.; Joubert, D.P.; Martin, S.E.; Crouse, S.F. Oral Creatine Supplementation’s Decrease of Blood Lactate During Exhaustive,
Incremental Cycling. Int. J. Sport Nutr. Exerc. Metab. 2013, 23, 252-258. [CrossRef]

Storey, K.B.; Hochachka, PW. Activation of muscle glycolysis: A role for creatine phosphate in phosphofructokinase regulation.
FEBS Lett. 1974, 46, 337-339. [CrossRef]

Kemp, R.G. Inhibition of muscle pyruvate kinase by creatine phosphate. J. Biol. Chem. 1973, 248, 3963-3967. [CrossRef]

Fu, J.Y.,; Kemp, R.G. Activation of Muscle Fructose 1,6-Diphosphatase by Creatine Phosphate and Citrate. ]. Biol. Chem. 1973, 248,
1124-1125. [CrossRef]

Ponticos, M.; Lu, Q.L.; Hardie, D.G.; Partridge, T.A.; Carling, D. Dual regulation of the AMP-activated protein kinase provides a
novel mechanism for the control of creatine kinase in skeletal muscle. EMBO ]. 1998, 17, 1688-1699. [CrossRef] [PubMed]
Jorgensen, S.B.; Richter, E.A.; Wojtaszewski, J.EP. Role of AMPK in skeletal muscle metabolic regulation and adaptation in relation
to exercise. J. Physiol. 2006, 574, 17-31. [CrossRef] [PubMed]

Zhang, L.; Wang, X.; Li, J.; Zhu, X.; Gao, F.; Zhou, G. Creatine Monohydrate Enhances Energy Status and Reduces Glycolysis via
Inhibition of AMPK Pathway in Pectoralis Major Muscle of Transport-Stressed Broilers. |. Agric. Food Chem. 2017, 65, 6991-6999.
[CrossRef] [PubMed]

Taylor, E.B.; Ellingson, W.J.; Lamb, J.D.; Chesser, D.G.; Compton, C.L.; Winder, W.W. Evidence against regulation of AMP-
activated protein kinase and LKB1/STRAD/MO25 activity by creatine phosphate. Am. J. Physiol. Endocrinol. Metab. 2006, 290,
E661-E669. [CrossRef] [PubMed]

Eijnde, B.O.; Derave, W.; Wojtaszewski, J.EP,; Richter, E.A.; Hespel, P. AMP kinase expression and activity in human skeletal
muscle: Effects of immobilization, retraining, and creatine supplementation. J. Appl. Physiol. 2005, 98, 1228-1233. [CrossRef]
[PubMed]

Gautel, M.; Djinovi¢-Carugo, K. The sarcomeric cytoskeleton: From molecules to motion. J. Exp. Biol. 2016, 219, 135-145.
[CrossRef]

Puurand, M.; Tepp, K.; Timohhina, N.; Aid, J.; Shevchuk, I.; Chekulayev, V.; Kaambre, T. Tubulin 1I and BIII Isoforms as the
Regulators of VDAC Channel Permeability in Health and Disease. Cells 2019, 8, 239. [CrossRef]

Kuznetsov, A.V,; Javadov, S.; Guzun, R.; Grimm, M.; Saks, V. Cytoskeleton and regulation of mitochondrial function: The role of
beta-tubulin II. Front. Physiol. 2013, 4, 82. [CrossRef]

Raskin, A.; Lange, S.; Banares, K.; Lyon, R.C.; Zieseniss, A.; Lee, L.K.; Yamazaki, K.G.; Granzier, H.L.; Gregorio, C.C.; McCulloch,
A.D.; etal. A Novel Mechanism Involving Four-and-a-half LIM Domain Protein-1 and Extracellular Signal-regulated Kinase-2
Regulates Titin Phosphorylation and Mechanics. |. Biol. Chem. 2012, 287,29273-29284. [CrossRef]

Henderson, C.A.; Gomez, C.G.; Novak, S.M.; Mi-Mi, L.; Gregorio, C.C. Overview of the Muscle Cytoskeleton. Compr. Physiol.
2017, 7, 891-944. [CrossRef]

Kaasik, A.; Veksler, V.; Boehm, E.; Novotova, M.; Minajeva, A.; Ventura-Clapier, R.e. Energetic Crosstalk Between Organelles.
Circ. Res. 2001, 89, 153-159. [CrossRef] [PubMed]

Piquereau, J.; Veksler, V.; Novotova, M.; Ventura-Clapier, R. Energetic Interactions Between Subcellular Organelles in Striated
Muscles. Front. Cell Dev. Biol. 2020, 8. [CrossRef] [PubMed]

Kuznetsov, A.V.; Javadov, S.; Grimm, M.; Margreiter, R.; Ausserlechner, M.].; Hagenbuchner, J. Crosstalk between Mitochondria
and Cytoskeleton in Cardiac Cells. Cells 2020, 9, 222. [CrossRef] [PubMed]

Muiioz-Lasso, D.C.; Roma-Mateo, C.; Pallardo, F.V.; Gonzalez-Cabo, P. Much More Than a Scaffold: Cytoskeletal Proteins in
Neurological Disorders. Cells 2020, 9, 358. [CrossRef] [PubMed]

Ross, J.A.; Levy, Y; Ripolone, M.; Kolb, J.S.; Turmaine, M.; Holt, M.; Lindqvist, J.; Claeys, K.G.; Weis, J.; Monforte, M.; et al.
Impairments in contractility and cytoskeletal organisation cause nuclear defects in nemaline myopathy. Acta Neuropathol. 2019,
138, 477-495. [CrossRef]

Dowling, P; Gargan, S.; Murphy, S.; Zweyer, M.; Sabir, H.; Swandulla, D.; Ohlendieck, K. The Dystrophin Node as Integrator of
Cytoskeletal Organization, Lateral Force Transmission, Fiber Stability and Cellular Signaling in Skeletal Muscle. Proteomes 2021,
9, 9. [CrossRef] [PubMed]

Lai, W.-F,; Wong, W.-T. Roles of the actin cytoskeleton in aging and age-associated diseases. Ageing Res. Rev. 2020, 58. [CrossRef]
[PubMed]

Perry, R.L.; Rudnick, M.A. Molecular mechanisms regulating myogenic determination and differentiation. Front. Biosci. 2000, 5,
D750-D767. [CrossRef]

O’Connor, R.S.; Steeds, C.M.; Wiseman, R.W.; Pavlath, G.K. Phosphocreatine as an energy source for actin cytoskeletal rearrange-
ments during myoblast fusion. J. Physiol. 2008, 586, 2841-2853. [CrossRef]

Simionescu-Bankston, A.; Pichavant, C.; Canner, ].P.; Apponi, L.H.; Wang, Y.; Steeds, C.; Olthoff, ].T; Belanto, ].].; Ervasti, ] M.;
Pavlath, G.K. Creatine kinase B is necessary to limit myoblast fusion during myogenesis. Am. J. Physiol. Cell Physiol. 2015, 308,
C919-C931. [CrossRef] [PubMed]

56



Nutrients 2021, 13, 1238

177.

178.

179.
180.

181.

182.

183.
184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Lehka, L.; Redowicz, M.J. Mechanisms regulating myoblast fusion: A multilevel interplay. Semin. Cell Dev. Biol. 2020, 104, 81-92.
[CrossRef]

Stroud, ML.J.; Banerjee, I.; Veevers, J.; Chen, J. Linker of Nucleoskeleton and Cytoskeleton Complex Proteins in Cardiac Structure,
Function, and Disease. Circ. Res. 2014, 114, 538-548. [CrossRef]

Spichal, M.; Fabre, E. The Emerging Role of the Cytoskeleton in Chromosome Dynamics. Front. Genet. 2017, 8. [CrossRef]

Loo, TH.; Ye, X.; Chai, R.J.; Ito, M.; Bonne, G.; Ferguson-Smith, A.C.; Stewart, C.L. The mammalian LINC complex component
SUNI1 regulates muscle regeneration by modulating drosha activity. eLife 2019, 8. [CrossRef]

Piccus, R.; Brayson, D. The nuclear envelope: LINCing tissue mechanics to genome regulation in cardiac and skeletal muscle.
Biol. Lett. 2020, 16. [CrossRef] [PubMed]

Brull, A.; Morales Rodriguez, B.; Bonne, G.; Muchir, A.; Bertrand, A.T. The Pathogenesis and Therapies of Striated Muscle
Laminopathies. Front. Physiol. 2018, 9. [CrossRef]

Starr, D.A.; Rose, L.S. TorsinA regulates the LINC to moving nuclei. ]. Cell Biol. 2017, 216, 543-545. [CrossRef]

Dzeja, PP; Bortolon, R.; Perez-Terzic, C.; Holmuhamedov, E.L.; Terzic, A. Energetic communication between mitochondria and
nucleus directed by catalyzed phosphotransfer. Proc. Natl. Acad. Sci. USA 2002, 99, 10156-10161. [CrossRef] [PubMed]

Dzeja, P.P.,; Terzic, A. Adenylate kinase and creatine kinase phosphotransfer in regulation of mitochondrial respiration and
cellular energetic efficiency. In Creatine Kinase; Vial, C., Ed.; Nova Science Publishers: London, UK, 2006; pp. 195-221.

Adam, K.; Ning, J.; Reina, J.; Hunter, T. NME/NM23/NDPK and Histidine Phosphorylation. Int. J. Mol. Sci. 2020, 21, 5848.
[CrossRef]

Attwood, P.V.; Muimo, R. The actions of NME1/NDPK-A and NME2/NDPK-B as protein kinases. Lab. Invest. 2017, 98, 283-290.
[CrossRef] [PubMed]

Macara, I.G. Transport into and out of the Nucleus. Microbiol. Mol. Biol. Rev. 2001, 65, 570-594. [CrossRef] [PubMed]

de Groof, A.J.C.; Fransen, ].A.M.; Errington, R.J.; Willems, PH.G.M.; Wieringa, B.; Koopman, W.J.H. The Creatine Kinase System
Is Essential for Optimal Refill of the Sarcoplasmic Reticulum Ca2+ Store in Skeletal Muscle. ]. Biol. Chem. 2002, 277, 5275-5284.
[CrossRef] [PubMed]

Duke, A.M; Steele, D.S. Effects of creatine phosphate on Ca2+regulation by the sarcoplasmic reticulum in mechanically skinned
rat skeletal muscle fibres. J. Physiol. 1999, 517, 447-458. [CrossRef]

Sistermans, E.A.; Klaassen, C.H.W.; Peters, W.; Swarts, H.G.P,; Jap, PH.K.; De Pont, ].J.H.H.M.; Wieringa, B. Co-localization and
functional coupling of creatine kinase B and gastric H+/K+-ATPase on the apical membrane and the tubulovesicular system of
parietal cells. Biochem. ]. 1995, 311, 445-451. [CrossRef]

Grosse, R.; Spitzer, E.; Kupriyanov, V.V.; Saks, V.A.; Repke, KR.H. Coordinate interplay between (Na* + K*)-ATPase and creatine
phosphokinase optimizes (Na+/K+)-antiport across the membrane of vesicles formed from the plasma membrane of cardiac
muscle cell. Biochim. Biophys. Acta BBA Biomembr. 1980, 603, 142-156. [CrossRef]

Yang, Y.-C.; Fann, M.-].; Chang, W.-H.; Tai, L.-H.; Jiang, ].-H.; Kao, L.-S. Regulation of Sodium-Calcium Exchanger Activity by
Creatine Kinase under Energy-compromised Conditions. . Biol. Chem. 2010, 285, 28275-28285. [CrossRef]

Kato, Y.; Miyakawa, T.; Tanokura, M. Overview of the mechanism of cytoskeletal motors based on structure. Biophys. Rev. 2017,
10, 571-581. [CrossRef]

Jena, B.P. Myosin: Cellular Molecular Motor. In Cellular Nanomachines; Jena, B.P., Ed.; Springer: Cham, Switzerland, 2020;
pp- 79-89. [CrossRef]

Wickstead, B. The evolutionary biology of dyneins. In Dyneins; King, S.M., Ed.; Academic Press: New York, NY, USA, 2018;
pp. 100-138. [CrossRef]

Ali, I.; Yang, W.-C. The functions of kinesin and kinesin-related proteins in eukaryotes. Cell Adhes. Migr. 2020, 14, 139-152.
[CrossRef] [PubMed]

Schlattner, U.; Klaus, A.; Ramirez Rios, S.; Guzun, R.; Kay, L.; Tokarska-Schlattner, M. Cellular compartmentation of en-
ergy metabolism: Creatine kinase microcompartments and recruitment of B-type creatine kinase to specific subcellular sites.
Amino Acids 2016, 48, 1751-1774. [CrossRef] [PubMed]

Krause, S.M.; Jacobus, W.E. Specific enhancement of the cardiac myofibrillar ATPase by bound creatine kinase. J. Biol. Chem. 1992,
267,2480-2486. [CrossRef]

Kuiper, ]JW.P; Pluk, H.; Oerlemans, F.; van Leeuwen, FN.; de Lange, F.; Fransen, J.; Wieringa, B. Creatine Kinase-Mediated ATP
Supply Fuels Actin-Based Events in Phagocytosis. PLoS Biol. 2008, 6. [CrossRef]

Aziz, S.A.; Kuiper, . W.P; van Horssen, R.; Oerlemans, E; Peters, W.; van Dommelen, M.M.T.; te Lindert, M.M.; ten Hagen, T.L.M.;
Janssen, E.; Fransen, ].A.M.; et al. Local ATP Generation by Brain-Type Creatine Kinase (CK-B) Facilitates Cell Motility. PLoS ONE
2009, 4. [CrossRef]

Duran-Trio, L.; Fernandes-Pires, G.; Simicic, D.; Grosse, J.; Roux-Petronelli, C.; Bruce, S.J.; Binz, P.-A.; Sandi, C.; Cudalbu, C.;
Braissant, O. A new rat model of creatine transporter deficiency reveals behavioral disorder and altered brain metabolism.
Sci. Rep. 2021, 11. [CrossRef]

Hu, W.-J.; Zhou, S.-M.; Yang, ].S.; Meng, E.-G. Computational Simulations to Predict Creatine Kinase-Associated Factors:
Protein-Protein Interaction Studies of Brain and Muscle Types of Creatine Kinases. Enzym. Res. 2011, 2011, 1-12. [CrossRef]
Wang, Q.; Qian, W.; Xu, X.; Bajpai, A.; Guan, K.; Zhang, Z.; Chen, R.; Flamini, V.; Chen, W. Energy-Mediated Machinery Drives
Cellular Mechanical Allostasis. Adv. Mater. 2019, 31. [CrossRef]

57



Nutrients 2021, 13, 1238

205.
206.

207.

208.
209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.
222.

223.

224.

225.

226.

227.

228.

229.

230.

231.
232.

Lee, J.H.; Jin, H.E; Desai, M.S.; Ren, S.; Kim, S.; Lee, S.W. Biomimetic sensor design. Nanoscale 2015, 7, 18379-18391. [CrossRef]
Deldicque, L.; Theisen, D.; Bertrand, L.; Hespel, P.; Hue, L.; Francaux, M. Creatine enhances differentiation of myogenic C2C12
cells by activating both p38 and Akt/PKB pathways. Am. ]. Physiol. Cell Physiol. 2007, 293, C1263-C1271. [CrossRef]

Sestili, P.; Barbieri, E.; Stocchi, V. Effects of Creatine in Skeletal Muscle Cells and in Myoblasts Differentiating Under Normal or
Oxidatively Stressing Conditions. Mini Rev. Med. Chem. 2015, 16, 4-11. [CrossRef] [PubMed]

Gyoeva, EK. The role of motor proteins in signal propagation. Biochem. Mosc. 2014, 79, 849-855. [CrossRef] [PubMed]

Solis, M.Y.; Artioli, G.G.; Gualano, B. Potential of Creatine in Glucose Management and Diabetes. Nutrients 2021, 13, 570.
[CrossRef] [PubMed]

Somwar, R.; Kim, D.Y.; Sweeney, G.; Huang, C.; Niu, W.; Lador, C.; Ramlal, T.; Klip, A. GLUT4 translocation precedes the
stimulation of glucose uptake by insulin in muscle cells: Potential activation of GLUT4 via p38 mitogen-activated protein kinase.
Biochem. ]. 2001, 359. [CrossRef]

Niu, W.; Huang, C.; Nawaz, Z.; Levy, M.; Somwar, R.; Li, D.; Bilan, PJ.; Klip, A. Maturation of the Regulation of GLUT4 Activity
by p38 MAPK during L6 Cell Myogenesis. J. Biol. Chem. 2003, 278, 17953-17962. [CrossRef] [PubMed]

Kleinert, M.; Parker, B.L.; Fritzen, A.M.; Knudsen, J.R.; Jensen, T.E.; Kjobsted, R.; Sylow, L.; Ruegg, M.; James, D.E.; Richter,
E.A. Mammalian target of rapamycin complex 2 regulates muscle glucose uptake during exercise in mice. J. Physiol. 2017, 595,
4845-4855. [CrossRef]

Sterling, P. Allostasis: A model of predictive regulation. Physiol. Behav. 2012, 106, 5-15. [CrossRef] [PubMed]

Rankin, A.; O'Donavon, C.; Madigan, S.M.; O’Sullivan, O.; Cotter, P.D. ‘Microbes in sport'—The potential role of the gut
microbiota in athlete health and performance. Br. ]. Sports Med. 2017, 51, 698-699. [CrossRef]

Hiergeist, A.; Glasner, J.; Reischl, U.; Gessner, A. Analyses of Intestinal Microbiota: Culture versus Sequencing: Figure 1. ILAR J.
2015, 56, 228-240. [CrossRef] [PubMed]

Turer, E.; McAlpine, W.; Wang, K.-w.; Lu, T.; Li, X.; Tang, M.; Zhan, X.; Wang, T.; Zhan, X_; Bu, C.-H,; et al. Creatine maintains
intestinal homeostasis and protects against colitis. Proc. Natl. Acad. Sci. USA 2017, 114, E1273-E1281. [CrossRef] [PubMed]
Marcobal, A.; Kashyap, P.C.; Nelson, T.A.; Aronov, P.A.; Donia, M.S.; Spormann, A.; Fischbach, M.A.; Sonnenburg, J.L. A
metabolomic view of how the human gut microbiota impacts the host metabolome using humanized and gnotobiotic mice.
ISME J. 2013, 7, 1933-1943. [CrossRef] [PubMed]

Savidge, T. Predicting Inflammatory Bowel Disease Symptoms Onset: Nitrous Take on Gut Bacteria Is No Laughing Matter.
Cell. Mol. Gastroenterol. Hepatol. 2021, 11, 661-662. [CrossRef]

Langille, M.G.L; Meehan, C.J.; Koenig, ].E.; Dhanani, A.S.; Rose, R.A.; Howlett, S.E.; Beiko, R.G. Microbial shifts in the aging
mouse gut. Microbiome 2014, 2. [CrossRef]

O’Sullivan, O.; Cronin, O.; Clarke, S.F.; Murphy, E.F.; Molloy, M.G.; Shanahan, F.; Cotter, P.D. Exercise and the microbiota.
Gut Microbes 2015, 6, 131-136. [CrossRef]

Ostojic, S.M. Human gut microbiota as a source of guanidinoacetic acid. Med. Hypotheses 2020, 142. [CrossRef]

Avgerinos, K.I; Spyrou, N.; Bougioukas, K.I; Kapogiannis, D. Effects of creatine supplementation on cognitive function of
healthy individuals: A systematic review of randomized controlled trials. Exp. Gerontol. 2018, 108, 166-173. [CrossRef]
Roschel, H.; Gualano, B.; Ostojic, S.M.; Rawson, E.S. Creatine Supplementation and Brain Health. Nutrients 2021, 13, 586.
[CrossRef] [PubMed]

Aliev, M.; Guzun, R.; Karu-Varikmaa, M.; Kaambre, T.; Wallimann, T.; Saks, V. Molecular System Bioenergics of the Heart:
Experimental Studies of Metabolic Compartmentation and Energy Fluxes versus Computer Modeling. Int. J. Mol. Sci. 2011, 12,
9296-9331. [CrossRef]

Mair, J.; Artner-Dworzak, E.; Dienstl, A.; Lechleitner, P.; Morass, B.; Smidt, J.; Wagner, I.; Wettach, C.; Puschendorf, B. Early
detection of acute myocardial infarction by measurement of mass concentration of creatine kinase-MB. Am. ]. Cardiol. 1991, 68,
1545-1550. [CrossRef]

Hoag, G.N.; Singh, R.; Franks, C.R.; DeCoteau, W.E. Creatine kinase isoenzymes in testicular tissue of normal subjects and in a
case of lymphoblastic lymphosarcoma. Clin. Chem. 1980, 26, 1360-1361. [CrossRef]

Nasrallah, F.; Hammami, M.; Omar, S.; Aribia, H.; Sanhaji, H.; Feki, M. Semen Creatine and Creatine Kinase Activity as an
Indicator of Sperm Quality. Clin. Lab. 2020, 66. [CrossRef] [PubMed]

Philip, M.; Snow, R.J.; Gatta, P.A.D.; Bellofiore, N.; Ellery, S.J. Creatine metabolism in the uterus: Potential implications for
reproductive biology. Amino Acids 2020, 52, 1275-1283. [CrossRef] [PubMed]

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,
KR, Berry, MJ; et al. Creatine Metabolism in Female Reproduction, Pregnancy and Newborn Health. Nutrients 2021, 13, 490.
[CrossRef]

Hemmer, W.; Riesinger, I.; Wallimann, T.; Eppenberger, H.M.; Quest, A.F. Brain-type creatine kinase in photoreceptor cell outer
segments: Role of a phosphocreatine circuit in outer segment energy metabolism and phototransduction. J. Cell Sci. 1993, 106,
671-683. [PubMed]

Spicer, S.S.; Schulte, B.A. Creatine kinase in epithelium of the inner ear. J. Histochem. Cytochem. 1992, 40, 185-192. [CrossRef]
Acevedo, C.; Blanchard, K.; Bacigalupo, J.; Vergara, C. Possible ATP trafficking by ATP-shuttles in the olfactory cilia and glucose
transfer across the olfactory mucosa. FEBS Lett. 2019, 593, 601-610. [CrossRef]

58



Nutrients 2021, 13, 1238

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.
251.

252.

253.

254.

255.

256.

257.

258.

Chen, L.; Roberts, R.; Friedman, D.L. Expression of brain-type creatine kinase and ubiquitous mitochondrial creatine kinase in
the fetal rat brain: Evidence for a nuclear energy shuttle. J. Comp. Neurol. 1995, 363, 389-401. [CrossRef]

Schlattner, U.; Mockli, N.; Speer, O.; Werner, S.; Wallimann, T. Creatine Kinase and Creatine Transporter in Normal, Wounded,
and Diseased Skin. |. Invest. Dermatol. 2002, 118, 416-423. [CrossRef]

Lenz, H.; Schmidt, M.; Welge, V.; Schlattner, U.; Wallimann, T.; Elsdsser, H.-P.; Wittern, K.-P.; Wenck, H.; Stéb, F.; Blatt, T. The
Creatine Kinase System in Human Skin: Protective Effects of Creatine Against Oxidative and UV Damage In Vitro and In Vivo.
J. Invest. Dermatol. 2005, 124, 443-452. [CrossRef]

Lyons, G.E.; Muhlebach, S.; Moser, A.; Masood, R.; Paterson, B.M.; Buckingham, M.E.; Perriard, J.C. Developmental regulation
of creatine kinase gene expression by myogenic factors in embryonic mouse and chick skeletal muscle. Development 1991, 113,
1017-1029.

Yamane, A.; Mayo, M.; Shuler, C.; Crowe, D.; Ohnuki, Y.; Dalrymple, K.; Saeki, Y. Expression of myogenic regulatory factors
during the development of mouse tongue striated muscle. Arch. Oral Biol. 2000, 45, 71-78. [CrossRef]

Nguyen, Q.G.; Buskin, ].N.; Himeda, C.L.; Fabre-Suver, C.; Hauschka, S.D. Transgenic and tissue culture analyses of the muscle
creatine kinase enhancer Trex control element in skeletal and cardiac muscle indicate differences in gene expression between
muscle types. Transgenic Res. 2003, 12, 337-349. [CrossRef]

Gordon, P.V; Keller, T.C., 3rd. Functional coupling to brush border creatine kinase imparts a selective energetic advantage to
contractile ring myosin in intestinal epithelial cells. Cell Motil. Cytoskelet. 1992, 21, 38—44. [CrossRef]

Sistermans, E.A.; de Kok, Y.J.; Peters, W.; Ginsel, L.A.; Jap, P.H.; Wieringa, B. Tissue- and cell-specific distribution of creatine
kinase B: A new and highly specific monoclonal antibody for use in immunohistochemistry. Cell Tissue Res. 1995, 280, 435-446.
[CrossRef]

Mahajan, V.B.; Pai, K.S.; Lau, A.; Cunningham, D.D. Creatine kinase, an ATP-generating enzyme, is required for thrombin
receptor signaling to the cytoskeleton. Proc. Natl. Acad. Sci. USA 2000, 97, 12062-12067. [CrossRef]

Pollard, A.E.; Martins, L.; Muckett, PJ.; Khadayate, S.; Bornot, A.; Clausen, M.; Admyre, T.; Bjursell, M.; Fiadeiro, R.; Wilson,
L.; et al. AMPK activation protects against diet-induced obesity through Ucpl-independent thermogenesis in subcutaneous
white adipose tissue. Nat. Metab. 2019, 1, 340-349. [CrossRef]

Rahbani, J.F.; Roesler, A.; Hussain, M.E.; Samborska, B.; Dykstra, C.B.; Tsai, L.; Jedrychowski, M.P; Vergnes, L.; Reue, K.;
Spiegelman, B.M.; et al. Creatine kinase B controls futile creatine cycling in thermogenic fat. Nature 2021, 590, 480-485. [CrossRef]
Takahashi, M.; Kishimoto, H.; Shirasaka, Y.; Inoue, K. Functional characterization of monocarboxylate transporter 12
(SLC16A12/MCT12) as a facilitative creatine transporter. Drug Metab. Pharmacokinet. 2020, 35, 281-287. [CrossRef]

Jomura, R.; Tanno, Y.; Akanuma, S.-i.; Kubo, Y.; Tachikawa, M.; Hosoya, K.-i. Monocarboxylate transporter 12 as a guani-
dinoacetate efflux transporter in renal proximal tubular epithelial cells. Biochim. Biophys. Acta BBA Biomembr. 2020, 1862.
[CrossRef]

Verouti, S.N.; Lambert, D.; Mathis, D.; Pathare, G.; Escher, G.; Vogt, B.; Fuster, D.G. Solute carrier SLC16A12 is critical for creatine
and guanidinoacetate handling in the kidney. Am. ]. Physiol. Ren. Physiol. 2021, 320, F351-F358. [CrossRef]

Tachikawa, M.; Fujinawa, J.; Takahashi, M.; Kasai, Y.; Fukaya, M.; Sakai, K.; Yamazaki, M.; Tomi, M.; Watanabe, M.; Sakimura,
K.; et al. Expression and possible role of creatine transporter in the brain and at the blood-cerebrospinal fluid barrier as a
transporting protein of guanidinoacetate, an endogenous convulsant. . Neurochem. 2008, 107, 768-778. [CrossRef]

Colas, C.; Banci, G.; Martini, R.; Ecker, G.F. Studies of structural determinants of substrate binding in the Creatine Transporter
(CreaT, SLC6AS8) using molecular models. Sci. Rep. 2020, 10. [CrossRef] [PubMed]

Saks, V.; Oudman, L; Clark, J.F.; Brewster, L.M. The Effect of the Creatine Analogue Beta-guanidinopropionic Acid on Energy
Metabolism: A Systematic Review. PLoS ONE 2013, 8. [CrossRef]

Snow, R.J.; Murphy, R.M. Creatine and the creatine transporter: A review. Mol. Cell. Biochem. 2001, 224, 169-181. [CrossRef]

Xu, W.; Liu, L.; Gorman, P.A.; Sheer, D.; Emson, P.C. Assignment of the human creatine transporter type 2 (SLC6A10) to
chromosome band 16p11.2 by in situ hybridization. Cytogenet. Genone Res. 1997, 76, 19. [CrossRef]

Eichler, E. Duplication of a gene-rich cluster between 16p11.1 and Xq28: A novel pericentromeric-directed mechanism for
paralogous genome evolution. Hum. Mol. Genet. 1996, 5, 899-912. [CrossRef]

Iyer, G.S.; Krahe, R.; Goodwin, L.A.; Doggett, N.A_; Siciliano, M.J.; Funanage, V.L.; Proujansky, R. Identification of a Testis-
Expressed Creatine Transporter Gene at 16p11.2 and Confirmation of the X-Linked Locus to Xq28. Genomics 1996, 34, 143-146.
[CrossRef]

Bayou, N.; M'Rad, R.; Belhaj, A.; Daoud, H.; Zemni, R.; Briault, S.; Helayem, M.B.; Ben Jemaa, L.; Chaabouni, H. The Creatine
Transporter Gene Paralogous at 16p11.2 Is Expressed in Human Brain. Comp. Funct. Genom. 2008, 2008, 1-5. [CrossRef]

Kumar, R.A.; KaraMohamed, S.; Sudi, J.; Conrad, D.E; Brune, C.; Badner, J.A.; Gilliam, T.C.; Nowak, N.J.; Cook, E.H., Jr.; Dobyns,
W.B.; et al. Recurrent 16p11.2 microdeletions in autism. Hum. Mol. Genet. 2008, 17, 628-638. [CrossRef] [PubMed]

Mayser, W.; Schloss, P.; Betz, H. Primary structure and functional expression of a choline transporter expressed in the rat nervous
system. FEBS Lett. 1992, 305, 31-36. [CrossRef]

Dodd, J.R.; Christie, D.L. Substituted Cysteine Accessibility of the Third Transmembrane Domain of the Creatine Transporter.
J. Biol. Chem. 2005, 280, 32649-32654. [CrossRef]

Barnwell, L.ES.; Chaudhuri, G.; Townsel, ].G. Cloning and sequencing of a cDNA encoding a novel member of the human brain
GABA /noradrenaline neurotransmitter transporter family. Gene 1995, 159, 287-288. [CrossRef]

59



Nutrients 2021, 13, 1238

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

Gonzalez, AM.; Uhl, G.R. “Choline/orphan V8-2-1/creatine transporter’ mRNA is expressed in nervous, renal and gastrointestinal
systems. Mol. Brain Res. 1994, 23, 266-270. [CrossRef]

Guerrero-Ontiveros, M.L.; Wallimann, T. Creatine supplementation in health and disease. Effects of chronic creatine ingestion
in vivo: Down-regulation of the expression of creatine transporter isoforms in skeletal muscle. Mol. Cell. Biochem. 1998, 184,
427-437. [CrossRef]

Martinez-Munoz, C.; Rosenberg, E.H.; Jakobs, C.; Salomons, G.S. Identification, characterization and cloning of SLC6A8C, a
novel splice variant of the creatine transporter gene. Gene 2008, 418, 53-59. [CrossRef]

Ndika, J.D.T.; Martinez-Munoz, C.; Anand, N.; van Dooren, S.J.M.; Kanhai, W.; Smith, D.E.C.; Jakobs, C.; Salomons, G.S.
Post-transcriptional regulation of the creatine transporter gene: Functional relevance of alternative splicing. Biochim. Biophys.
Acta BBA Gen. Subj. 2014, 1840, 2070-2079. [CrossRef]

Sitte, H.H.; Farhan, H.; Javitch, J.A. Sodium-dependent neurotransmitter transporters: Oligomerization as a determinant of
transporter function and trafficking. Mol. Interv. 2004, 4, 38-47. [CrossRef] [PubMed]

Peral, M.].; Garcia-Delgado, M.; Calonge, M.L.; Duran, J.M.; Horra, M.C.; Wallimann, T.; Speer, O.; [lundain, A.A. Human, rat and
chicken small intestinal Na*-Cl ™ -creatine transporter: Functional, molecular characterization and localization. J. Physiol. 2002,
545, 133-144. [CrossRef]

Odoom, J.; Kemp, G.; Radda, G. The regulation of total creatine content in a myoblast cell line. Mol. Cell. Biochem. 1996, 158.
[CrossRef]

Pramod, A.B.; Foster, J.; Carvelli, L.; Henry, L.K. SLC6 transporters: Structure, function, regulation, disease association and
therapeutics. Mol. Aspects Med. 2013, 34, 197-219. [CrossRef]

Rudnick, G.; Kramer, R.; Blakely, R.D.; Murphy, D.L.; Verrey, E. The SLC6 transporters: Perspectives on structure, functions,
regulation, and models for transporter dysfunction. Pfliigers Archiv Eur. ]. Physiol. 2013, 466, 25-42. [CrossRef]

Santacruz, L.; Darrabie, M.D.; Mishra, R.; Jacobs, D.O. Removal of Potential Phosphorylation Sites does not Alter Creatine
Transporter Response to PKC or Substrate Availability. Cell. Physiol. Biochem. 2015, 37, 353-360. [CrossRef]

Derave, W.; Straumann, N.; Olek, R.A.; Hespel, P. Electrolysis stimulates creatine transport and transporter cell surface expression
in incubated mouse skeletal muscle: Potential role of ROS. Am. ]. Physiol. Endocrinol. Metab. 2006, 291, E1250-E1257. [CrossRef]
[PubMed]

Shojaiefard, M.; Christie, D.L.; Lang, F. Stimulation of the creatine transporter SLC6AS8 by the protein kinases SGK1 and SGK3.
Biochem. Biophys. Res. Commun. 2005, 334, 742-746. [CrossRef] [PubMed]

Kobayashi, T.; Cohen, P. Activation of serum- and glucocorticoid-regulated protein kinase by agonists that activate phosphatidyli-
nositide 3-kinase is mediated by 3-phosphoinositide-dependent protein kinase-1 (PDK1) and PDK2. Biochem. ]. 1999, 339, 319-328.
[CrossRef] [PubMed]

Fezai, M.; Warsi, J.; Lang, F. Regulation of the Na+,Cl- Coupled Creatine Transporter CreaT (SLC6A8) by the Janus Kinase JAK3.
Neurosignals 2015, 23, 11-19. [CrossRef] [PubMed]

Almeida, L.S.; Salomons, G.S.; Hogenboom, E.; Jakobs, C.; Schoffelmeer, A.N.M. Exocytotic release of creatine in rat brain. Synapse
2006, 60, 118-123. [CrossRef] [PubMed]

Brault, J.J.; Abraham, K.A.; Terjung, R.L. Muscle creatine uptake and creatine transporter expression in response to creatine
supplementation and depletion. J. Appl. Physiol. 2003, 94, 2173-2180. [CrossRef]

Tarnopolsky, M.; Parise, G.; Fu, M.H.; Brose, A.; Parshad, A.; Speer, O.; Wallimann, T. Acute and moderate-term creatine
monohydrate supplementation does not affect creatine transporter mRNA or protein content in either young or elderly humans.
Mol. Cell. Biochem. 2003, 244, 159-166. [CrossRef] [PubMed]

Jangid, N.; Surana, P.; Salmonos, G.; Jain, V. Creatine transporter deficiency, an underdiagnosed cause of male intellectual
disability. BM] Case Rep. 2020, 13. [CrossRef]

Wang, Q.; Yang, J.; Liu, Y.; Li, X,; Luo, E; Xie, J. A novel SLC6A8 mutation associated with intellectual disabilities in a Chinese
family exhibiting creatine transporter deficiency: Case report. BMC Med. Genet. 2018, 19. [CrossRef]

Dunbar, M.; Jaggumantri, S.; Sargent, M.; Stockler-Ipsiroglu, S.; van Karnebeek, C.D. Treatment of X-linked creatine transporter
(SLC6AS8) deficiency: Systematic review of the literature and three new cases. Mol. Genet. Metab. 2014, 112, 259-274. [CrossRef]
[PubMed]

Sharer, ].D.; Bodamer, O.; Longo, N.; Tortorelli, S.; Wamelink, M.M.; Young, S. Laboratory diagnosis of creatine deficiency
syndromes: A technical standard and guideline of the American College of Medical Genetics and Genomics. Genet. Med. 2017, 19,
256-263. [CrossRef]

Kaviani, M.; Izadi, A.; Heshmati, ]. Would creatine supplementation augment exercise performance during a low carbohydrate
high fat diet? Med. Hypotheses 2021, 146. [CrossRef]

Lopez Lluch, G.; Ferretti, R.; Moura, E.G.; dos Santos, V.C.; Caldeira, E.J.; Conte, M.; Matsumura, C.Y.; Pertille, A.; Mosqueira,
M. High-fat diet suppresses the positive effect of creatine supplementation on skeletal muscle function by reducing protein
expression of IGF-PI3K-AKT-mTOR pathway. PLoS ONE 2018, 13. [CrossRef]

Mine, M.; Mizuguchi, H.; Takayanagi, T. Kinetic analysis of the transphosphorylation with creatine kinase by pressure-assisted
capillary electrophoresis/dynamic frontal analysis. Anal. Bioanal. Chem. 2021, 413, 1453-1460. [CrossRef] [PubMed]

60



oS

¥

nutrients

Review

Creatine Metabolism in Female Reproduction, Pregnancy and
Newborn Health

Anna Maria Muccini "2, Nhi T. Tran I3, Deborah L. de Guingand 2, Mamatha Philip 4, Paul A. Della Gatta ¢,
Robert Galinsky 1,2 Larry S. Sherman 5.6 Meredith A. Kelleher 7, Kirsten R. Palmer 2, Mary J. Berry 8
David W. Walker 3, Rod J. Snow * and Stacey J. Ellery 12*

Citation: 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. https://doi.org/10.3390/
nu13020490

Academic Editor: Richard B. Kreider
Received: 15 January 2021
Accepted: 30 January 2021
Published: 2 February 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 The Ritchie Centre, Hudson Institute of Medical Research, Clayton, VIC 3168, Australia;
ammuc2@student.monash.edu (A.M.M.); nhi.tran2@student.rmit.edu (N.T.T.);
deborah.deguingand@hudson.org.au (D.L.d.G.); robert.Galinsky@hudson.org.au (R.G.)

Department of Obstetrics and Gynaecology, Monash University, Clayton, VIC 3800, Australia;
kirsten.Palmer@monash.edu

3 School of Health & Biomedical Sciences, RMIT University, Bundoora, VIC 3082, Australia;
david.walker@rmit.edu.au

Institute for Physical Activity and Nutrition, School of Exercise and Nutrition Sciences, Deakin University,
Geelong, VIC 3220, Australia; mphilipgabriel@deakin.edu.au (M.P.);

paul.dellagatta@deakin.edu.au (P.A.D.G.); rod.snow@deakin.edu.au (R.J.S.)

Division of Neuroscience, Oregon National Primate Research Center, Beaverton, OR 97006, USA;
shermanl@ohsu.edu

Department of Cell, Developmental and Cancer Biology, Oregon Health & Science University,
Portland, OR 97239, USA

Division of Reproductive & Developmental Sciences, Oregon National Primate Research Center,
Beaverton, OR 37009, USA; kellehem@ohsu.edu

Capital and Coast District Health Board, Department of Paediatrics, University of Otago Wellington,
Wellington 6242, New Zealand; max.berry@otago.ac.nz

Correspondence: stacey.ellery@hudson.org.au

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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Mitochondria Cytosol

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].

Circulating
creatine @

Phosphocreatine

Endogenous
creatine

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 SLC6AS 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].

Step One Arginine V Glycine

Arginine:glycine amidinotransferase
(GATM/AGAT)

Ornithine /\Guanidinoacetate (GAA)

Step Two Methionine
P :s-Adenosyl Methionine

Guanidinoacetate methyltransferase
(GAMT/GAMT)

S-Adenosyl homocysteine

Creatine

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
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oocytes. These cells contain phosphocreatine (~4 to 5 mmol.kg ™! 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 (SLC6AS) 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 uM) 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 (SLC6AS), 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.

Creatine and Phosphocreatine

Tissue Species Content Creatine Kinases Creatine Synthesis and Transport
CKBB gene, protein and activity
reported [16,17]. Activity
Creatine and phosphocreatine increased with oocyte maturation
Oocytes Mouse present (~4to 5 mmol.kg’1 dry and fertilization [18].
mass) [16]. CKMM detected. Expression levels
increased with hCG
stimulation [9].
uMt-CK and CKBB gene and
. protein expression reported [18].
Bovine Use of CK inhibitors elevated
intra-oocyte ADP:ATP ratio [19].
Creatine and phosphocreatine
Human present (~4 to 5 mmol.kg ! dry
mass) [16].
Ovaries Rat High SLC6AS8 gene expression

reported [21].
Detectable levels of the GATM
Human gene and AGAT protein, but
GAMT undetected [22].

Ovarian stromal
cells

Cumulus cells CKBB gene expression detected

or cumulus- and elevated in women with good
oocyte Human X .
quality embryos undergoing

complexes ART [23]
(COCs) o

Creatine and GAA detected in

media bathing cells, with an
Bovine 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].
Creatine detected and increases
around ovulation [9].
Creatine detected. Remains
Equine unchanged with follicular

development [31].

Mouse

Increase in GATM and GAMT
Granulosa cells Rat expression with equine CG
stimulation [9].
GATM and GAMT and SLC6A8

Oviduct Human etecied 21 23]
Rat GATM and GAMT and SLC6A8
4 detected [21,22]
Mouse GAMT gene and protein not

expressed [32]
High creatine concentration
Oviductal fluid Equine (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

Creatine Kinases

Creatine Synthesis and Transport

Content
Creatine levels detected and GATM and GAMT detected. No
Mouse increased with change in expression with hCG
hCG stimulation [9]. stimulation [9].
Up-regulation of CKBB expression Increased SLC6A8 expression
Non-pregnant and enzyme activity in the .
. Human during the secretory phase of the
Endometrium secretory phase of the menstrual menstrual cycle [37]
cycle [37,39-41]. yele 71
Proenant uMt-CK and CKBB proteins AGAT activity high in the decidua.
en doerietrium Rat expressed in the decidua parietalis No GAMT enzyme activity
and basalis [36]. present [48].
Shee GAA produced at a higher level
P than non-pregnant animals [49].
Human Creatine kinase activity present in
term decidual explants [46].
Non-pregnant Phosphocreatine detected at a low Creatine kinase activity detected
. Human level compared pregnant
myometrium . [50].
myometrium [51].
Phosphocreatine detected with CKBB gene expression d.e tected.
Pregnant . Levels were three-fold higher at
. Human higher levels at term compared to . A
myometrium term compared with earlier in

non-pregnant tissue [55]. 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 SLC6AS 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-

68



Nutrients 2021, 13, 490

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 Jadskeldinen
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.

Creatine and

Creatine Synthesis

Study Condition Gestation Phosphocreatine Creatine Kinases
Content and Transport
uMt-CK and CKBB gene
expression detected.
Expression was low in the first
and second trimester before a
Thomure First, second peak at term.
etal. [64] Healthy and third CKBB protein expression
’ trimester consistent throughout
gestation. uMt-CK expression
rose through to mid-gestation
before declining
just before term.
Ellery Health fﬁ)s_tgv‘f]‘eezlt:’sr GATM, GAMT and
etal. [13] y gestation) SLC6AS detected.
AGAT, GAMT and
SLC6AS gene and
protein detected.
Ellery GATM expression
etal. [13,65] Healthy Third trimester and GAA tissue
T content decreased
with advancing
gestational age and
birth weight.
Tissot . . Increased .
etal. [69] High altitude Term phosphocreatine
: levels detected.
43% higher total
creatine content . .
Ellery FGR Third trimester compared to 2-fold mmerease In
etal. [13] R SLC6AS expression.
gestation-matched
controls.
38% higher total
creatine content Increased GATM,
etEallle{]y 4 PE Third trimester compared to IncreaZif)I‘ii(sB;fnmRNA GAMT, SLC6A8
’ gestation-matched ’ mRNA expression.
controls.
Increase in creatine
Jaaskeldinen concentration in
etal. [71] PE Term venous cord plasma
at delivery.
McMinn Down-regulation
etal. [74] FGR Term in GATM.

Abbreviations—fetal growth restriction (FGR), preeclampsia (PE), cytosolic brain-type creatine kinase (CKBB), ubiquitous mitochondrial
creatine (uMt-CK), the creatine transporter (SLC6AS), 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 uM =+ 15.15 during
pregnancy, which is ~35% lower than the normal range of 54.8 uM = 21.0 for non-pregnant
females [82,83]. Conversely, urinary creatine excretion rises from 46 (9-135) pmol/mmol
creatinine in a non-pregnant state [84] up to 146.7 (58-273) pmol/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 (\H-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 ¢, 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]

Mice [114]

Rat [115]

Rabbit [116]

Rat[117]

Spiny Mouse [118]

Spiny Mouse [118]

Spiny Mouse

[119-122]

Spiny Mouse [123]

Fetal guinea pigs (0.9
gestation)
Or neonatal rats (P7)

Neonatal (P0-5) and juvenile
(P6-13)

Neonatal or juvenile (P10-15)

5 to 30 day-old pups

Neonatal (P6)

Fetal (term) and juvenile (P15)

Neonatal (P1)

Neonatal (P1) or juvenile (P35)

Adult (P90)

2 h creatine treatment to
hippocampal slices in vitro
or
injection of 3g/kg creatine before
and after hypoxic-ischemic insult.
Maternal dietary creatine
supplementation (2 g/kg/day)
or
incubation of brain slices (200 uM)
creatine.

Subcutaneous creatine (3 mg/g of
body weight) for 3 days before
hypoxic insult.

Subcutaneous creatine (3 mg/g of
body weight) for 3 days before
hypoxic insult.

Subcutaneous creatine (3 g/kg body

weight/day) for 3 days before
hypoxic insult.
Maternal dietary creatine
supplementation (5% w/w from
mid-gestation).

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

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

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

Creatine improved recovery of
brain protein synthesis, reduced
infarction and neuronal cell
injury.

Creatine preserved ATP turnover
and reduced neuronal injury.

Low phosphocreatine/creatine

ratio led to higher susceptibility

of seizures. Creatine improved

survival and prevented seizure
activity.

Creatine increased brain
PCr/NTP ratio and prevented
hypoxic seizures.
Creatine prevented brain
oedema associated with severe
hypoxia-ischemia.

Creatine increased pup survival
and improved postnatal growth.

Creatine reduced perinatal
mortality and pro-apoptotic
protein BAX, cytoplasmic
cytochrome ¢, and caspase-3 in
the fetal brain.
Creatine prevented structural
and functional damage to the
diaphragm [119,120], skeletal
muscle [121], and kidney [122].
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, TH-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
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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% CI12.5-4.2; 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 (1 = 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 (1 = 5) and soccer (1 = 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 . . . . Primary Adverse
(Country) Subjects Design Duration  Dosing Protocol Variables Results Events
Swimming
Dawson et al. 10 male, 10 female Matched, 20 g/day (5 days) Sgrrflgrtnsl"av;i 1 swim bench
2002 (16.4 + 1.8 years) placebo- 4 weeks 5 ‘(;; da 3222 days) pan d swim test None reported
(Australia) [36] swimmers controlled g/day Y performance
bench test
Grindstaff et al. 18 (11 female, Randoml;ed, Sprint sw1mA 1 sprint
7 male) adolescent double-blind, performance; . .
1997 (USA) . 9 days 21 g/day swimming None reported
133] swimmers placebo arm ergometer erformance
- (15.3 £ 0.6 years) controlled performance P
Randomized, A 4 bi
Juhasz et al. 16 male fin placebo- Viarg\i r}; ?:’er’ e:fr(\)ifnr(a)nlcce'
2009 (Hungary) swimmers controlled, 5 days 20 g/day i ny th (swim P + dynami ’ None reported
[34] (15.9 £ 1.6 years) single-blind Strengtn Sw ynamie
trail based tests) strength
1 interval
performance
10 elite female Randomized fo!lowing
Theodorou (177 +20years) 4o riecs 25g/day (4days)  Swimming  loading phase;
et al. 1999 (UK) and 12 elite male o laceebo— . 11 weeks 5g/day interval long-term None reported
[37] 17.7 j: 2.3 years) cf))ntrolle d (2 months) performance improvements
swimmers after
maintenance
dose
. L . 1 mean swim
Theodorou erlfo)rhr;ga};ce 20 g/day of CrM ng}:x;iinsny veloc-ity forall  Gastrointestinal
tal. 2005 pmni rs (males: Randomized, or 20 g/day of Hforman: Swimmers; discomfort in
eran SWIMmMETS Ma'es: qouble-blind 4 days CrM +100gof ~ Perormance swim CrM +
(United n = 6; females: ial b during d
Kingtom) [35] n=4) tria car ohyd{‘ates per repeated velocity in Cr + Carbohydrate
(17.8 £ 1.8 years serving intervals Carbohydrate group only
condition
Soccer
Claudino et al 14 male Brazilian Randomized, H}fsvc\]lir;g:l\ir
2014 (Brazil) Ehtf soccer dou}ale-ghnd, 7weeks 20 géday a weik) via counter- lowerbody  None reported
[42] players placebo- 5 g/day (6 weeks) movement power
(18.3 £ 0.9 years) controlled A
vertical jump
Repeated
. int test, .
17 adolescent Randomized, P ;gsceis 1 repeat sprint
Mohebbi et al. double-blind, P performance;
2012 (Iran) [39] soccer players lacebo- 7 days 20 g/ day dribbling + dribblin None reported
(17.2 £ 1.4 years) p performance g
controlled . performance
and shooting
accuracy
1 dribble test
Ostojic et al. 20 adolescent a.nd endurar}ce
Matched, " times; T sprint
2004 male soccer Soccer specific
. placebo- 7 days 30 g/day . power testand ~ None reported
(Yugoslavia) players controlled skills tests cotntermove-
[40] (16.6 £ 1.9 years)
ment
jump
Muscle power
Yanez-Silva Elite youth soccer dol\l/llgltt:-}i)elidr; d output rziii\akjvr\ir
etal. 2017 players lacebo- ! 7 days 0.03 g/kg/day (Wingate P & None reported
(Brazil) [41]  (17.0 % 0.5 years) placebo anaerobic output;
controlled 1 total work

power test)

= Creatine supplementation resulted in no significant (p > 0.05) change; 1 = 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 Prl.m ary Results Adverse Events
] 8 g Variables
Visual acuity,
7O g i, v
Sipila et al. 1981 patients with trpat'm nt 12 months 15 ¢/da laborator > acuity; No side effects
[57] gyrate atrophy of . te e onths 2 g/day Ok © }; 1 Thickness of reported
retina intervention markers o Type Il muscle
creatine fibers
metabolism
C
13 patients supplcmcniation
(9 male, 4 female) . . did not prevent
Vannas-Sulonen betévz;ﬁn ages of Prospjc%vle, . 0 0.25-0.5 g dose Ir\\/gorphilogltclal normal None renorted
etal. 1985 [58] di yzars.th oper;l ate months 3x /day and eye unctlon deterioration; one reporte
iagnosed wi cohor assessments | Muscle
gyrite al’t‘roplr\gl of atrophy,
the choroi primarily in type
1I fibers
36 patients with
m“ﬁﬂ;flylgfs of 1 (3%) in muscle
. lar strength;
dystrophies N;uscu a 1 O/g .
(overall mean Randomized, pertormance, 1 (10%) m
Walter et al. 2000 age: double-blind 10 g/day (adults) neuromuscular neurological None reported.
[59] . 26+ 1% 4ears) lacebo- 4 8 weeks 5g/day symptoms score, symptoms. Indicated to be
8 pa tient>s, with C(P:nt‘rolle d (children) vital capacity Children tended well-tolerated.
I:]’Duchenne and qualitative to experience
dystrophy (mean assessments greater strength
changes.
age:
10 + 3 years)
L ) Lung .
18 cystic fibrosis Supplemented 12 g/day for 1st Lung function, function or One patient
B 1 patients (7 F, P . for 12 ks K6 o/d h, and sweat experienced
raegger et al. 11 M) ranging in rospective or 12 weeks; week; 6 g/day strength, an transient muscle
2003 [60] ace frgmg open-label pilot monitored for for remaining clinical electrolytes. ain: No other
8 24-36 weeks 11 weeks parameters T (18%) in peak P 1 ;
8-18 years isometric side effects
strength
1+ MVC by 15%
1 TTE (“2x)
Muscle function, 1 TJS
. . densitometry, 1 LS and WB
15 boys with Double-blind, ! .
’ . markers of BMD in .
Louis et al. 2003 d muscular placebo- 3 months, with 2 hepatic and renal ambulatory No char\ges mn
ystrophy (mean controlled, 3 g/day B . liver or kidney
[61] . months washout function, patients
age: cross-over study . markers
10.8 + 2.8 years) design magnetic
) ¢ years & resonance NTx/creatinine
spectroscopy ratio in
ambulatory
patients
30 boys with Pulmonary 1 handgrip
Duchenne function, strength, fat-free
muscular i strength, body mass, and bone
Tarnopolsky dystrophy; mean ?:::(l)in]il:;, 4 months 010 ¢/kg/da composition, markers None
et al. 2004 [45] age: 10 £ 3 years; Crossover t‘riz(l U 8/ke y bone health, task i
height: 129.2 + function, blood functional
16.0 cm; weight: & urinary tasks or activities
353+ 158 kg markers of daily living
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Table 2. Cont.

Author Year Subjects Design Duration Dosing Protocol I’n'm ary Results Adverse Events
Variables
50 ambulatory
steroid naive 5 g/day of Manual muscle
boys with Double-blind, creatine powder, erformance primary or Deemed safe and
Escolar et al. Duchenne placebo- 0.3 mg/kg of p TR d well-tolerated
p 6 months . quantitative secondary . .
2005 [49] Muscular controlled, glutamine (x2 1 X outcomes with no side
Dystroph randomized er day), or muscle tes.t ng, effects reported.
ysopny P g time to rise measures i3
(mean age: placebo
6 years)
Duration of
39 chil- diﬁie;réf | Amnesia
Sakellaris et al. dren/adolgscents Open-label pilot intubation, and + Intubatlon
following 6 months 0.4 g/kg/day - - period None
2008 [62] A . study intensive care .
traumatic brain N | Intensive care
injur unit stay post unit sta
jury traumatic brain y
injury
9 children with
lymphoblastic
leukemia during
chemotherapy . Height, weight,
. N Cross sectional,
Bourgeois et al. (in treatment . ! . BMI, BMD, BMC, o
2008 [63] group); mean mlzees:;ic?ql;ort 16 weeks 0.1 g/kg/day FEM, %BE, 1 %BF and BMI None reported
age of 7.6 years, g serum creatinine
50 healthy
children as
history controls
33 ambulatory Randomized Cellular
. male patients Y energetics, . .
Banerjee et al. with Duchenne placebo 8 weeks Cr 5§/day manual muscle T in PCr/Pi None reported
2010 [9] controlled, (n=18) ratios
muscular sinele-blind trial test score and
dystrophy sing functional status
Initial 1 in
9 boys with Cr (400 locomotor and
Van de Kam er e);l bﬁn:} Long-term mg/kg/day) Locomotor and personal social No adverse
etal. 2012 []g] transporter follow-up 4-6 years and L-arginine personal social 1Q subscales; No events were
. de}?ect investigation (400 1Q subscales lasting clinical reported.
mg/kg/day) improvement
was recorded
Muscle function,
. body intramuscular
.. Double-blind, 7. N
. 15 participants placebo 12 weeks with 8 composition, PCr, muscle laboratory
Hyashi et al. with childhood biochemical function, and .
. ) controlled, week washout 0.1 g/kg/day : parameters; No
2014 [13] systemic lupus . markers of bone, aerobic side effect
3 cross-over period . ditioni side effects
erythematosus desi aerobic conditioning reported
esien conditioning, parameters, body P
quality of life composition,
quality of life
Primary: muscle
function
Secondary: body
composition,
biochemical E Muscle
Patients with Randomized, markers of bone function No side efforts
Solis et al. 2016 juvenile B double-blind, remodghng/ intramuscular reported.
[12] dermatomyositis placebo- 12 weeks 0.1 g/kg/day cytokines, PCr content, or
(mean age: controlled, laboratory other secont d/ary Markers of
13 + 4 years) crossover trial markers of outcomes kidney function
kidney ful?ctlon, measures
aerobic
conditioning,
and quality of
life
221?;\1/3?\;[{5-? E None reported,
refractor 0.4 g/kg/da Proportion of 6/22 (27%) well-tolerated
Kalamitsou et al. epileps ranyin Prospective 3-12 months ‘crgeatigne . y res I:;n ders to responded to with no
2019 [64] priepsy ranging cohort follow-up c 5 ponders | creatine addition exacerbations of
in age from ketogenic diet ketogenic diet P X
10 months to to ketogenic diet underlying
8 years pathology
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Table 2. Cont.

Author Year Subjects Design Duration Dosing Protocol I’n'm ary Results Adverse Events
Variables
13 (7F,6 M) in muscle
patients ranging Safety and function
in age from Randomized, Up to 40 kg was tolerability strength, aer:)bic
Dover et al. 2020 7-14 years with double-blind, 6 months 150 mg/kg/day muscle function, Capacity, fatigue No adverse
[65] juvenile lacebo- >40 kg was disease activity, s o events reported
) p 8 % physical activity P!
dermatomyositis; controlled 4.69 g/m?/day aerobic capacity, 1 in muscle pH
25.6-64.6 kg; muscle strength

14.3-22.9 kg/m?

following
exercise

= Creatine supplementation resulted in no change in the target outcome; 1 = 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 20182020 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 1 = 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:

e  “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.”

e  “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.”

e  “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.”

e  “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 x /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 x 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 creatineat1 g
per 30 min intervals for 5 days yielded lower urinary excretion of creatine than the typical
loading regimen of 4 x 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
e Track sprints: 60-200 m
e Swim sprints: 50 m
e Pursuit cycling
Increased PCr Resynthesis
e Basketball

o Field hockey

e America Football

e Ice hockey

e Lacrosse

e Volleyball
Reduced Muscle Acidosis

e Downbhill skiing

e Water Sports (e.g., Rowing, Canoeing, Kayaking, Stand-Up Paddling)
e Swim events: 100, 200 m

e Track events: 400, 800 m

e Combeat Sports (e.g., MMA, Wrestling, Boxing, etc.)

Oxidative Metabolism
e Basketball
e Soccer
e Team handball
e Tennis
e Volleyball

e Interval Training in Endurance Athletes
Increased Body Mass/Muscle Mass
e 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.

>500 Articles identified though
database searches (PubMed, Medline,
Google Scholar, EBSCO-host).

Articles screened based on review of title,

abstract, and keywords (creatine, creatine

supplementation, exercise, performance, ~200 articles excluded:

ergogenic aid, exercise performance, athletic -Conference abstract

performance, athlete, weightlifting, |y -Non-monohydrate forms of creatine
maximal, resistance exercise, resistance -Articles related to therapeutic creatine
training, muscular power, muscular force, use and health

skill performance, sports performance, -Non-peer reviewed articles

sprinting, jumping, recovery, muscular

adaptation, training adaptations, and

l

Articles included in final review (1 = 180)

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 naive 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 . . Dosing Primary Adverse
and Year Subjects Duration Protocol Variables Results Events

Peak Torque/Force Production

isokinetic

1 muscle
perfor- torque
Greenhaff 12 healthy 5 days 20/d for 5 mance 1 pl:lsma None
etal. 1993 males days rzlurlrtlgd ammonia reported
_peate < BLa
intervals
Casey etal. 9 active 5 davs 20 g/day s Czli;ltmir— 7 total None
1996 males Y for 5 days print p work reported
formance
isokinetic
Gilliam 23 healthy 5 davs 20 g/day perfor- < muscle None
et al. 2000 males y for 5 days mance of torque reported
quadriceps
T peak
torque
T average
. e power,
Rossouw 13 gj;g:d 5 davs 9 g/day lsolf:;stlc 1 total None
et al. 2000 P y for 5 days : work reported
lifters extension + work
output
1 deadlift
volume
isometric T peak
Kilduff 32 trained 5 davs 20 g/day bench force None
et al. 2002 males Y for 5 days 1 total reported
press force
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Table 3. Cont.

Author . . Dosing Primary Adverse
and Year Subjects Duration Protocol Variables Results Events
Strength Performance
1 mean
power
T output
isokinetic
cycling T peak
perfor- power
Birchetal. 14 healthy 5 davs 20 g/day mance output None
1994 males Y for 5 days during 1 total reported
repeated power
. output
intervals
| plasma
ammonia
<> BLa
<> mean
power
output
. 10 s sprints < peak
Barnett 17 active 4 davs 280 mg/kg on a evcle ower None
et al.1996 males y for 4 days 4 p reported
ergometer output
<> blood
pH
<> BLa
Strength and Performance Outcomes
> speed
anaerobic  test perfor-
Edwards 21 active 6 davs 20g/d intervals mance None
et al. 2000 males Y for 6 days on <> BLa reported
a treadmill | plasma
ammonia
<> total
work
Rockwell 16 trained 4 davs 20 g/day rﬁpcel?rtled ma:mal None
etal. 2001 males v for 4 days yems reported
sprints power
< work
capacity
repeated & calr dio-
cycling vascular or
yel thermoreg-
sprints dlator
Volek etal. 10 healthy 7 davs 0.3 g/kg cardiovascular ros ons};s None
2001 males Yy for 7 days and ther- Tp cak reported
moregula- P
tory power
1 mean
responses
power
> peak
power
Finn et al. 16 male 54 20 g/day repelail;ed <« fatigue None
2001 triathletes ays for 5 days Zyiin t% index reported
P < mean
power
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Table 3. Cont.

Author . . Dosing Primary Adverse
and Year Subjects Duration Protocol Variables Results Events
Strength and Performance Outcomes

2010 0.35 g/kg 1 peak
. male, 10 repeated
Ziegenfuss female) 3 davs of fat-free cvdlin power None
et al. 2002 y mass for 3 yems 1 total reported
power days sprints work
athletes
repeated 4 mean
Yqueletal. 9 healthy 6d 20 g/day dylnirtn;(? power None
2002 males ays for 6 days If)l anta < muscle reported
exion pH
muscle pH
sinele > single
12 (7 male, & 40-m
5 female) 40-m sprint
Delecluse - 0.35 g/day sprint P None
competi- 7 days ~
et al. 2003 . for 7 days repeated reported
tive 40-m repeated
sprinters sprints 40Tm
sprints
average
and peak
20 elite ower Taverage
Kocak et al. 20 g/day pow power None
male 5 days during
2003 for 5 days . T peak reported
wrestlers wingate
anaerobic power
power test
bench > bench
press press
Selsby etal. 31 trained 10 davs 2.5 g/day strength strength None
2004 males y for 10 days bench > bench reported
press press
endurance  endurance
wingate T mean
cycling test power
. . lower body output
Zuniga 22 active 7 davs 20 g/day streneth o e None
etal. 2012 males ¥ for 7 days 5 5 reported
upper extension
body > bench
strength press
lower body
del Favero 34. 20 g/day strength T bench None
untrained 10 days upper press
etal. 2012 for 10 days reported
males body 1 squat
strength
e 107
body stren; }:ch
strength (_)g
. overhead
Wang et al. 17 high 20 g/day medicine overl'w:'ad None
school 6 days medicine
2017 . for 6 days  ball throw reported
canoeists Post- ball throw
activation < pO.St_
. activation
potentia- .
. potentia-
tion .
tion

BLa = blood lactate; CR or no identifier = creatine monohydrate; | indicates decrease; 1 indicates
increase; <+ indicates no diffe{tmce.
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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 . . Dosing Primary Adverse
and Year Subjects Duration Protocol Variables Results Events
Peak Torque/Force Production
maximal
torque on
isokinetic “
18 (17 20 g/day dy- maximal
males, 1
Stevenson for 7 days namome- torque None
female) 9 weeks
et al. 2001 trained 5g/day 8 ter T cross- reported
. weeks quadriceps  sectional
subjects
cross- area
sectional
area
lean tissue + lean
bench .
press tissue
0.03 strength <+ bench
g/kg/day leg press press
Chrusch 30 healthy for 5 days strength 1 leg press None
older 12 weeks 0.07 1 knee
et al. 2001 knee reported
males g/kg/day : torque
extension
for 11 1 muscle
muscle
weeks endurance
endurance
1 average
average
power
power
Strength
om L
flexion on e 1 ross
isokinetic %ep !
dy- 2
extension,
5g/day namome- squat
Vandenberghe 19 healthy for 4 days ter > bench None
ot al.1997 female 11 weeks 2.5 g/day upper press, leg reported
' subjects for 10 and lower cur,I
weeks body shoulder
muscle press
strength ¥ lean
body com-
o muscle
position
mass
bench 1 bench
press press
18 male 20 g/day strength strength
Kelly et al. for 5 days bench 1 bench None
power- 26 days
1998 . 5¢g/day press press reported
lifters
for 21 days endurance endurance
total body 1 body
mass mass
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Table 4. Cont.

Strength
body mass + body
fat-free mass
mass 1 fat-free
25 ¢/da bench mass
for% da ys press 1 bench
Volek etal. 19 trained Y strength press None
12 weeks 5g/day
1999 males for 11 squat 1 squat reported
strength T
weeks ; .
quadriceps  quadriceps
cross- Cross-
sectional sectional
area area
1 arm
flexor
strength
20 g/day upper Tbody
for 5 days body nass
Becque 23 trained <+ body fat None
6 weeks 2 g/day strength
et al. 2000 males 1 fat-free reported
for days body com- mass
6-42 position
T upper
arm
muscle
area
body com- “ bOd}.’
o composi-
position .
bench tion
press 1 bench
20 female 20 /day strength press
for 7 days strength
Brenner college knee None
5 weeks 2 g/day : < knee
et al. 2000 lacrosse P extension . reported
lavers or days strength extension
pay 8-32 Kknee strength
. > knee
extension .
extension
endurance
Bla endurance
<+ BLa
1 bench
press
be:;;? strength
15 g/day P 1 squat
strength
14 female for 5 days strength .
Larson- squat . 1 subject
college 5g/day5 <+ vertical
Meyer et al. 13 weeks strength . reported
soccer days/week . jump
2000 vertical nausea
players for 12 s 1 body
weeks jump mass
body com-
i 1 lean
position
mass
> body fat
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Table 4. Cont.

Strength
1 bench
press
strength
1 squat
strength
bench T Cplngr
press
strength stre?gth
squat anaerobic
strength ower
25 male 20 g/day power Cz aci t,
Bemben college 9 weeks for 5 days clean aﬁ d0 /y None
et al. 2001 football 5g/day strength ? reported
. decrement
players for8 weeks ~ Wingate + peak
cycling test to}; e
isokinetic knqee
strength N
flexion
body com-
o > peak
position
torque
knee
extension
1 lean
body mass
> body fat
bench T peak
47 active press on force
Burke et al. 7.7 g/day  aisokinetic T peak None
male 21 days
2001 . for 21 days dy- power reported
subjects .
namome- 1 time to
ter fatigue
lean tissue
bench T lean
ress tissue
0.03 P > bench
strength
g/kg/day lew press press
30 healthy for 5 days &P 1 leg press
Chrusch strength None
older 12 weeks 0.07 1 knee
et al. 2001 knee reported
males g/kg/day extension torque
for 11 muscle 1T muscle
weeks endurance
endurance
T average
average
power
power
3 g/day
for 10
week or <+ squat
25 male squat
Wilder college 20 g/day strength strength None
10 weeks for 7 days, > lean
etal. 2001 football body com- reported
lavers then 5 osition body mass
play g/day P <> fat mass
for rest of
the study
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Table 4. Cont.

Strength
bench 1 bench
press press
strength < leg
0.215e§r<kg leg press press
49 (20 i /d strength 1 total
male, 29 1ssue/day isokinetic work
Burke et al. female) 8 weeks for 7 days endurance 1 bod None
2003 active 0.0625 uadriceps massy reported
- /kg lean q P
subjects t%ssue /da cross- 1 lean
for 49 da }; sectional body mass
y area 1 cross-
body com-  sectional
position area
< bench
bench press
03g/kg press « leg
Ferguson 26 trained 10 weeks for 7 days 15.: rer\itS}; :rtiystsal None
et al. 2006 females 0.03 g/kg &P reported
for 9 weeks strength mass
body com- < lean
position body mass
< fat mass
bench 1 bench
press ress
strength p
1 leg press
leg press & peak
20 g/day strength tof e
Kerksick 24 trained 4 weeks for 5 days isokinetic o qeak None
et al. 2009 males 5¢g/day knee }\)/v . reported
for 23 days  extension powe
. 1 lean
Wingate bod
cycling test oCy mass
1 fat-free
body com-
o mass
position
bench 1 bench
press press
2 strength < leg
Camic et al. untrained 28 da 5g/day leg extension None
2010 rnalese ye for 28 days  extension < mean reported
strength power
Wingate > peak
cycling test power
bench 1 bench
press press
strength strength
H%jlgé 6 bench 1 bench
Hummer ’ 4 g/day press press None
females) 6 weeks
etal. 2019 active for 6 weeks endurance  endurance reported
subjects squat 1 squat
strength strength
squat <> squat
endurance  endurance
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Table 4. Cont.

Strength and Performance Outcomes

total work
dgrmg 7 total
sprints on work
acycle
Kreider 25 college 15.75 ergometer T bench None
football 28 days g/day press
etal. 1998 bench reported
players for 28 days ross volume
p 1 total
volume volume
total
volume
1 bench
bench press
press strength
strength <> squat
squat strength
strength > counter-
counter movement
Stone et al. 4f2 Coﬂl)leﬁe 5 K /l? .2/2d movement vertical None
1999 Ol(a’ ears weeks f%r 5gweealzls vertical jump reported
play jump < static
static vertical
vertical jump
jump 1 body
body com- mass
position T lean
body mass
<+ bench
press
repetitions
< leg
press
repetitions
e
19 male 07 engurance combining
Chilibeck, union 3 weeks /k ) /da leo press bench None
et al. 2007 rugby 5/%8/cay &P press reported
for 8 weeks  endurance
players b and leg
ody com-
" press
position
scores
<+ total
body mass
< lean
tissue mass
<+ fat mass

BLa = blood lactate; CR or no identifier = creatine monohydrate; | indicates decrease; 1 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 . . Dosing Primary Adverse
Year Subjects Duration Protocol Variables Results Events
100-m
18 (7 male, sprint .
11 female) perfl::)rmance 1 sprint
Grindstaff . . 21 g/day swimming None
junior com- 9 days arm
etal. 1997 . for 9 days perfor- reported
petitive ergometer mance
swimmers perfor-
mance
total work
ch.lrmg 7 total
sprints on K
a cycle wor h
Kreider 2? C(;g:ﬁe 28 da 1/555 ergometer T brenc None
etal. 1998 o0 ys &/ day bench press reported
players for 28 days volume
press
1 total
volume volume
total
volume
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Table 5. Cont.

Author . . Dosing Primary Adverse
Year Subjects Duration Protocol Variables Results Events
bench T brir;h
2 press p
0 g/day 1 40-yard
40-yard
for 5 days dash
39 college dash o
Noonan 100 0r300 < % body None
football 9 weeks % body fat
etal. 1998 mg/kg/fat- fat reported
players fat-free
free mass mass > fat-free
for 8 weeks vertical mass
. <+ vertical
jump jump
single > single
14 male 50-m 50 m sprint
Peyrebrune college 5 davs 9 g/day sprint time time None
etal. 1998 oUes Y for 5 days repetitive 1 repetitive  reported
swimmers .
50-m 50 m sprint
sprint time time
vertical 1 vertical
jump jump
24 college 21 g/day 100-yard 1 100-yard
Stout et al. for 5 days None
football 8 weeks dash dash
1999 players 10 g/day bench 1 bench reported
thereafter
press press
strength strength
5x15s T5x15s
20 g/day skating skating
8 elite ice for 5 days sprints sprints
J onlegsgt;t al. hockey 11 weeks 5¢g/day 6 timed T 6 timed reN(()):cZ d
players for 10 80-m 80 m P
weeks skating skating
sprints sprints
counter 1 counter
movement
vertical movement
36 (16 s vertical
male, 20 IC]’ owSr jump
Kirksey female) 6 weeks 0.3 and total 1 peak None
etal. 1999 track g/kg/day work power reported
and field durin 1 total
athletes Hring work
sprints on 1
acycle oneyee
Y ergometer
ergometer
1 bench
press
Birei? strength
P 1 bench
61 college strength press
Kreider 20-25 Bench None
football 12 weeks endurance
etal. 1999 lavers g/day press +bod reported
play endurance massy
Body com- + soft
position tissue lean
mass
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counter <> counter-
) 17 trained 20 g/day moyement moyement
Mujika for 5 days jump jump None
soccer 10 weeks
et al. 2000 5g/day repeated T repeated reported
players . -
for 9 weeks sprint sprint
ability ability
36 (16
male, 20 counter 1 counter-
Haff et al. female) 6 weeks 0.3 movement movement None
2000 track g/kg/day vertical vertical reported
and field jump jump
athletes
18 male . rli?ﬁ'?me 1100 m
Skareetal.  competi- 5 davs 20 g/day tgtal sprint sprint time None
2001 tive Y for 5 days timpe 7 total reported
sprinters (6 x 60 m) sprint time
single > single
Romer 9 competi- 0.075 g/kg spr]}mlt sprint None
tive squash 5 days 4 times repetitive 1 repetitive
etal. 2001 . : reported
players for5days  sprint per-  sprint per-
formance formance
counter
1 counter-
movement
19 male vertical movement
Izquierdo 20 g/day . vertical None
handball 5 days jump .
et al. 2002 for 5 days P jump reported
players repetitive
. 16 x15m
sprint per- .
f sprints
ormance
agility kick <« kick
drill test drill test
12 elite agility race 1 agility
Cox et al. female 6 davs 20 g/day test run None
2002 soccer y for 6 days repetitive 1 repetitive  reported
players sprint per-  sprint per-
formance formance
BLa | BLa
<« static
average vertical
29 (17 03 and peak jump
g/kg/day <> counter-
male, 12 power
for 7 days . movement
Lehmkul female) during . None
8 weeks 0.03 vertical
et al. 2003 track repeated . reported
. g/kg/day . jump
and field sprints on
for7 +» average
athletes a cycle
weeks. power
ergometer
<+ peak
power
single + single
1; gnr?;}ee’ 40-m 40 m sprint
Delecluse competi- 7 davs 0.35 g/day sprint “ None
et al. 2003 P v for 7 days repeated repeated reported
tive
. 40-m 40m
sprinters . .
sprints sprints
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average
and peak + average
20 elite power verag
Kocak et al. 20 g/day . power None
male 5 days during
2003 wrestlers for 5 days Wingate T peak reported
anaerobic power
power test
dribbling | drt‘l’ilmg
20 young test 1 sprint
Ostojic male 7 davs 30 g/day Sgarr; power None
et al. 2004 soccer Y for 7 days p 1 counter- reported
4 counter p
players movement  Mmovement
. vertical
jump .
jump
> serve
serve velocity
. 0.3 g/day velocity < ground-
Pluim et al. ?;?Vizotrs r?r?ltsl- 32 davs for 6 days  groundstroke  stroke None
2006 lavers ¥ 0.03 g/day velocity velocity reported
play for 28 days  repetitive e
sprints repetitive
sprints
e R
Glaister 42 active 5 davs 20 g/day Sreﬂittlt“;_ repetitive None
et al. 2006 males Y for 5 days fI())rmar}:ce sprint per-  reported
formance
20 g/day o
Lamontagne- 12 elite in days 14 repeated repeated
& male 10 g/day pea pea None
Lacasse 28 days . block jump  block jump
volleyball in days 5-6 O . reported
etal. 2011 players 5g/day in spike jump > spike
days 7-28 Jump
. T jump test
. 30 amateur 20 g/day jump test T repeated
Ramierz- repeated
Campillo female 6 weeks for 7 days sorintin sprinting None
P soccer 5g/day printing ~ reported
etal. 2016 directional S
players for 5 weeks directional
change
change

BLa = blood lactate; CR or no identifier = creatine monohydrate; BLa = blood lactate; | indicates

decrease; 1 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 naive 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 x 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 x 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 x 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 x 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 x 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 x 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 (S]) 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 14, 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
S] test, followed by the repeated BJ test (10 x 10 BJs). Following supplementation, no
differences were observed in S] 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 (CM]J) 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 x 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
CM]J 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 anaerobi