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With both the elongation of hemodialysis (HD) duration resulting from the sophistica-
tion of HD technology and the increasing age at the time of HD initiation due to the aging
society of Japan, the mean age of prevalent HD patients is increasing at an accelerating
rate [1]. Along with the aging of HD patients, presymptomatic conditions such as malnutri-
tion, frailty, sarcopenia, and inflammation have been focused on as important states to help
to improve the condition of patients, both those living independently and those requiring
physical support or nursing care [1,2], as in the general elderly population. In addition,
it should be emphasized that such presymptomatic conditions can often act as a trigger,
causing critical events, such as cardiovascular disease (CVD), falls, and fragile fractures,
which significantly impair quality of life (QOL) [1].

Since these disorders increase with advancing age, even in a healthy population, it
is reasonable to think that a comprehensive approach is required to maintain the QOL
of elderly HD patients from the initial stages of these presymptomatic conditions. This
Special Issue for the 65th annual meeting of the Japanese Society for Dialysis Therapy (JSDT)
focuses on how to overcome these factors in elderly HD patients and how to maintain
QOL, with patients potentially enjoying a 100-year long life.

It is increasingly recognized that sarcopenia is one of main factors leading to impaired
QOL in the elderly population, such as in HD patients [3]. To counteract age-related devel-
opment of sarcopenia in HD patients, multifaceted intervention including both nutritional
and physical therapy is needed [3,4]. In addition to the maintenance of muscle mass, the
importance of maintaining fat mass should be emphasized in elderly undernourished HD
patients. Subcutaneous fat in particular, rather than visceral fat, seems to reflect nutri-
tional status [5]. Based on these findings, sufficient calorie/protein intake is essential in
undernourished elderly HD patients [6]. Traditionally, protein restriction diet therapy has
been recommended to protect against the decline in renal function in pre-dialysis chronic
kidney disease (CKD) patients [2]. However, inadequate protein intake may exacerbate
malnutrition to induce sarcopenia and emaciation in such patients. Thus, flexible responses
are considered regarding whether protein restriction should be continued or loosened in
pre-dialysis CKD patients [2]. With an increase in protein intake, hyperphosphatemia is
another key factor to be avoided in CKD/HD patients since phosphate overload leads
to secondary hyperparathyroidism and vascular calcification, causing fractures and CVD
events, respectively [7]. Increased protein intake is usually associated with hyperkalemia,
which is an emergent condition leading to lethal arrythmia [8]. The application of new
drugs including phosphate binders and potassium chelators may achieve both a high
enough intake and balanced levels of phosphate and potassium in elderly undernourished
HD patients [7,8].

In CKD and HD patients, the deficiency of certain micronutrients such as carni-
tine [9] and zinc [10] is often observed and involved in pathological conditions. Therefore,
levocarnitine administration and zinc supplementation may be reasonable therapeutic
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approaches [9,10]. Although the cause of appetite loss is largely unknown in HD patients,
a fundamental solution may be an increased food intake in HD patients. In this respect,
sodium, which is generally correlated to mortality through hypertension, is an interesting
factor. Since sodium stimulates appetite, appropriate salt intake may improve a patient’s
nutritional condition and subsequent prognosis [11]. The advancement of functional mag-
netic resonance imaging (MRI), such as blood oxygenation level-dependent MRI, has made
it possible to evaluate the activation of the brain and to identify the functional areas associ-
ated with appetite, intake, and eating behavior [12]. In the future, new MRI technology may
provide clues regarding appetite loss in HD patients. In addition to sufficient energy intake,
exercise is also required to prevent muscle protein catabolism [3,4]. Renal rehabilitation
has received much attention in clinical practice [4]. Comprehensive care by a wide variety
of medical staff is essential for the wellbeing of elderly HD patients.

The theme of the 65th annual meeting of JSDT was the “Extension of Healthy Life
Span of Dialysis Patients in the Era of a 100-year Life”. The Guest Editors appreciate all of
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Abstract: In the current aging society of Japan, malnutrition and resultant sarcopenia have been

widely identified as important symptomatic indicators of ill health and can cause impairments

of longevity and quality of life in older individuals. Elderly individuals are recommended to

have sufficient calorie and protein intake so as to enjoy a satisfactory quality of life, including

maintaining activities of daily living in order to avoid emaciation and sarcopenia. The prevalence of

emaciation and sarcopenia in elderly hemodialysis (HD) patients in Japan is higher than in non-HD

elderly subjects due to the presence of malnutrition and sarcopenia associated with chronic kidney

disease (CKD). Furthermore, comorbidities, such as diabetes and osteoporosis, induce malnutrition

and sarcopenia in HD patients. This review presents findings regarding the mechanisms of the

development of these early symptomatic conditions and their significance for impaired QOL and

increased mortality in elderly HD patients.

Keywords: clinical malnutrition; older individuals; hemodialysis; sarcopenia; chronic kidney disease;

quality of life; mortality

1. Introduction

The society of Japan is aging, and the percentage of predialysis-chronic kidney disease
(CKD) patients is greater in older populations; thus, it is not surprising that the number of
elderly CKD patients who require renal replacement therapy (RRT) has been increasing.
Since as few as 3% of dialysis patients can be maintained on peritoneal dialysis [1] and
kidney transplantation is uncommon [2], nearly all end-stage CKD patients undergo
hemodialysis (HD) as RRT. Moreover, over the last three-decade period, the average age
of HD patients in Japan remarkably increased from 47 years in 1983 to 69 years in 2017,
according to the registry of the Japanese Society of Dialysis Therapy (JSDT) [3]. In fact,
the proportion of HD patients in Japan ≥65 years old has increased to 71%, and that
of those ≥75 years old has increased to 43% (Figure 1) [4]. An analysis of the annual
dialysis data report for the 2018 JSDT renal data registry [4] shows that the increasing age
of HD patients in Japan can be accounted for by both elongation of HD duration due to
the sophistication of dialysis techniques, and increasing age at the time of HD initiation.
The DOPPS study demonstrated that the mortality rate in Japan is the lowest among the
DOPPS-participating countries, and has continued to decline given the increasing age of
Japanese HD patients. Along with the aging of the HD patient population, the number
of co-morbidities that may impair a satisfactory quality of life (QOL), and thus cause
emaciation and sarcopenia, is increasing. Impaired QOL in elderly HD patients changes
patients’ condition from independent living to the requirement of physical support or

3
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nursing care [5], thus impairing the quality of a potential 100-year life. This review tries
to elucidate the mechanism of the development of these presymptomatic conditions of
emaciation/sarcopenia/frailty and their significance for impaired longevity, QOL, and
mortality in elderly HD patients. Furthermore, the importance of diabetes and osteoporosis
in the development of malnutrition and sarcopenia is emphasized.

 

≥ ≥
Figure 1. Trends in counts of Japanese hemodialysis patients stratified by age for the period 1982–2018. The proportion of

patients aged ≥65 years and ≥75 years has increased up to 71% and 43%, respectively, in Japan. The average age of HD

patients in Japan has remarkably increased during the last three decades, from 47 years old in 1983 to 69 years old in 2017

(registry of Japanese Society of Dialysis Therapy).

2. Preferential Occurrence of Malnutrition and Its Mechanism in Pre-Dialysis
CKD Patients

Old age is known to be associated with poor nutritional status, while CKD itself is
closely associated with malnutrition because of several different mechanisms [6]. First,
CKD may be associated with dietary inadequacy in relation to suboptimal energy and
protein intake due to poor appetite status, taste perception [7], low diet quality, and/or
psychosocial or financial barriers. Furthermore, a reduction in metabolic rate resulting
from reduced physical activity and muscle mass can contribute to poor appetite in HD
patients [8]. Second, a protein-restricted diet has been recommended for pre-dialysis
CKD patients to prevent exacerbation of renal dysfunction, though that might be a risk
factor for malnutrition and sarcopenia [9], which is supported by the findings showing
the beneficial effects of a high-protein diet or amino acid supplementation on nutritional
state, as assessed by improved serum albumin and various nutritional markers [10]. Third,
CKD is complicated by a metabolic syndrome termed malnutrition–inflammation complex
syndrome (MICS) [11], or protein energy wasting (PEW) syndrome [12], which consist of
catabolic inflammatory reactions and cachexia leading to malnutrition. Fourth, it is possible
that multiple comorbidities associated with malnutrition and frailty/sarcopenia, such as
diabetes mellitus (DM), cardiovascular disease (CVD), cerebrovascular disease, immobility,
and insomnia, contribute to malnutrition. Interestingly, a study of common malnutrition in
pre-dialysis CKD patients found that more than 50% of nephrologists initiate dialysis for
end-stage CKD patients after their nutritional status is impaired [13].
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3. Significance of Malnutrition for Various Clinical Outcomes in HD Patients

Along with the common occurrence of malnutrition in end-stage CKD cases, a malnu-
tritional state can continue even when the patient reaches a stable condition on maintenance
HD. Although HD initiation allows for a more liberal intake of protein and food so as to
improve nutritional state [14,15], dialysis-specific factors still exist that cause malnutrition.
These relate to the low adequacy induced by 4-h HD sessions performed three times a
week, which causes a persistent uremic state [16], metabolic acidosis [17], and the accu-
mulation of various uremic substances in serum that disturb metabolism. A related study
showed that patients in Japan who underwent extended-time HD sessions, based on a
treatment policy of extending dialysis time and removing dietary restrictions, exhibited
better survival, along with the maintenance of or an increase in body mass index [18].
Furthermore, a massive loss of nutrients and amino acid from circulation to dialysate via
the high-performance dialysis membrane, as well as hemodiafiltration, are dialysis-specific
mechanisms of malnutrition [19].

At the time of HD initiation, a patient presenting with malnutrition has a high mor-
tality risk on the basis of low nutrition markers, such as geriatric nutritional risk index
(GNRI) [20], subjective global assessment [21], low body mass index (BMI) [22], low serum
levels of albumin [20] and cholesterol [21], and low food intake [23]. Among these parame-
ters, we reported the clinical utility of GNRI as a relevant predictor for mortality in HD
patients [20]. A GNRI value <90 was associated with a significantly lower survival rate in
HD patients as compared to those with GNRI ≥90 [24]. Furthermore, we previously re-
ported that HD patients who gained fat mass after HD initiation exhibited a better survival
rate than those with loss of fat mass after HD initiation [25], and that fat mass gain after
HD initiation was significantly associated with reductions in serum CRP, a reliable marker
for inflammation and CVD risk. This suggests that the improvement of nutritional status
might lead to the suppression of inflammation and atherosclerosis [26], and thus finally a
better survival rate.

4. Significance of Sarcopenia in Relation to Harmful Effects of Malnutrition in
HD Patients

Sarcopenia was defined in 1988 as an age-related reduction in skeletal muscle mass and
function [27], after which the Asia Working Group for Sarcopenia provided a definition for
the evaluation of sarcopenia in Asian individuals [28]. Serum albumin, which is reported
to be elevated by an increased intake of food, protein, and branched-chain amino acids,
also rises with an increase in muscle content. Furthermore, GNRI, a relevant marker for
nutrition and mortality, is defined via serum albumin in addition to body weight, which is
mainly determined by muscle content. We examined the importance of the creatinine index,
another nutritional marker in HD patients without residual renal function, as a predictor
of mortality risk [29]. The creatinine index is calculated using the following formula: Cr
index = 16.21 ( +1.12 if male) − 0.06 × [age (years] − 0.08 × (single pool Kt/V) + 0.009 ×

[serum creatinine (µmol/L]. Thus, the creatinine index is a nutritional marker that is mainly
determined in HD patients by muscle content, given the lack of apparent residual renal
function. We found that lower GNRI and Cr index values were both independently and
equally associated with an increased risk of all-cause mortality in a multivariable-adjusted
model [29]. Taken together, these findings demonstrate that the mechanism by which
malnutrition increases mortality risk in Japanese HD patients can be mostly explained by
reduced muscle mass. Therefore, we next focused on the significance of the development
of sarcopenia in HD patients.

5. Preferential Occurrence of Sarcopenia, and the Significance of Muscle Strength
Rather Than Muscle Mass in HD Patients

Based on our report [30], with the increasing age of Japanese HD patients, the preva-
lence of sarcopenia among them was found to have increased to as much as 40% (37% in
males and 45% in females). Although the definition of sarcopenia is based on muscle mass
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measurements by the Asian Working Group for Sarcopenia [28], it remains to be determined
whether muscle mass or muscle strength is more important in determining the clinical out-
come of sarcopenia in humans. Our study found that serum creatinine has a significantly
positive correlation with not only muscle mass, determined via dual-energy X-ray absorp-
tiometry (DXA), but also muscle strength measured by handgrip strength [31]. Therefore,
we examined whether muscle mass or muscle strength might be a more important deter-
minant of serum creatinine level in HD patients. Multivariate analysis demonstrated that
poor arm muscle quality, calculated using the handgrip strength/DXA-determined arm
lean mass ratio, rather than reduced DXA-determined arm lean mass, is responsible for the
reduction in serum creatinine in HD patients [32]. This indicates that muscle strength is
a more important factor than muscle mass as a determinant for serum creatinine level in
HD patients. To confirm the harmful effects of reduced muscle strength on mortality in
HD patients in Japan, we also examined the effects of impaired muscle quality, assessed
by the reduced muscle strength/muscle mass ratio [31]. A total of 272 HD patients were
divided into two equal-sized groups (higher and lower) based on muscle quality, and the
Kaplan–Meier analysis results demonstrated that the higher group exhibited a significantly
lower mortality rate than the lower group. Furthermore, Cox regression hazards analysis
identified higher muscle quality as a significant independent predictor for survival in HD
patients, independently of the presence of DM, age, and serum albumin level. In another
study, higher age, female gender, longer HD duration, presence of DM, lower BMI, and
higher CRP were shown to be independent factors associated with lower handgrip strength
in HD patients [33]. Our recent findings also suggest that the efficient utility of ketone
bodies, which are mainly utilized as an efficient energy source in the muscle tissues of
HD patients, is an independent determinant of higher levels of albumin and uric acid
in serum [34]. Serum albumin [35] and uric acid [36] are both established as nutritional
markers intimately associated with mortality in HD patients. Furthermore, it was reported
that a higher level of serum β-hydroxybutyrate, probably due to its impaired metabolism
in muscle tissues, was independently associated with CVD events and all-cause mortality
in HD patients [37]. Together, these findings indicate that a better energy metabolism in the
muscle tissues of HD patients is important to maintaining whole body nutritional state and
increasing survival, supporting the importance of muscle mass/strength for maintaining
nutritional status and thus a better survival rate in HD patients.

6. DM and Sarcopenia in HD Patients

In addition to aging and malnutrition, sarcopenia is known to preferentially occur in
HD patients with osteoporosis and DM [38]. Additionally, the rates for the co-existence
of sarcopenia, osteoporosis, and DM are known to be higher in HD patients and increase
with aging. Although each disease is known to independently affect physical activity and
mortality in HD patients, it is possible that DM and osteoporosis, both independently
and together with sarcopenia, might reduce longevity and survival rates in these patients.
Furthermore, the interaction between these three diseases is important to mention.

The number of DM patients in aged populations is increasing [39]. In Asia, the
prevalence of sarcopenia in type 2 (T2) DM has been shown to progressively increase with
age (17.4%, 28.1%, 52.4%, and 60% in individuals aged 65–69, 70–74, 75–80, and >80 years,
respectively) [40]. Additionally, a study conducted in Japan showed the prevalence of
sarcopenia in T2DM patients who were ≥80 years old to be over 40% [41]. Since nearly all
DM patients suffer from T2DM, but not T1DM, in Japan, DM patients who we previously
examined exclusively had T2DM. A recent meta-analysis confirmed that the prevalence
of sarcopenia is significantly higher in T2DM than non-DM patients [42]. It is known
that serum creatinine levels are significantly lower in DM as compared to non-DM HD
patients without residual renal function, which is consistent with our finding that DM
HD patients exhibit significantly lower muscle mass and strength than their non-DM
counterparts [31,33,34], and that lower handgrip strength is significantly associated with
the presence of T2DM in HD patients [33]. To avoid the confounding effect of DM on the

6



Nutrients 2021, 13, 2377

association between lower muscle quality and higher mortality rate, we examined the
association between these two parameters separately in HD patients with and without
DM [31], and those with lower muscle quality (both non-DM and DM patients) exhibited
significantly higher mortality rates, indicating poor muscle quality as a significant and
independent factor contributing to the higher mortality both in DM and non-DM HD
patients. This may also suggest that the mechanism of increased mortality in HD patients
with DM is due, at least in part, to poor muscle quality induced by a sustained DM state.

To elucidate the association between DM alone with muscle strength independent of
CKD, we measured handgrip strength in female T2DM patients without clinically overt
DM complications in our DM outpatient clinic, and compared the results with those of a
non-DM normal female control group of the same age [38]. Figure 2 shows the changes
in handgrip strength with age in those female subjects. While non-DM female normal
controls exhibited a characteristic decline in handgrip strength after menopause because
of loss of estrogen, which has a protective effect on muscle [43], handgrip strength was
significantly weaker in female DM patients in their 40 s than in their non-DM counterparts,
which supports our finding in HD patients that DM is an independent risk factor for the
development of sarcopenia in HD patients [31].

Figure 2. Age-stratified handgrip strength in normal female subjects and type 2 DM patients without

overt DM complications. Although handgrip strength started to decrease significantly during the

postmenopausal period as compared to normal female subjects, female type 2 diabetes patients

exhibited a significant decrease in handgrip strength by their 40 s, supporting the notion that type 2

DM is a risk factor for the early development of muscle strength reduction.

A DM state has been shown to be associated with sarcopenia via several different
mechanisms, including malnutrition, insulin/IGF-1 deficiency, and a sustained hyper-
glycemia condition, while it has been speculated that sarcopenia might exacerbate the DM
condition because of reduced muscle tissue, against which insulin treatment protects by
stimulating transport plasma glucose into muscle tissue. A study found that the energy
intake of DM patients with sarcopenia, often observed in elderly DM patients, is signifi-
cantly lower than that in sarcopenia-free DM patients [44]. Furthermore, energy intake in
DM patients in that study was independently and negatively associated with sarcopenia,
after adjustments for age, gender, exercise, smoking habit, HbA1c, and BMI. Since physical
activity determines the metabolic rate associated with food intake, it is possible that DM
HD patients with sarcopenia undertake less physical activity. In fact, DM prevalence in
HD patients with a history of falling was significantly greater compared to those without
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such a history. The former group of patients also had lower serum levels of albumin and
creatinine, and lower physical function test scores [45], suggesting an association between
low physical performance and poor nutrition with prevalence of DM in HD patients. Addi-
tionally, the postprandial secretion of insulin has been shown to stimulate muscle/adipose
tissue blood flow and have a musculotrophic effect that stimulates the cellular uptake
of amino acids to induce de novo protein synthesis in muscle tissue [46]. Conversely, in
individuals with relative or absolute insulin/IGF-1 deficiency, amino acids are lost from
the muscle. Other major mechanisms of muscle injury are a sustained high-glucose condi-
tion [47] and broad glucose fluctuation [48]. Since glucose fluctuation is mainly induced by
postprandial glucose excursion, which is suppressed by postprandial insulin secretion to
enhance glucose entry into muscle tissue, sarcopenia alone presumably induces a greater
increase in plasma glucose after consumption of a meal, which might further deteriorate
muscle tissue given the increased oxidative stress generated by the increase in postprandial
glucose. Indeed, the plasma glucose area under the curve during the 2 h oral glucose test
of DM HD patients, which represents the increase in postprandial glucose (evidenced by
a significant correlation with glycoalbumin, a clinically reliable marker for postprandial
hyperglycemia [49]), exhibited a tendency towards inverse correlation with BMI, although
this was not significant (Figure 3). These data also suggest that the maintenance of BMI,
which is particularly affected by lean mass in HD patients, might protect postprandial
glucose excursion in such patients.

 

Figure 3. Correlation between area under curve (AUC) of plasma glucose during 2 h oral glucose tolerance test with

BMI (A) and glycoalbumin (B) in hemodialysis patients. Oral glucose (75 g) tolerance test was performed in 23 Japanese

hemodialysis patients after an overnight fast. The plasma glucose AUC during the 2 h oral glucose tolerance test exhibited a

significant negative correlation with BMI (A) and a positive correlation with glycoalbumin (B).

Furthermore, hyperglycemia is a result of cellular malnutrition, given the incapability
of glucose to enter muscle cells, leading to loss of muscle mass and the development of
sarcopenia. DM complications, such as CVD, visual dysfunction, and dementia, can restrict
physical activity, leading to loss of muscle tissue. Peripheral arterial disease, another
complication often observed in DM HD patients, might also cause loss of muscle tissue by
limiting the blood flow to the muscle tissue in the lower limbs [50].

7. Osteoporosis and Sarcopenia in HD Patients

We recently reported that pre-dialysis CKD patients with a fracture exhibited a greater
creatinine-based eGFR/cystatin C-based eGFR ratio than those without a fracture [51].
Creatinine-based eGFR is known to overestimate true GFR in aged CKD patients, appar-
ently because of the lower levels of serum creatinine resulting from reduced muscle mass,
as observed in HD patients, and it has been shown that cystatin C-based eGFR reflects true
GFR more effectively than creatinine-based eGFR in aged CKD patients [52]. Additionally,
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our results indicate that the fracture rate in pre-dialysis CKD patients is greater in those
with than without sarcopenia [51]. Due to the high prevalence of sarcopenia in HD patients
in Japan [30], it is reasonable to consider the importance of sarcopenia in the development
of osteoporosis and osteoporosis-based fragility fractures. Fall trauma and fracture are
amongst the main causes of changes in the conditions of elderly HD patients, from inde-
pendent living to the requirement of physical support or nursing care. It is known that
mechanical force to bone tissue stimulates bone formation, resulting in increased bone
mineral density. We reported an association of handgrip strength with cortical thickness,
but not with trabecular bone mineral density, at the 5.5% distal radius in both normal
and type 2 DM subjects [38]. Thus, mechanical force generated by muscle contractions
might exert a preferential effect on cortical bone components, a major determinant of bone
strength in appendicular bones such as the femur [53]. Furthermore, sarcopenia is known
to be a risk factor for femoral neck fracture because of the increased risk of falling [54,55]
and the greater impact on the femur bone during a fall caused by the loss of cushioning
provided by the gluteus maximus muscle [56]. Furthermore, HD patients with sarcopenia
exhibit a higher risk of falling-induced fragility fractures [45,57]. Therefore, CKD should
be regarded as a condition that increases the risk of femoral fracture due to the frequent
occurrence of sarcopenia in affected individuals.

Although mechanical loading is a key mechanism that links bone and muscle, as
mentioned above, the effects of muscle–bone interactions between two organs via secretome
secretion have recently been emphasized [58]. Skeletal muscle tissues secrete chemical
substances that have effects on bone metabolism, such as insulin, IGF-1, myostatin [59],
basic fibroblast growth factor 2, IL-6, IL-15, osteoglycin, and osteoactivin. Additionally,
the chemokines expressed by bone tissues potentially affect muscle metabolism, since
osteocytes secrete prostaglandin E2 and Wnt3a, osteoblasts secrete osteocalcin and IGF-1,
and both cell types produce sclerostin.

Since phosphate exists in bones as a form of hydroxylapatite, the stimulation of bone
resorption via secondary hyperparathyroidism increases the degree of phosphate release
from bones into the circulation in CKD patients. It is widely recognized that too much
phosphate induces premature aging by stimulating atherosclerotic changes, renal damage,
and osteoporosis [60], suggesting premature aging in CKD patients via stimulation of
bone resorption. Indeed, previous studies have demonstrated an accelerated increase in
acute myocardial infarction and cerebral infarction in postmenopausal women [61,62],
and increased intima-media thickness of the common carotid artery and atherosclerotic
plaque in middle-aged postmenopausal women compared to premenopausal women of
the same age [63]. Furthermore, it was reported that coronary arterial calcification in
postmenopausal women was advanced in those with osteoporosis as compared to those
without [64], and that postmenopausal women with higher bone turnover exhibited higher
mortality than those with lower bone turnover [65]. Other reports also demonstrated that
higher serum phosphate may promote CKD progression, and attenuate the renoprotec-
tive effects of a low-protein diet and angiotensin-converting enzyme inhibitors in CKD
patients [66,67]. We previously reported that higher bone turnover was correlated in a
positive manner with higher urinary albumin excretion in postmenopausal women, but
not in premenopausal women [68], which suggests the importance of the greater rate
of phosphate release from bones caused by increased bone resorption during the devel-
opment of renal damage in postmenopausal women. Additionally, a series of studies,
including ours, confirmed the notion that the increased phosphate released from bones
into the circulation, as a result of stimulated bone resorption, causes cardiovascular and
renal damage in postmenopausal osteoporotic patients, given the protective effects of bone
anti-resorptive drugs, such as denosumab [69] and bazedoxifene [70], on renal function
in female osteoporotic patients. Furthermore, it was shown that, in osteoporotic patients
with and without bone anti-resorptive drug treatment, those with increased bone mineral
density exhibited improved pulse wave velocity (an early marker of arterial wall sclerosis)
and carotid artery intima-media thickness (an early marker of arterial wall thickening) [71].
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Finally, the administration of bisphosphonate, a potent anti-resorptive agent, was demon-
strated to suppress the incidence of acute myocardial infarction in osteoporotic patients [72].
Together, these findings clearly demonstrate that enhanced osteoporosis-associated bone
resorption enhances premature aging in vessels and kidneys by increasing the phosphate
release from bones.

8. Sarcopenia as a Risk for Mortality and Impaired QOL in HD Patients

In our study that examined the effects of muscle quality on mortality in HD patients
in Japan, Kaplan–Meier analysis showed that those with higher muscle quality had a lower
mortality rate than those with lower muscle quality [31]. Additionally, Cox regression
hazards analysis identified greater muscle quality as a significant independent predictor
for better survival in our Japanese HD patients (HR: 0.889, 95% CI 0.814–0.971; p < 0.05)
after adjustments for age, sex, and prevalence of DM. Previous findings also demonstrate
the association between lower muscle quality and impaired physical performance [54].
We consider that the maintenance of muscle quality should be recognized as a clinically
important target to elongate the life span and maintain the QOL of HD patients.

9. Importance of Sarcopenia as a Treatment Target to Elongate Longevity of HD
Patients in the Era of 100-Year Life

As written above, it seems that various co-morbidities preferentially existing in HD
patients, such as diabetes, pretexting CVD, fracture, and malnutrition, can impair longevity
and life quality in older HD patients, in part via sarcopenia. Although the main cause of
sarcopenia might differ between HD patients, it is now increasingly being identified as
an early symptomatic indicator of ill health in elderly people, and thus is a definite target
for prevention and treatment in order to elongate longevity in HD patients in the era of
100-year lives. HD patients with sarcopenia, which is often accompanied with malnutrition,
are strongly encouraged to maintain sufficient calorie and protein intakes so as to enjoy
a satisfactory quality of life, which includes maintaining the activities of daily living that
will help to avoid and or reverse emaciation and sarcopenia. However, efforts to increase
food intake in HD patients with sarcopenia/emaciation often are not successful due to
persistent anorexia resulting from sarcopenia-associated inflammatory status [73]. The first
step to stop this vicious cycle should be physical therapy. It is possible that physical therapy
might increase appetite by lifting the patient’s mood in the short term, and increasing the
metabolic rate via activated muscle metabolism/mass in the long term. Since the Japanese
Ministry of Health, Labour and Welfare recommends a high-calorie and high-protein diet
to increase longevity in the elderly population, this food policy should be extended to
elderly HD patients, after encouraging them to undertake physical therapy.
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Abstract: Multi-factors, such as anorexia, activation of renin-angiotensin system, inflammation, and

metabolic acidosis, contribute to malnutrition in chronic kidney disease (CKD) patients. Most of

these factors, contributing to the progression of malnutrition, worsen as CKD progresses. Protein

restriction, used as a treatment for CKD, can reduce the risk of CKD progression, but may worsen

the sarcopenia, a syndrome characterized by a progressive and systemic loss of muscle mass and

strength. The concomitant rate of sarcopenia is higher in CKD patients than in the general population.

Sarcopenia is also associated with mortality risk in CKD patients. Thus, it is important to determine

whether protein restriction should be continued or loosened in CKD patients with sarcopenia. We

may prioritize protein restriction in CKD patients with a high risk of end-stage kidney disease (ESKD),

classified to stage G4 to G5, but may loosen protein restriction in ESKD-low risk CKD stage G3

patients with proteinuria <0.5 g/day, and rate of eGFR decline <3.0 mL/min/1.73 m2/year. However,

the effect of increasing protein intake alone without exercise therapy may be limited in CKD patients

with sarcopenia. The combination of exercise therapy and increased protein intake is effective in

improving muscle mass and strength in CKD patients with sarcopenia. In the case of loosening

protein restriction, it is safe to avoid protein intake of more than 1.5 g/kgBW/day. In CKD patients

with high risk in ESKD, 0.8 g/kgBW/day may be a critical point of protein intake.

Keywords: malnutrition; protein energy wasting (PEW); sarcopenia

1. Introduction

Nutritional adverse derangement is often observed in patients with chronic kidney
disease (CKD), and common in advanced CKD and dialysis patients. The International
Society of Renal Nutrition and Metabolism (ISRNM) defines protein energy wasting (PEW)
as a “the state of decreased body protein and fat masses” [1]. The pathogenesis of PEW
in CKD is multifaceted. Decreased protein and energy intake due to dietary restriction or
anorexia, increased protein catabolism due to activation of renin-angiotensin system or
hyperparathyroidism, decreased anabolism due to insulin resistance, chronic inflammation,
metabolic acidosis, and hormonal imbalances have been reported to be associated with
PEW [2] as well as sarcopenia [3] (Figure 1). These two concepts share the same criteria
and have similar causes and outcomes, but they are defined differently [4]. PEW focuses
on protein and energy loss associated with inflammation, whereas sarcopenia focuses on
muscle mass and strength loss associated with aging. CKD patients often belong to both
conditions to varying degrees.

Dietary protein intake gradually decreases during the progression of kidney injury,
even in the CKD patients with minimal dietary intervention [5]. This trend was simi-
larly observed for urinary creatinine excretion, a marker of muscle mass [5]. Food intake
progressively and spontaneously decreases with decline of renal function [6]. Infusion of
angiotensin II in rats was shown to induce skeletal muscle wasting via proteolysis [7,8], and
in turn, angiotensin converting enzyme inhibitor [9] or angiotensin receptor blocker [10]
preserved muscle strength. Parathyroid hormone (PTH) was reported to drive adipose tis-
sue browning and malnutrition via PTH receptor in fat tissue [10]. Systemic inflammation,
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including elevated cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8,
and so on, is often observed in CKD patients, and this tendency becomes more pronounced
as the CKD stage progresses [11]. The inflammation in uremic milieu induces cardiovascu-
lar diseases and malnutrition [12,13]. Metabolic acidosis increases protein catabolism via
up-regulation of ubiquitin-proteasome system in CKD patients [14,15]. Anemic patients
were more frequently malnourished or at risk of malnutrition, and albumin levels are
strongly associated with anemia in the elderly [16]. Vitamin D is associated with muscle
weakness in older people [17], and pre-dialysis CKD patients [18].

α

Figure 1. Potential causes of protein-energy wasting and sarcopenia. PEW; protein energy wasting,

PTH; parathyroid hormone.

As mentioned above, many factors contribute to malnutrition in CKD. Most of these
factors, such as hyperparathyroidism, activation of renin-angiotensin system, metabolic
acidosis, and insulin resistance, worsen as CKD progresses. Thus, nutritional condition
in CKD patients deteriorates as CKD progresses. In fact, protein energy wasting (PEW)
assessed by clinical global assessment was observed in 2% of CKD stage G1-2, 16% of CKD
G3-4, 31% of CKD G5 without dialysis, and 44% of CKD G5D [19]. On the other hand,
protein restriction is used as a treatment for CKD, but it may lead to sarcopenia, assessed
by loss of muscle strength or mass [20]. Energy-adjusted protein intake was associated with
three-year changes in lean mass body. Participants in the highest quintile of protein intake
lost approximately 40% less lean mass than did those in the lowest quintile of protein
intake [20].

As mentioned above, the more advanced CKD becomes, the more severe the malnutri-
tion becomes. Inflammation and other conditions that cause PEW become more serious as
CKD progresses. On the other hand, protein intake and exercise therapy are factors that can
intervene in CKD patients with sarcopenia. In CKD patients with sarcopenia, increasing
protein intake may prevent worsening of sarcopenia and improve life expectancy. On the
other hand, increased protein intake may accelerate the progression of CKD. Considering
these two opposing effects, it is important to consider the appropriate protein intake for
CKD patients with sarcopenia. As the other section in this issue describes the pathogenesis
of malnutrition in dialysis patients, this paper will focus on the optimal protein intake and
exercise on pre-dialysis CKD patients with sarcopenia.

2. Definition and Epidemiology of Sarcopenia in CKD

Sarcopenia is a syndrome characterized by a progressive and systemic loss of muscle
mass and strength, which is associated with physical dysfunction, poor quality of life, and
risk of death. It is diagnosed when the loss of muscle mass is accompanied by a loss of
muscle strength or physical performance [21]. In addition to common risk factors such
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as aging and physical inactivity, inadequate protein intake as well as energy deficiency is
thought to play a major role in the development and progression of sarcopenia in CKD
patients. Furthermore, various factors, such as inflammation [22], metabolic acidosis [23],
natural vitamin D deficiency [24], or diuretics treatment [25,26] may contribute to the
development and progression of sarcopenia in CKD patients [3]. There are multiple
diagnostic criteria for sarcopenia, which are not standardized internationally. The European
Working Group on Sarcopenia in Older People (EWGSOP) definition is often used in
Western countries [21], while the Asian Working Group on Sarcopenia in Older People
(AWGS) [27] is recommended in Asian countries. Recently, the consensus of EWGSOP [27]
and AWGS [28] was updated. Both consensus guidelines emphasize muscle strength
by grip strength, allowing for diagnosis by family physicians and community health
care settings that lack equipment to measure skeletal muscle mass, because low muscle
strength can predict a worse outcome than low muscle mass [29]. For the assessment of
skeletal muscle mass, many of the cutoffs are based on Dual Energy X-ray Absorptiometry
(DEXA), while others are based on the bioelectrical impedance analysis (BIA) method.
There have been reports comparing the incidence of sarcopenia in CKD patients according
to each cutoff value by using BIA, central upper arm circumference and subcutaneous
fat, and subjective global assessment, and it has been reported that the incidence varies
depending on the assessment method [25,30–32]. Reports on the epidemiological frequency
of complications are currently scarce for any of the diagnostic criteria, and there is a wide
range among reports for the same diagnostic criteria. Therefore, we need to choose the
diagnostic criteria by considering the body size or race to diagnose sarcopenia.

According to the National Health and Nutrition Examination Survey (NHANES III,
1994–1998), CKD patients have a high incidence of muscle mass loss [33]. In addition, a
cohort study showed that walking speed and muscle strength decreases as the CKD stage
progressed from creatinine clearance (Ccr) of 90 mL/min or more to 60–89 mL/min and less
than 60 mL/min [34]. In a study of CKD patients with minimal dietary guidance, patients
with lower Ccr had lower protein intake and lower urinary creatinine excretion, suggesting
that appetite decreases and muscle mass decreases as CKD progresses [5]. According to
the Korea National Health and Nutrition Examination Survey, the frequency of sarcopenia
increases with CKD stage, with 2.6%, 5.6%, and 18.1% of men and 5.3%, 7.1%, and 12.6% of
women in CKD stages 1, 2, and 3–5, respectively [30]. Thus, the frequency of sarcopenia is
higher in CKD patients than in the general population, and it increases with the progression
of CKD stage.

The prognosis of CKD complicated by sarcopenia is worse than that of uncomplicated
CKD in terms of mortality and length of hospital stay. In a report examining creatinine
excretion and mortality risk, the risk of mortality increases with decreasing creatinine
excretion and decreasing muscle mass [35]. In patients with stage 3–5 CKD diagnosed with
sarcopenia assessed by BIA, by central upper arm circumference and subcutaneous fat,
and by subjective comprehensive assessment, sarcopenia is associated with poor prognosis
regardless of the diagnostic method [31]. Furthermore, in hemodialysis patients, the
diagnosis of sarcopenia by grip weakness or definition of EWGSOP is associated with
mortality risk [32]. In a report on hemodialysis patients from Japan, the modified creatinine
(Cr) index using pre-dialysis serum Cr, which is correlated with muscle mass, was assessed
by the BIA method, and the lower this value is, the higher the risk of fracture [36].

3. CKD with Sarcopenia and Protein Restriction

End-stage kidney disease (ESKD) and death/cardiovascular death (mortality) are
both important as the outcomes of CKD patients, and protein restriction is mainly used to
improve the outcome of the former. In elderly CKD patients, the mortality risk is higher
than the risk of ESKD [37]. Many of CKD patients with sarcopenia have been treated with
protein restriction as a standard therapy. Kidney Disease Quality Initiative—National
Kidney Foundation (KDOQI-NKF) guidelines for nutrition in CKD recommends a protein
intake of 0.6 to 0.8 g/kg/day for patients with CKD in stages 3 to 5 with an energy intake
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of 30 kcal/kg/day [38]. The PROT-AGE Study Group recommends a protein intake of
0.8 g/kg/day and >0.8 g/kg/day for the elderly CKD patients with GFR < 30 mL/min
and 30 to 60 mL/min, respectively [39]. However, in the case of muscle wasting such
as sarcopenia, sufficient energy (30 kcal/kg/day) and protein (0.8–1.0 g/kg/day) are
recommended for nutritional needs [4]. Some CKD patients with sarcopenia are at high
risk for CKD progression to end-stage renal failure, while others have worsening sarcopenia
and are at high risk of shortened life expectancy. In CKD patients with sarcopenia, different
decisions (protein intake or protein restriction) need to be made against the dual outcomes
of the progression of renal damage and the progression of sarcopenia. If the risk of end-
stage renal failure is high, protein restriction is necessary, and if the risk of worsening
sarcopenia is high, protein restriction should be loosened. However, such criteria are not
clear. Thus, it is important to decide whether protein restriction should be continued
or loosened in CKD patients with sarcopenia. CKD patients classified to stage G4 to
G5 are belong to the extremely high risk group of renal replacement therapy, and prone
to complications such as accumulation of uremic toxins, electrolyte abnormalities, and
metabolic disorders [40,41]. Protein restriction can reduce the risk of ESKD in CKD,
especially in patients with a GFR < 30 mL/min/1.73 m2, but does not increase the risk of
death [42], suggesting that protein restriction should be considered a priority for patients
with CKD stage G4 to G5.

The relative risk of ESKD for CKD patients with stage G3 varies greatly depending
on the urinary protein level and rate of eGFR decline. Therefore, the risk of ESKD should
be assessed in each individual case to determine whether protein restriction should be
continued or loosened in CKD patients with stage G3. It has been reported that the risk
of ESKD is low in CKD patients with A1 and A2 severity categories, and the mortality
risk is higher than the risk of ESKD in cases with urinary protein levels <0.5 g/day [43].
On the contrary, it has been reported that proteinuria >1.0 g/gCr [44] or albuminuria >
1.0 g/gCr [45] is associated with a higher risk of ESKD.

With regard to the rate of eGFR decline, it has been reported that CKD patients with
an eGFR decline >3.0 mL/min/1.73 m2/year have a higher risk of ESKD than those with a
lower eGFR decline [46,47]. In a meta-analysis showing that protein restriction suppresses
the rate of GFR decline [48], 12 of the 15 studies showed that the rate of GFR decline
was greater than 3.0 mL/min/1.73 m2/year, suggesting that protein restriction may be
effective in patients with a faster rate of eGFR decline. Thus, it is reasonable to consider
prioritizing protein restriction in CKD patients with stage G4 to G5, but loosening protein
restriction in CKD stage G3 patients with proteinuria <0.5 g/day, and rate of eGFR decline
<3.0 mL/min/1.73 m2/year.

4. Effect of Increased Protein Intake for CKD Patients with Sarcopenia

The supplementation of vitamin D and leucine-enriched diet in elderly patients with
sarcopenia for 13 weeks improved the chair-rise test and limb muscle mass compared with
controls, but there was no difference in grip strength or short physical performance battery
(SPPB) [49]. On the other hand, in a study of sarcopenic older adults using nutritional
supplements with different amounts of protein, lower extremity muscle strength, muscle
quality, grip strength, and walking speed increased in high protein intake groups after
24 weeks [50]. In addition, in a randomized controlled trial (RCT) of protein loading in
elderly people with frailty, protein intake improved short physical performance battery
(SPPB) but not lean mass [51]. As described above, there are a number of RCTs showing
the efficacy of dietary therapy alone, but none of them reported that dietary therapy was
effective for skeletal muscle mass, physical function, or muscle strength. In a meta-analysis
of five RCTs of elderly people diagnosed with sarcopenia, there was no clear effect on
skeletal muscle mass, lean mass, grip strength, knee extensor strength, walking speed, or
Timed Up and Go test at three months [52]. Thus, the effect of increasing protein intake
alone without exercise therapy may be limited in CKD patients with sarcopenia.
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5. Increased Protein Intake and Exercise for CKD Patients with Sarcopenia

In a systematic review and meta-analysis of three RCTs of elderly people with sarcope-
nia, exercise therapy improves limb skeletal muscle mass, normal walking speed, maximal
walking speed, and knee extension muscle strength compared with dietary intervention or
health education [52], suggesting that exercise therapy is effective in improving sarcopenia.
In addition, there are several reports that exercise therapy, including resistance exercise,
prolonged six-minute walking distance [53], increases thigh cross-sectional area, volume,
and knee extension muscle strength [54], and increases muscle fiber area and upper and
lower limb muscle strength [55,56]. Furthermore, in a 12-week RCT in CKD patients with
stages G3b to G5, including frailty patients, the combination of resistance exercise and aero-
bic exercise increases muscle mass and strength compared with aerobic exercise alone [57],
and it is important to note that there are no significant changes in renal function in both
groups. These results suggest that exercise therapy is effective in improving muscle mass
and strength in elderly patients with sarcopenia, and that the combination of exercise ther-
apy and diet therapy is more effective than exercise therapy alone in improving sarcopenia
in elderly patients. On the other hand, a large increase in protein intake may worsen the
renal function in CKD patients. Therefore, it is considered safer to increase protein intake
gradually in CKD. Although the amount of energy consumed during exercise therapy
varies widely among individuals, total energy requirements are also expected to increase,
so energy intake should be adjusted accordingly.

6. Excessive Protein Intake in CKD Patients

The GFR increases physiologically and transiently with protein intake. In the elderly,
especially those over 70 years of age, potential glomerular hyperfiltration occurs due to
age-related nephron loss [58], and hypertension, diabetes mellitus, and obesity further
reduce renal reserve [59]. It has been reported that short-term protein loading (average
of 2.0 g/kgBW/day) increases GFR in healthy young adults, but decreases GFR in older
adults (average of 1.8 g/kgBW/day for 10 days) [60]. In a report from the United States on
healthy subjects with an eGFR > 60 mL/min/1.73 m2 without cardiovascular disease or
diabetes for a median of 23 years [61], a report from the Netherlands on healthy subjects
with a mean eGFR of 80 mL/min/1.73 m2 for a mean of 6.4 years [62], and a report
from the United States on healthy women with an eGFR > 80 mL/min/1.73 m2 for 11
years [63], protein intake was not associated with decreased renal function. Thus, in
terms of risk of renal function decline, CKD stage G1 to G2 patients with sarcopenia may
benefit from adequate dietary protein intake. On the other hand, an association between
high protein intake and cardiovascular mortality has been reported in elderly people at
risk for cardiovascular disease [64]. In a Spanish report of elderly subjects at high risk
for cardiovascular disease, the risk of cardiovascular and all-cause mortality was higher
in the group with a protein intake >1.5 g/kgBW/day compared with the group with a
protein intake of 1.0–1.5 g/kgBW/day at a median observation period of 4.8 years [64],
suggesting that protein intake may be an independent risk factor for cardiovascular disease
risk. Therefore, it is safe to avoid protein intake of more than 1.5 g/kgBW/day at least in
elderly people at risk for cardiovascular disease.

In the MDRD (Modification of Diet in Renal Disease) Study A, there was no difference
in glomerular filtration rate (GFR) reduction between usual-protein diet group (1.3 g/kg
body weight (BW)/day) and low-protein diet group (0.58 g/kgBW/day) among CKD
patients (eGFR 25–55 mL/min/1.73 m2) over the entire three-year analysis [65]. In a
subsequent analysis, the rate of GFR decline in the 0.58 g/kgBW/day group was faster
than that in the 1.3 g/kgBW/day group up to four months after the start of the study,
and the rate of GFR decline was slower in the 0.58 g/kgBW/day group after four months,
suggesting the possibility of a long-term renoprotective effect of a low-protein diet [66].
In an RCT of 89 patients with CKD stage G3 and hypertension [67], the GFR decline at
12 months was faster in the unrestricted group (actual intake: 1.54 ± 0.39 g/kgBW/day)
compared with the patients with a protein intake instruction of 0.6 g/kgBW/day (actual
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intake: 0.67 ± 0.21), suggesting that the actual intake of 1.5 g/kgBW/day of protein
worsens the rate of renal function decline compared with 0.6 g/kgBW/day. In this report,
serum albumin and prealbumin levels did not change in the 0.6 g/kgBW/day group,
but energy intake, body weight, and BMI decreased, compared with the unrestricted
group. A French report of CKD (stage G3: 50%) with a median follow-up of 5.6 years
showed that an increase in protein intake of 0.1 g/kgBW/day increased the risk of ESKD
by 1.05 (95% CI, 1.01–1.10) [68]. However, the hazard ratio was even higher in the group
with GFR < 30 mL/min/1.73 m2, but the significance disappeared in the group with
GFR ≥ 30 mL/min/1.73 m2, suggesting that the effect of protein restriction in stage G3 is
not high [68]. Furthermore, the risk of ESKD increases linearly with increasing protein
intake, but there is no threshold for protein intake [68]. Thus, the upper limit of protein
intake for CKD patients who are not at high risk for ESKD is 1.3 g/kgBW/day under the
presence of sarcopenia.

On the other hand, protein restriction should be prioritized in CKD patients at high
risk for ESKD. CKD patients prioritizing protein restriction are considered to be stage
G4-G5 patients and stage G3 patients with proteinuria >0.5 g/day. However, excessive
protein restriction may exacerbate sarcopenia. A systematic review and meta-analysis of
RCTs in stage G3 to G5 CKD reported that protein restriction of <0.8 g/kgBW/day was
associated with a reduced risk of progression to ESKD compared with >0.8 g/kgBW/day,
with no change in the risk of total mortality [69]. In an RCT of CKD in stages G4 to
G5 with strict protein restriction (0.55 g/kgBW/day) versus usual protein restriction
(0.8 g/kgBW/day), there was no difference in survival, non-induction of dialysis, or their
combined outcomes [70], suggesting that protein restriction of 0.8 g/kgBW/day does not
further worsen renal dysfunction compared to 0.55 g/kgBW/day. Thus, 0.8 g/kgBW/day
is considered to be a critical point of protein intake in CKD patients with high risk in ESKD.

7. Conclusions

Reflecting the aging of CKD patients in recent years, malnutrition and sarcopenia
have been the focus of much attention. Although many factors are thought to be involved
in the development of these pathogenesis, inadequate protein intake may contribute to the
progression of sarcopenia. Protein restriction has been used to treat CKD patients for many
years, and protein intake for CKD patients with sarcopenia may improve sarcopenia and
improve life expectancy. On the other hand, excessive protein intake may accelerate the
progression of CKD. For CKD patients with sarcopenia, urinary protein excretion and the
rate of eGFR decline should be evaluated to determine whether protein restriction should
be continued or loosened.
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Abstract: Life extension in modern society has introduced new concepts regarding such disorders as

frailty and sarcopenia, which has been recognized in various studies. At the same time, cutting-edge

technology methods, e.g., renal replacement therapy for conditions such as hemodialysis (HD), have

made it possible to protect patients from advanced lethal chronic kidney disease (CKD). Loss of

muscle and fat mass, termed protein energy wasting (PEW), has been recognized as prognostic factor

and, along with the increasing rate of HD introduction in elderly individuals in Japan, appropriate

countermeasures are necessary. Although their origins differ, frailty, sarcopenia, and PEW share

common components, among which skeletal muscle plays a central role in their etiologies. The

nearest concept may be sarcopenia, for which diagnosis techniques have recently been reported. The

focus of this review is on maintenance of skeletal muscle against aging and CKD/HD, based on

muscle physiology and pathology. Clinically relevant and topical factors related to muscle wasting

including sarcopenia, such as vitamin D, myostatin, insulin (related to diabetes), insulin-like growth

factor I, mitochondria, and physical inactivity, are discussed. Findings presented thus far indicate

that in addition to modulation of the aforementioned factors, exercise combined with nutritional

supplementation may be a useful approach to overcome muscle wasting and sarcopenia in elderly

patients undergoing HD treatments.

Keywords: skeletal muscle; sarcopenia; hemodialysis; aging; chronic kidney disease; diabetes

1. Introduction

Most societies, especially those in developed countries, have shown increased longevity
over the past few generations and interest has now shifted to how to extend healthy life
expectancy. Aging is profoundly associated with changes related to human organs and
tissues, and recently ‘frailty’ has become recognized as a key term related to age-related
decline [1]. A sedentary lifestyle, commonly seen in modern society settings, also accel-
erates deterioration of motor functions. Skeletal muscle, which constitutes the largest
type of tissue mass and accounts for 40–45% of total body weight [2], has a core role in
maintenance of a healthy life. Its functional failure leads to physical impairment, resulting
in poor outcomes, especially in elderly individuals. Thus, much attention has been given
to ‘sarcopenia’, which is generally defined as loss of skeletal muscle mass and function [3].

In addition to aging, other chronic disorders are known to exacerbate frailty and/or
sarcopenia, with advanced chronic kidney disease (CKD), especially end-stage kidney
disease including hemodialysis (HD), a representative condition [4]. ‘Protein-energy wast-
ing (PEW)’ is characterized by adverse changes in nutrition and body composition in
advanced CKD/HD patients [5]. Historically, frailty and sarcopenia have been considered
to originate from aging-related derangement, and PEW has been proposed to express
the wasting that occurs in association with kidney dysfunction [6]. As a result, there is
considerable overlapping among frailty, sarcopenia, and PEW in elderly patients with
advanced CKD/HD.
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The aim of this report is not to provide a systematic review of sarcopenia in advanced
CKD/HD cases, but rather to examine the wide range of related fields in an easily un-
derstood manner in order to facilitate research regarding skeletal muscle maintenance
and healthy life expectancy. Specifically, the author would like to focus on the decline
and dysfunction of skeletal muscle, along with countermeasures from the viewpoint of
aging and advanced CKD/HD as common key components of PEW, sarcopenia, and frailty
(Figure 1).
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sarcopenia. Advanced CKD/HD is profoundly associated with PEW. Elderly HD patients have the

highest risk for these pathological conditions. Among these conditions, skeletal muscle derangement is

a common component. CKD, chronic kidney disease; HD, hemodialysis; PEW, protein-energy wasting.

2. Conceptual Overlapping among Frailty, Sarcopenia, and PEW

The concept of frailty is considered acceptable to describe the condition of an indi-
vidual. Generally, it is used to explain the state resulting from an age-related decrease
in physiological reserve and increase in vulnerability to stressors, resulting in disability,
hospitalization, institutionalization, and finally death [4,7]. Fried et al. defined frailty as a
clinical syndrome in which three or more of the following abnormalities were combined;
unintentional weight loss, self-reported exhaustion, weakness (grip strength), slow walking
speed, and low physical activity [1]. In contrast to that phenotype model, Rockwood et al.
proposed a frailty index based on accumulation of such deficits as age-associated diseases,
non-specific vulnerability, and disabilities (accumulated deficit model) [8]. Nevertheless,
no universal standard for diagnosis of frailty has been established.

The term ‘sarcopenia’ was first proposed by Irwin Rosenberg to describe loss of
muscle mass (i.e., sarx meaning flesh and penia loss in Greek) [9]. However, the concept of
sarcopenia has changed over time and later included related dysfunctions, such as loss of
muscle strength. The European Working Group on Sarcopenia in Older People (EWGSOP)
provided a definition along with diagnostic criteria [10], an objective assessment based on
measurements of gait speed, grip strength, and muscle mass that has greatly contributed to
progress in research of sarcopenia. Recently, a revised consensus (EWGSOP2) was released
to promote early detection and treatment of affected patients [3].

In addition to age-related frailty and sarcopenia, the presence of advanced CKD is inde-
pendently associated with malnutrition and inflammation. Previously, these conditions were
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expressed by various terms such as uremic malnutrition [11], uremic cachexia [12], protein-
energy malnutrition [13], and malnutrition-inflammation complex syndrome [14] as well
as others. Since CKD is commonly associated with atherosclerosis, the term, malnutrition-
inflammation atherosclerosis (MIA) syndrome, was also proposed [15]. However, malnu-
trition includes both under- and overnutrition, and some CKD patients are underweight
even with adequate intake. To avoid confusion, the International Society of Renal Nutrition
and Metabolism (ISRNM) proposed the nomenclature protein-energy wasting (PEW) for
loss of muscle and fat tissues (wasting), or the presence of malnutrition and/or inflamma-
tion [5]. For diagnosis of PEW, four categories including biochemical criteria; low body
weight, reduced total body fat, or weight loss; decreased muscle mass; and low protein or
energy intake, are evaluated [5]. Although useful, an evaluation of chronic inflammation is
not necessary for determining a diagnosis. Among those categories, decreased muscle mass
is considered to be the most valid criterion for PEW determination [5].

Frailty, sarcopenia, and PEW share common components in elderly patients undergo-
ing HD (Figure 1). Following, this report will mainly focus on sarcopenia in HD patients,
including consideration of the physiology and pathology of skeletal muscle.

3. Diagnosis of Sarcopenia in Asians Including Japanese

As noted above, the definition of sarcopenia and criteria used for diagnosis presented
by EWGSOP were epoch-making. However, many problems remain to be solved. To
develop appropriate measures against sarcopenia, it is necessary to obtain an accurate
understanding of its prevalence, as various reports have shown a wide range from 4 to 63%
of CKD patients [16], with those findings largely dependent on the methods, cut-off values,
and criteria employed. Furthermore, it is also important to consider age- and/or CKD-
related muscle histological modifications such as myosteatosis and myofibrosis [17,18],
which are described later. Clinically, evaluation of muscle mass is more problematic than
that of muscle strength, which is usually assessed based on handgrip strength [3,10,19,20].
For measuring muscle quantity, various methods, including dual-energy X-ray absorp-
tiometry (DXA), bioimpedance analysis (BIA), mid-arm muscle circumference (MAC),
and sum of skinfold thickness (SKF), are available. DXA is useful for evaluating body
composition [21], while on the other hand the precision of BIA, MAC, and SKF remains
controversial, though those are non-invasive and inexpensive [19]. In fact, the prevalence
of low muscle mass evaluated by different methods (DXA, BIA, MAC, SKF) showed a
wide range of variation from 4.0 to 73.5% [22]. Another problem is related to the different
normalizing methods used for muscle mass. For example, muscle mass can be indexed
by height squared, percentage of body weight, body surface area, and BMI. Those four
different normalization methods were compared in 645 patients undergoing HD [23], with
the presence of low muscle mass defined as two standard deviation (SD) below the normal
mean of young adults. Intriguingly, the prevalence rate of low muscle mass ranged from
8.1 to 32.4%, even when muscle mass was the same [23]. Thus, a standard definition for sar-
copenia is necessary for accurate evaluation of affected individuals. Another problem may
be that the adaptation of EWGSOP criteria for Asian patients can be problematic because
of anthropometric as well as cultural and/or life-style-related differences as compared
with Europeans. As a result, the Asian Working Group on Sarcopenia (AWGS) established
criteria for Asian populations in 2014 [19].

Using the AWGS criteria, we carefully evaluated sarcopenia in 308 Japanese patients
receiving HD, and determined muscle strength using handgrip strength and muscle mass
measurements by DXA. That study reported a sarcopenia prevalence rate (40%) in Japanese
HD patients based on the AWGS criteria 2014 [24]. More importantly, the results showed
that the presence of sarcopenia was a significant predictor of all-cause mortality in older
patients. Thus far, studies regarding sarcopenia according to those criteria are limited,
though reports showing prevalence rates in CKD [25] and peritoneal dialysis [26], and
kidney transplant recipients [27] of 25.0%, 10.9%, and 11.8%, respectively, have been
presented. For interpreting results, age distribution should also be considered. Very
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recently, the AWGS consensus has been revised and the current version is AWGS 2019 [28].
More careful methods for diagnosis and appropriate intervention are expected.

4. Which Component, Muscle Mass or Muscle Strength, Is Critical for Prognosis?

Although loss of muscle mass and reduced muscle strength are both related to aging,
they do not always occur in parallel. In longitudinal observational studies of older healthy
adults, a decline in muscle strength appeared to precede muscle loss [29,30], thus suggest-
ing a dissociation between them. Such a dissociation between was observed in 111 HD
patients [31], in whom the prevalence of low muscle strength and low muscle mass based
on cut-off values in EWGSOP criteria was 88.3% and 33.3%, respectively. Although 31.5%
of those was finally diagnosed as sarcopenia, that was largely dependent on low muscle
mass, since the majority of the patients (88.3%) showed low muscle strength. Previously, we
focused on muscle quality in Japanese patients on HD [32]. Some in the population, such
as those affected by diabetes, showed a lower serum creatinine level, possibly reflecting
reduced muscle mass, thus we adopted handgrip strength per unit of arm muscle mass
determined using DXA to show muscle quality [32]. With this approach, muscle quality
was demonstrated to be a predictor of high mortality in Japanese patients undergoing
HD independent of age, serum albumin, and presence of diabetes [33]. A later study also
showed that handgrip strength was a predictor of all-cause mortality in patients on HD,
though muscle mass was not evaluated [34]. Similarly, in an observational retrospective
cohort study, the usefulness of handgrip strength as a survival predictor was confirmed in
patients receiving HD and peritoneal dialysis [35]. A simple question to determine is which
component, muscle mass or muscle strength, can better predict mortality in HD patients.
Along that line, both muscle strength and muscle mass were measured at the baseline in
incident dialysis patients, then their impact on mortality was examined [36]. The results
demonstrated that patients with low muscle strength but not those with low muscle mass
were at increased risk of mortality. Similarly, an independent work revealed that muscle
strength was a more relevant predictor of survival in patients on HD as compared with
low muscle mass [23]. As well as handgrip strength, decreased muscle strength in the
lower extremities was also found to be strongly associated with increased mortality in HD
patients [37]. Although evaluation of muscle mass is necessary for assessing nutritional
status (wasting) in advanced CKD/HD cases, handgrip strength measurement should be
incorporated to evaluate physical performance in clinical practice, as it is easy to perform
and inexpensive [16].

5. Physiology of Skeletal Muscle

Recently, detailed studies have provided advanced knowledge regarding the associ-
ation of CKD and/or aging-related factors with pathological and functional changes of
skeletal muscle. At the same time, the abundant information available can be confusing for
non-experts. Therefore, relevant summaries showing the basic morphology and physiology
of skeletal muscle for understanding pathophysiology are important. The availability of
such materials can help with deep communication among specialists in each field.

5.1. Development and Regeneration of Skeletal Muscle

Skeletal muscle consists of muscle fibers, or myofibers, which function as a syncytium
originating from the fusion of myoblasts [2]. During development, myoblasts, mono-
nucleated muscle precursor cells, fuse together to generate nascent myotubes that exhibit
central nucleation. The nuclei are located in the central portion of nascent myotubes.
When muscle fibers become mature, they migrate to the periphery of the myofibers [2].
Satellite cells, stem cells of skeletal muscle, are located between the basal lamina and
plasma membrane of muscle fibers, where they proliferate and differentiate into myoblasts
in response to diverse stimuli, such as injury, exercise, stretching, and denervation [38].
Upon stimulation, some satellite cells differentiate into myoblasts and subsequently fuse
with exiting fibers (regeneration). During this process, another small proportion returns to
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quiescence to form a new pool of myoblasts (self-renewal) (Figure 2) [39]. Although the
mechanisms of self-renewal are poorly understood, one of the postulated models shows
that asymmetric cell division can produce two types of daughter cells, those committed
as myogenic precursor cells for regeneration and other uncommitted pluripotent cells
involved in self-renewal [38].
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precursors (myoblasts) for regeneration via a process equivalent to development.

As satellite cell markers, paired domain transcription factors such as Pax7 and Pax3,
and the myogenic factor 5 (Myf5) are well known. Among those, Pax7 is expressed in all
quiescent and proliferating satellite cells in various species including humans [40]. During
development, myogenic regulatory factors are required for myoblast commitment and
differentiation, and the primary factors Myf5 and MyoD are necessary for determination of
myoblasts. Subsequently, secondary factors, myogenin and myogenic regulatory factor 4
(MRF4), regulate terminal differentiation [38].

5.2. Classification of Skeletal Muscle Fiber Types

By 1873, Ranvier had already categorized muscle into red muscle, with slow con-
traction, and white muscle, which shows fast contraction. In the 1970s, the classification
of type I (slow-twitch red) and type II (fast-twitch white) was proposed based on con-
tractile properties and oxidative capacity. Mitochondria have a critical role in oxidative
phosphorylation. The higher density of mitochondria in muscle is correlated with its red
color. Some type II fibers possess a faster contractile property than type I, though type I
has a higher oxidative capacity. Therefore, type II was subsequently divided into type IIA
(fast-twitch red) and type IIB (fast-twitch white). Later, a correlation of myosin heavy chain
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(MHC) isoform expression and contractile property with myofibrillar ATPase activity was
identified. The new type IIx MHC protein was also found. Type IIb MHC is not typically
expressed in human skeletal muscle. Currently, fiber types are classified based on MHC
isoforms into type I (slow-red), type IIA (fast-red), type IIB (fast-white in rodents), and
type IIX (fast-white in humans) (Table 1) [41–44].

Table 1. Classification of skeletal muscle fiber types.

Type I Type IIA
Type IIX
(Human)

Type IIB
(Mouse, Rat)

Anatomical color Red Red White White
Contractile speed Slow-twitch Fast-twitch Fast-twitch Fast-twitch

Myosin heavy chain isoform Type I Type IIa Type IIx Type IIb
Metabolic Oxidative Oxidative Glycolytic Glycolytic

Myofibrillar ATPase activity Low High High High
Mitochondrial density High High Medium Low

Fatigue Resistant Resistant Fast Fast

Presently, skeletal muscle fiber types are classified using histochemical methods and based on metabolic differ-
ences. Most skeletal muscle tissues consist of heterogenous fiber types that show a mosaic pattern. In response to
various stimuli and circumstances, muscle fiber types are transformed.

Basically, human skeletal muscles consist of a mixture of muscle fiber types. Some are
characterized as type I fiber-dominant (soleus muscle) or type II fiber-dominant (triceps
brachii muscle) [43]. The distribution of muscle fiber types in an individual may change
with various stimuli such as exercise. For example, muscle-biopsy specimens from elite
sprinters were found have an increased number of type II myofibers, in contrast to an
increased number of type I myofibers in those from distance runners [2].

Although this classification and nomenclature for skeletal muscle may be insuffi-
cient, it is very convenient to use when communicating and sharing findings with other
researchers in various fields [42].

6. Skeletal Muscle Changes Related to Aging and Damage by CKD

6.1. Age-Related Changes of Skeletal Muscle

Aging is a well-known risk factor for loss of skeletal muscle mass. Using magnetic
resonance imaging (MRI), skeletal muscle mass and distribution were evaluated in 268
men and 200 women aged 18–88 years [45]. Findings of that quantitative approach showed
an apparent decrease in skeletal muscle mass in healthy subjects 60 years of age and older,
while notable results indicated a prominent age-related decline in muscle mass in the lower
limbs [45]. Aging atrophy seems to be associated with reductions in both number and
size of muscle fibers, though that is not well understood [46]. To examine the influence of
aging on muscle fiber number and size, quadriceps muscle biopsies, as well as DXA and
computed tomography (CT) examinations were performed in healthy young and older
males and females [47]. Skeletal muscle mass in the males was significantly greater as
compared to that in the females. Furthermore, lean leg mass was significantly lower in the
elderly than the young group, while whole-body lean mass did not differ between them.
In line with those findings, cross-sectional area (CSA), evaluated based on the quadriceps
muscle biopsy results, was smaller in the older as compared to the young group. Especially,
type II muscle fiber size was substantially smaller in the older subjects, with a tendency
for smaller type I muscle fibers. The calculated number of fibers in the quadriceps did
not differ between the groups examined in that study. Therefore, it was concluded that
age-related decline in skeletal muscle is mainly due to a reduction in type II muscle fiber
size [47]. A contrasting example may be changes in skeletal muscle after a spinal cord
injury (SCI), which can cause a fiber-type transformation. In patients treated for SCI,
fiber-type shifts from type I or type IIA to type IIX were observed [43]. Interestingly, the
transformation pattern in individuals with an SCI is opposite of that induced by aging.

30



Nutrients 2021, 13, 1538

Satellite cells have critical roles for repair and hypertrophy of skeletal muscle, and
fiber characteristics and fiber type-specific content related to those cells were examined
in young and elderly males [48]. As noted in the report mentioned above [47], biopsy
specimens in the vastus lateralis showed that type II, but not type I, muscle fiber CSA was
significantly smaller in the older as compared with the young subjects. Satellite cell content
determined based on Pax 7-positive cells was also examined, with no difference found
between the young and older groups for that content in type I muscle fibers. In contrast,
satellite cell content in the type II muscle fibers was significantly lower in the older subjects.
These findings suggest that an age-related decline in satellite cell content may be associated
with type II muscle fiber atrophy and loss of skeletal muscle mass in older individuals [48].

6.2. Histopathological Changes of Skeletal Muscle in Advanced CKD/HD Cases

It seems that skeletal muscle atrophy should be expected in patients with advanced
CKD/HD. However, in a study of 13 patients with advanced CKD, type II fiber areas
tended to be smaller as compared to the control group, though the difference was not
significant [49]. In another study, mean sizes of type I and II fibers in eight patients on
dialysis or with kidney transplantation were not different from those in the controls [50],
while a different report noted that while type II fibers were slightly but not significantly
smaller in 12 dialysis patients as compared to the controls [51]. Rather unexpectedly, no
clear findings have yet been presented to support greater muscle atrophy in patients with
advanced CKD/HD as compared to control subjects.

A precise muscle biopsy (vastus lateralis)-based study was performed with relatively
large groups of subjects (60 patients on HD, 21 controls) [52]. Surprisingly, the mean CSA
values for type I, IIA, and IIX fibers were 33%, 26%, and 28%, respectively, greater in the
HD patients as compared with the controls [52]. Since those muscle biopsy-specimens
were obtained from patients one day after undergoing HD, the greater CSA size might be
explained by interstitial edema of skeletal muscle. Another interesting finding in that study
showed that the activity of succinate dehydrogenase, a mitochondrial oxidative enzyme,
was decreased in muscle fibers of patients undergoing HD. Ultrastructural analysis also
revealed swollen mitochondria in the HD patients. In addition, capillary density, evaluated
by the number of capillaries per square millimeter of muscle area, was significantly reduced
by 34% in the HD patients as compared with the control group [52]. Although interpretation
of their results showing impaired oxidative capacity and reduced capillary density in the
skeletal muscle of HD patients is difficult, except for enlargement of muscle fibers possibly
due to edema, they seem to indicate that impaired energy production together with reduced
oxygen supply and substrates may lead to skeletal muscle dysfunction.

Nevertheless, it is also important to note that qualitative changes may veil actual
quantity of skeletal muscle. Histopathological findings showing substitution of contractile
muscle fibers because of fat infiltration and/or fibrosis may indicate muscle dysfunction,
even when muscle mass is similar. Especially, myosteatosis, equivalent to intermuscu-
lar adipose tissue, has attracted much attention [17]. Since skeletal muscle attenuation
determined using CT is significantly associated with muscle lipid content based on histo-
logical findings with oil red O staining and muscle triglyceride measurements in biopsy
specimens [53], myosteatosis was previously evaluated indirectly with CT or MRI results.
Myofibrosis, pathological fibrosis in skeletal muscle, is thought to accompany myosteatosis
and may be the result of various events including injury, inflammation, and degeneration.
Recent technological innovations have made it possible to determine myosteatosis and/or
myofibrosis using ultrasound. With this method, it has been reported that myosteatosis
and/or myofibrosis were negatively correlated with physiological performance in CKD
patients [18]. Furthermore, since those might be involved in systemic metabolic and inflam-
matory disorders, as well as subsequent mortality, additional investigations are required to
confirm the impact of myosteatosis and myofibrosis on sarcopenia in advanced CKD/HD.
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7. Aging Kidneys in CKD Patients

Various organs including the kidneys are involved in its onset and development of
sarcopenia [3,10,19,28]. When lifespans were short, kidney failure might not have been a
major issue, as most humans experienced mortality first. However, the recent super-aging
society is faced with new disorders such as CKD.

The prevalence of CKD throughout the world including Japan increases with age. It
has been reported that 13% of the Japanese general population (13.3 million people) has
CKD when that is defined as glomerular filtration rate (GFR) < 60 mL/min/1.73 m2) [54].
Along with aging, the prevalence of CKD gradually increases, with four out of ten in-
dividuals aged 80 and older affected. Although it seems to be a natural occurrence,
age-related structural changes in kidneys have not been clarified. Recent studies have
reported macroanatomical changes based on results obtained with imaging modalities
such as CT [55] and microanatomical changes based on kidney biopsy findings [56,57] in
living kidney donors who had no obvious kidney disease.

Contrast-enhanced CT imaging can be used to measure not only total kidney volume,
but also cortical and medullary volumes separately. Cortical volume seems to decrease
with age, whereas medullary volume increases until age 60, which may be compensatory,
and then remains unchanged thereafter [55]. Thus, total kidney volume does not change
until age 60 and then subsequently decreases [55]. Since the cortex includes nephron
and proximal tubules, it would be interesting to know whether age-related loss of cor-
tical volume reflects nephron loss and/or decrease in GFR, though those have yet to be
clarified [58].

Using renal biopsy samples obtained from living kidney donors, anatomical changes
were examined [56,57]. Nephrosclerosis, a major age-related change, includes glomeruloscle-
rosis, tubular atrophy, interstitial fibrosis, and arteriosclerosis. Sclerosis score was determined
as the total number of abnormalities, including any type of global glomerulosclerosis, tubular
atrophy, and arteriosclerosis, and interstitial fibrosis > 5%. When nephrosclerosis was de-
fined as two or more of the total four, an increasing prevalence of nephrosclerosis associated
with aging was observed in 2.7% of the subjects younger than 29 years and in 73% of those
aged greater than 70 [57]. Decreased glomerular density, calculated based on the number
of glomeruli divided by the area of the cortex, was also associated with older age in living
donors [56]. These findings suggest that conditions related to aging kidneys and consequent
CKD-related sarcopenia are inevitable in super-aging societies.

8. Factors Possibly Affecting Muscle Wasting in Advanced CKD/HD

Large numbers of different factors and/or mechanisms including persistent inflam-
mation are considered to be involved with age-related muscle derangement (sarcopenia) in
CKD/HD patients, with both expected and unexpected findings reported [4,16,59,60] [61],
and new information presented even in the last few years. For example, uremic toxins
such as indoxyl sulfate and p-cresol were shown to impair myogenic differentiation of
cultured C2C12 skeletal muscle cells [62]. Inorganic phosphate (Pi) was also found to
decrease myogenic differentiation in vitro and promoted muscle atrophy in CKD mice [63].
In a randomized controlled study of pre-dialysis CKD patients, oral sodium bicarbonate
achieved a serum level of ~24 mEq/L for preserved muscle mass [64]. These recent reports
have provided new insights in this field. Nevertheless, systematic and comprehensive
classifications of cause and etiology are still required, though currently very difficult to
establish. In the following, clinically relevant and topical factors that have been relatively
well investigated and established to some extent in this field will be discussed (Figure 3).
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8.1. Vitamin D

Vitamin D is one of the critical components in CKD-mineral and bone disorder (CKD-
MBD) [65]. It regulates not only calcium homeostasis and bone metabolism, but also skeletal
muscle metabolism [66,67]. Furthermore, the active form of 1α,25-dihydroxyvitamin D
[1,25(OH)2D] binds to vitamin D receptor (VDR), and can exert diverse biological effects
through genomic and non-genomic activities, while expression of VDR in both animal and
human muscle tissues was identified [66,67]. Another investigation showed that though
synthesis of 1,25(OH)2D from 25(OH)D is mediated by mitochondrial 1α-hydroxylase en-
coded by the Cyp27b1 gene, predominantly expressed in the kidneys, C2C12 myoblasts and
myotubes expressed both VDR and CYP27B1 [68]. Therefore, skeletal muscle cells seem
to possess machinery for response to vitamin D. In fact, addition of 1,25(OH)2D to C2C12
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myoblasts increased VDR expression, decreased cell proliferation, and promoted myogenic
differentiation [69]. Those authors also showed that 1,25(OH)2D increased expression of
MyoD and subsequently suppressed myostatin in a time-dependent manner, and finally
increased the diameter and size of MHC type II-positive cells. Findings obtained in mice with
deletion of the vitamin D receptor (VDRKO) also support the role of vitamin D in skeletal
muscle maintenance. The VDRKO group showed smaller muscle mass and weaker grip
strength as compared with the controls [70]. Another study reported that mice following
VDRKO had smaller diameter muscle fibers with an aberrant reversed higher expression of
myogenic differentiation factors as compared to wild-type mice, suggesting a physiological
role of vitamin D through temporal up-regulation of myogenic transcription factors [71]. In
this context, vitamin D (calcitriol) also seems to antagonize CKD-induced skeletal muscle
changes [72]. That study reported that high-phosphate diet accelerated skeletal muscle
changes in CKD rats (5/6 nephrectomy) as compared with a standard diet. Furthermore,
low dose calcitriol attenuated adverse skeletal muscle changes in CKD rats that received a
high phosphate diet. Interestingly, calcitriol improved the number of capillaries in contact
with muscle fibers. Although the precise mechanisms are still unclear, vitamin D may have
pleiotropic effects on skeletal muscle maintenance in patients with CKD.

A link between vitamin D and skeletal muscle is probable in rodents, while related
effects on and mechanisms in human skeletal muscle remain to be established. It has been
reported that a vitamin D system was detected in human muscle precursor cells, though
was low in adult skeletal muscle [73]. They also noted that vitamin D seems to promote
myoblast self-renewal and maintain the satellite stem cell pool through modulation of
the forkhead box O (FOXO) 3 and Notch signaling pathways. In contrast to rodents, how
vitamin D can affect skeletal muscle maintenance in humans remains to be elucidated.

Vitamin D deficiency in humans is evaluated based on the storage form of vitamin
D, 25(OH)D, and a strong association of vitamin D deficiency with muscle dysfunction
has been shown [74]. Generally, optimal musculoskeletal benefits occur at 25(OH)D levels
above 30 ng/mL. In contrast, in evaluated biopsy specimens, vitamin D deficiency was
found to be correlated with skeletal muscle dysfunction and predominantly associated with
type II muscle fiber atrophy [66]. More directly, an examination of the correlation between
vitamin D deficiency and sarcopenia, defined based on appendicular skeletal muscle mass
divided by body weight less than two standard deviation (SD) below the sex-specific mean
for young adults, performed in 3169 Korean participants showed that the mean 25(OH)D
concentration was significantly lower in those with than without sarcopenia [75].

8.2. Myostatin

Myostatin, also known as growth development factor-8 (GDF-8), has been identified
as a negative regulator of skeletal muscle growth [76,77]. This newly established factor is
mainly secreted by muscle cells and belongs to the transforming growth factor-β (TGF-β)
superfamily. Myostatin binds to its cognate receptor, activin type II B receptor (ActRIIB),
and exerts diverse effects. Upon activation of Smad2/Smad3 and dephosphorylation of
Akt, muscle protein ubiquitination and degradation by proteasomes and autophagy are
induced through Atrogin-1 and muscle ring finger 1 (MuRF1), leading to increased protein
degradation [60,78]. Myostatin can also inhibit mammalian target of rapamycin complex
1 (mTORC1), one of the key molecules in protein synthesis, resulting in a decrease in
that process [60,78]. Additionally, myostatin-induced apoptosis was shown to occur via
activation of the p38-caspase pathway [78].

Although myostatin might be involved in development of sarcopenia in CKD/HD,
limited data are available. Cy/+ rats, which develop advanced CKD due to a genetic defect,
were reported to show a progressive decline in muscle function [79]. Additionally, as
compared to control rats, Cy/+ rats had a significantly higher serum level of myostatin and
increased expression of myostatin in skeletal muscle, along with higher indices of oxidative
stress [80]. In half-nephrectomized mice, indoxyl sulfate, a uremic toxin, induced skeletal
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muscle weight loss, which was accompanied by expression of myostatin and atrogin-1 in
addition to increased production of inflammatory cytokines in skeletal muscle [81].

In humans, it has been speculated that the plasma or serum concentration of myostatin
can be used as a biomarker of muscle wasting. However, inconsistent results have been
presented i.e., both positive and negative, or no significant correlation between myostatin
and muscle mass and/or muscle strength [82]. Nevertheless, that report noted that emerg-
ing evidence suggests that myostatin is influenced by various factors such as age, gender,
and physical activity as well as a wide range of disorders including heart failure, metabolic
syndrome, CKD, and inflammatory diseases. Another reason for conflicting results may
be the different assay techniques utilized. Generally, the level of myostatin in CKD/HD
patients seems to be higher than that in healthy controls [78]. A recent study showed
that myostatin was positively associated with muscle strength, evaluated by handgrip
strength, as well as muscle mass in patients undergoing HD [83]. Moreover, a lower level
of myostatin was demonstrated to be a significant predictor of one-year mortality in that
study. Additional investigations are needed to confirm whether myostatin is a biomarker
for sarcopenia in advanced cases of CKD/HD.

8.3. IGF-I

Insulin-like growth factor-I (IGF-I), well known to be associated with muscle mass
and fiber size [84,85], binds to its receptor and exerts biological effects. Although IGF-I
shares common intracellular signaling pathway with insulin, it appears to have more
growth effects than metabolic effects as compared to insulin, though the mechanisms
are unknown [86]. In protein synthesis, IGF-I-induced activation of mTORC1 through
phosphatidylinositol-3-kinase (PI3K)/Akt is necessary. At the same time, activation of
the PI3K/Akt pathway results in phosphorylation of FOXO proteins. It has also been
reported that IGF-I suppressed ubiquitin ligases, such as Atrogin-1 and MuRF1, via Akt-
mediated inhibition of FOXO1, suggesting antagonizing effects of IGF-I in skeletal muscle
catabolism [87,88].

To examine growth factors including IGF-I, vastus lateralis muscle biopsies were per-
formed in 55 patients undergoing HD and 21 healthy subjects. As expected, mRNA for
IGF-I/IGF-I receptor was decreased in skeletal muscle from the HD patients as compared
with the healthy controls. However, protein levels for muscle IGF-I and serum IGF-II were
increased [89]. Although IGF-I plays a critical role in muscle maintenance, its action mech-
anisms may be complicated, i.e., transient binding of the IGF-I receptor, degradation of the
IGF-I/IGF-I receptor, local concentrations of IGF-I, and the influence of IGF-I binding proteins.

In addition to direct effects on skeletal muscle, IGF-I seems to be involved in CKD-
induced dysfunction of satellite cells. It has been reported that isolated Pax-7 positive
cells (satellite cells) from CKD mice obtained by use of a subtotal nephrectomy had lower
levels of MyoD expression and showed suppressed myotube formation [90]. Additionally,
CKD mice showed delayed regeneration of injured muscle, and decreased MyoD and
myogenin expression. IGF-I increased the expression of myogenic genes in response to
injury in satellite cells from the control group but not in those from CKD mice. Therefore,
impaired IGF-I signaling may be associated with satellite cell dysfunction as well as protein
catabolism in CKD-related sarcopenia.

8.4. Insulin and Glucose (Hyperglycemia)

Insulin is one of most important hormones in human body and its metabolic disar-
rangement in skeletal muscle is profoundly associated with the etiology of diabetes [91–94].
In addition to metabolic effects, insulin has also been shown to be involved in protein
anabolism in vitro [95], as well as in vivo in rats [96,97], and humans [98]. However, the di-
rect effects of insulin on protein metabolism in human skeletal muscle is poorly understood
as compared with glucose and lipid metabolism.

A detailed study provided new insights in regard to insulin-mediated protein syn-
thesis in human skeletal muscle [99]. Insulin was infused within a physiological range in
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19 young subjects, then protein synthesis was evaluated in muscle biopsy specimens to
determine uptake of isotope-labeled phenylalanine, which was not intracellularly oxidized.
At the same time, blood flow was measured using indocyanine green. Insulin can stimulate
muscle protein synthesis. Interestingly, increases in blood flow and amino acid delivery to
skeletal muscle were found to be critical factors in insulin-induced protein synthesis in that
study. Using a similar technique, insulin-stimulated protein synthesis in skeletal muscle
was compared between young and older healthy subjects [100]. In the older group, protein
synthesis was found to be resistant to insulin, suggesting that aging is a critical risk factor
for maintenance of skeletal muscle via age-related insulin resistance.

In addition to insulin, glucose may be involved in skeletal muscle maintenance.
A recent study demonstrated suppressed proliferation of satellite cells in high-glucose
culture media [101]. In contrast, glucose restriction led to a relative increase in Pax7-
positive/MyoD-negative cells, which were equivalent to reserve cells for self-renewal.
Those findings suggest that hyperglycemia might inhibit regeneration of skeletal mus-
cles and accelerate sarcopenia in patients with diabetes. To examine whether hyper-
glycemia is associated with sarcopenia, a multicenter cross-sectional study was performed
in 746 patients with type 2 diabetes (T2D) and 2067 other older participants [102]. Hy-
perglycemia represented as HbA1c was found to be an independent contributor to the
presence of sarcopenia, especially in the non-obese subjects. Interestingly, HbA1c level was
specifically associated with low skeletal mass index (SMI) rather than weak grip strength
or slow gait speed. Therefore, appropriate glycemic control should be considered as a
requirement for prevention of sarcopenia, probably in HD patients with diabetes.

8.5. Physical Inactivity and Sedentary Lifestyle in Older Patients with CKD and HD

Physical activity gradually decreases with aging and incidental HD patients show a
greater tendency for physical inactivity. The association of physical inactivity with malnu-
tritional status was examined in HD patients and healthy sedentary controls [103]. Both
physical activity, measured by a three-dimensional accelerometer, and energy expenditure,
evaluated by questionnaire, were lower in the patients and the difference between those
groups increased with advancing age. Additionally, physical activity in the HD patients
was associated with serum albumin and creatinine levels, as well as phase angle derived
from BIA. These findings suggest an association between physical inactivity and malnutri-
tional status including muscle wasting. The benefit of regular physical activity on mortality
was examined in a national cohort of new patients with end-stage kidney disease in the
United States, which showed that mortality risk was lower in those who exercised 2–3 or
4–5 times a week, suggesting an association of physical activity with survival in dialysis
patients [104]. In addition to aging, the presence of advanced CKD/HD may have a strong
impact on the skeletal muscle system, leading to significant exercise intolerance [105]. To
break the vicious cycle between physical inactivity and mortality, exercise may be one of
most promising and hopeful approaches, which will be discussed later.

8.6. Mitochondria

Mitochondria, small membrane-bound organelles, generate a significant amount of
energy in the form of ATP. Due to its heavy demand for energy as a motor organ, skeletal
muscle has a large number of mitochondria. Mitochondrial dynamics are regulated by
fine balance between fusion and fission [106,107]. For mitochondrial fusion, the mitofusins
Mfn1 and Mfn2, mitochondrial GTPases, are essential [108], while on the other hand,
fission protein 1 (Fis1) and dynamin-related protein 1 (DRP-1) maintain mitochondrial
homeostasis through appropriate fission (fragmentation) [106]. Mitochondrial quality
control is necessary for structural and functional integrity [109]. A critical contributing
factor to mitochondrial decay, closely linked to sarcopenia, is aging, which has been shown
to be related to decreases in mitochondrial content, enzyme activities such as cytochrome
c oxidase and citrate synthase, and oxidative capacity in human skeletal muscle [110].
Impaired mitochondrial respiration leads to reactive oxygen species (ROS) production and
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increased mitochondrial DNA mutations. In association with that, defective mitochondrial
quality control has also been detected in aged muscle and hyperfusion is known to be
associated with the appearance of enlarged mitochondria, which cannot be effectively
eliminated and results in increased ROS production [109]. In contrast, hyperfission is
also observed during the progression of sarcopenia. ROS production by derangements
in fusion-fission results in muscle protein breakdown through ubiquitin ligases such as
atrogin-1 and Murf-1 [109].

In addition to aging, CKD appears to be involved in mitochondrial dysfunction. Mi-
croarray analysis of CKD patients including those undergoing HD suggested an impaired
mitochondrial respiratory system and related oxidative stress [111]. More directly, mito-
chondrial function was evaluated using 31P magnetic resonance spectroscopy to determine
phosphocreatine recovery time constant in patients with CKD and those on HD [112]. In
that study, faster phosphocreatine recovery kinetics (shorter time constant) indicated better
mitochondrial function, and a prolonged phosphocreatine recovery time was found in HD
and CKD patients as compared with controls. Mitochondrial dysfunction is correlated with
poor physical performance, increased intermuscular adipose tissue, and increased markers
of inflammation and oxidative stress. Interestingly, that study also found that DRP-1, a
marker of mitochondrial fission, was up-regulated in skeletal muscle of HD patients as
compared to controls. Therefore, correction of mitochondrial dysfunction is an attractive
therapeutic approach for elderly patients with advanced CKD/HD.

9. Management of Skeletal Muscle Maintenance in HD Patients

9.1. Vitamin D

Based on findings described above showing a positive correlation of vitamin D defi-
ciency with skeletal muscle dysfunction, supplementation with vitamin D is an attractive
interventional approach against sarcopenia. In fact, two meta-analysis reports have sug-
gested the beneficial effects of vitamin D supplementation on muscle strength and function
in older individuals with a low serum 25(OH)D level at the baseline (vitamin D defi-
ciency) [113,114]. In the same context, a double-blind randomized placebo-controlled
trial was performed to explore the effects of 12 months of vitamin D supplementation on
lower-extremity power (primary endpoint) and function in healthy community-dwelling
elderly subjects [115]. Unexpectedly, there were no differences for lower-extremity power,
strength, or lean mass found between the placebo and vitamin D groups. However, the
period of intervention, subject background details, and target level of vitamin D should
be considered when interpreting those results. Notably, HD patients tend to show severe
abnormal vitamin D metabolism as compared to healthy elderly individuals.

A retrospective cross-sectional study was performed to examine the association of
vitamin D treatment with muscle mass and function in HD patients, in which muscle size
was evaluated by MRI and strength in the lower limbs was measured, with or without
treatment with active vitamin D (calcitriol or paricalcitol) [116]. They found that vitamin D
treatment was associated with greater muscle size and strength. Additionally, two double-
blind randomized placebo-controlled trial were performed to investigate the pleiotropic
effects of vitamin D (cholecalciferol) in HD patients [117,118]. In both, the results of various
muscle function tests including muscle strength were examined as clinical endpoints.
No significant effect of vitamin D supplementation was found in those tests. Although
the studies were well-designed, the sample sizes were small (n = 52, 60, respectively)
and the intervention periods short (eight weeks and six months, respectively), which are
limitations. Under these conditions, it might be difficult to confirm the effects of vitamin
D supplementation on muscle function. In addition, muscle mass was not evaluated.
In future, randomized trials with larger sample sizes and longer periods that focus on
sarcopenia as the primary endpoint will be needed.
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9.2. Myostatin

Myostatin is an attractive therapeutic target for treatment of age- and CKD-related
sarcopenia [16,60]. Two strategies to inhibit myostatin pathways are under development,
one is a blockade caused by direct binding to myostatin itself and the other is inhibition
of the myostatin-ActRIIB complex [78]. One of the candidates is the monoclonal antibody
LY2495655, which binds and neutralizes myostatin, and was examined in a phase II
study [119]. This antibody was found to have a relationship with lean mass and partially
improved functional measures of muscle power in older frail individuals. On the other
hand, results of another phase II trial showed no significant effect of LY2495655 on lean
body mass in patients undergoing elective total hip arthroplasty [120]. Similarly, the
efficacy of bimagrumab, an anti-ActRIIB antibody, was examined in older adults with
sarcopenia in a phase II trial [121], and found to increase muscle mass and strength.

Administration of an anti-myostatin peptibody in CKD mice reversed loss of muscle
mass and suppressed circulating inflammatory cytokines [122]. Additionally, it has recently
been reported that formononetin, a bioactive isoflavone compound, ameliorates muscle
atrophy in CKD rats by antagonizing myostatin [123]. If myostatin-mediated treatment
is found to be effective in older patients with advanced CKD/HD, important points for
consideration will be whether it improves not only muscle mass but also muscle strength.

9.3. Insulin and Anti-Diabetic Treatments

Since insulin deficiency is an independent risk factor for sarcopenia, the next ques-
tion may be whether insulin treatment can protect against sarcopenia. A retrospective
observational study examined the association of insulin treatment with SMI, calculated as
appendicular muscle mass using DXA divided by the square of height, in 312 patients with
T2D [124]. Insulin treatment was shown to be protective against annual decline in SMI
after adjusting for various factors. In a propensity score-matched cohort in the same study,
the annual change in SMI was greater in the insulin-treated than non-insulin-treated group.
These findings suggest that insulin has a critical role not only in glucose metabolism but
also maintenance of skeletal muscle mass in patients with diabetes.

Few studies have investigated the association of oral anti-diabetic drugs with sarcope-
nia. Considering the possible efficacy of insulin, dipeptidyl peptidase 4 inhibitors (DPP4-I)
are good candidates for sarcopenia treatment because they stimulate insulin secretion in
a blood glucose-level dependent manner. DPP4-I is preferrable in regard to its efficacy,
low risk of hypoglycemia, and good tolerability in elderly patients with T2D. In line with
those factors, the association of sarcopenia, diagnosed according to the EWGSOP criteria,
with DPP4-I was examined in 80 elderly patients with T2D [125]. The participants were
divided into the sulfonylurea (n = 43) and DPP4-I (n = 37) groups, and followed for at
least 24 months. The DPP4-I group showed greater muscle mass, as well as better muscle
strength and physical performance as compared with sulfonylurea group. Since physical
activity and nutritional status of those participants were relatively stable, the authors
suggested that the better sarcopenic parameters noted were mainly due to treatment effects.
Similarly, the association of use of DPP4-I with loss of muscle mass was examined in a
retrospective observational study that included 105 patients with T2D [126]. Propensity-
score matching analysis was performed to remove bias. SMI, determined using DXA, was
evaluated and its annual change was significantly higher in patients with as compared to
those without DPP4-I [126]. On the other hand, there were no significant differences in
regard to changes in visceral and subcutaneous fat area between those groups.

Most oral anti-diabetic drugs are contraindicated or restricted in HD patients, as renal
dysfunction brings about profound pharmacokinetic abnormalities [127]. Among those
drugs, DPP4-I are available for HD patients [128,129]. Although no report of the efficacy of
DPP4-I on sarcopenia in HD patients has been presented, those inhibitors may be considered
as candidates for preventing age-related loss of muscle mass in patients with T2D.
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9.4. Nutrition

Adequate intake of nutrients is necessary to prevent the onset and progression of
sarcopenia, PEW, and frailty. In contrast to common agreement regarding adequate energy
intake (generally, 30–35 kcal/kg/day), how much dietary protein intake is ideal for CKD
and dialysis patients remains controversial. Typically, protein intake of 0.6–0.8 g/kg/day is
recommended for advanced pre-dialysis patients from the viewpoint of uremia and kidney
protection. On the other hand, that recommendation is usually ~1.2 g/kg/day in dialysis
patients to preserve muscle mass [6]. When a standard prevention approach is not enough,
nutritional supplementation is considered, with many methods available, including oral
supplementation, intradialytic parental nutrition, and tube feeding [4,6,61,130].

When focusing on maintenance of skeletal muscle in CKD patients, especially those
undergoing HD, amino acid supplementation is reasonable. Amino acids are not only
precursors for muscle protein synthesis but also stimulators of intracellular signaling. No-
tably, among essential amino acids, leucin has a distinct anabolic action via the mTORC1
pathway [131]. As an intracellular regulator, sestrin2 has received much attention and it
has been reported that its leucine-binding capacity is necessary for leucin-induced activa-
tion of mTORC1, indicating that sestrin2 functions as a sensor of leucin and inhibitor of
mTORC1 [132]. A recent systematic review reported no clear effects of supplementation
with essential amino acids on muscle mass, muscle strength, or physical performance,
whereas a significant effect of leucine on muscle mass was shown in subjects with sarcope-
nia as compared with healthy subjects [133].

Another possible supplementation strategy might be use ofβ-hydroxy-β-methylbutyrate
(HMB), a metabolite of leucin [134]. To examine its effects on body composition, bone den-
sity, strength, physical function, and other such parameters in HD patients, a double-blind
placebo-controlled randomized trial was performed over a period of six months, though
no significant effects of HMB supplementation were observed [135]. Based on findings
presented to date, leucin may be one of the good candidates for nutritional supplementation
to maintain skeletal muscle. As described, following exercise or physical activity, nutritional
supplementation should be able to provide synergistic beneficial effects on maintenance of
skeletal muscle in HD patients [136].

9.5. Exercise

Skeletal muscle is characterized as a dynamic organ, and muscle contractions may have a
special role in homeostasis of skeletal muscle separate from hormones and cytokines [137,138].
Thus, to overcome aging-related sarcopenia, it may be a powerful approach. Especially,
aerobic exercise has been shown to improve insulin-stimulated muscle protein synthesis
in elderly individuals, though aging dampens the anabolic effects of insulin on skeletal
muscle [139]. In patients undergoing HD, aerobic exercise seemed to increase CSA, while
an interesting finding also noted was an improvement in exercise-induced capillarization in
skeletal muscle [140]. In combination with previous findings [99,139], it is considered that
an increase in blood flow in skeletal muscle in response to aerobic exercise and insulin may
contribute to maintenance of muscle mass and function.

Exercise may also counteract CKD-induced muscle wasting. Using CKD mice in-
duced by a subtotal nephrectomy, the effects of resistance exercise (muscle overload) and
endurance training (treadmill running) on skeletal muscle wasting were examined [141].
Although both types of exercises suppressed CKD-induced muscle protein degradation, the
specific effects differed between them, as improved muscle protein synthesis was observed
in mice with resistance exercise but not in those with endurance training. Additionally,
those results showed that resistance exercise counteracted CKD-induced suppression of
phosphorylation of S6K and mTORC1 in muscle, resulting in maintenance of protein syn-
thesis. In these mice, resistance exercise but not endurance training increased the number
of muscle progenitor cells. Together, these findings suggest that different types of exercise
can provide various effects related to skeletal muscle maintenance.
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Muscle biopsy procedures were performed in dialysis patients (18 HD, three peri-
toneal dialysis) to examine the effects of resistance training on skeletal muscle [142]. The
number of satellite cells in type I muscle fibers was increased after 16 weeks of resistance
training performed three times a week, whereas those in type II fibers remained unchanged.
However, an increase in the myonuclear contents of the type II fibers was observed. Satel-
lite cells may directly differentiate into myonuclei without asymmetric division, though
that does not seem likely. Although interpretation of their observations is difficult, one of
the most important findings might be increased muscle strength, which can be determined
by torque measurements in clinical settings.

In addition to exercise, that in combination with dietary protein supplementation
might exert synergistic effects on maintenance of skeletal muscle mass and function in
various individuals [143,144]. As described above, leucin may have a key role. To determine
the effects of leucin ingestion on muscle protein synthesis after resistance exercise in elderly
male subjects, the results of infusion of isotope-labeled phenylalanine with leucin shown
in muscle biopsy specimens were examined [145]. At 24 h after exercise, protein synthesis
remained elevated in the leucin group as compared with the controls, which indicated
a potential impact of leucin in combination with exercise for muscle maintenance in the
older individuals. Additionally, it is possible that a combination of exercise with nutritional
support, especially leucin, has beneficial effects in HD patients [136], though clear evidence
remains lacking.

10. Conclusions

The modernization of society along with progress in medical treatments have led to
new disorders, such as frailty, sarcopenia, and PEW, especially in elderly HD patients. The
increased risk of those conditions has led to speculation and reservations regarding patient
care. On the other hand, intensive investigations have provided abundant new insights in
this field. A broad range of communication, from bench to bedside, and the reverse as well,
will be required. In clinical practice, incorporation of various therapeutic options should
also be considered, as such fusion will result in a much better outcome including extended
healthy life expectancy in elderly patients receiving HD treatments.
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Abstract: With the growing number of dialysis patients with frailty, the concept of renal rehabilitation,

including exercise intervention and nutrition programs for patients with chronic kidney disease

(CKD), has become popular recently. Renal rehabilitation is a comprehensive multidisciplinary

program for CKD patients that is led by doctors, rehabilitation therapists, diet nutritionists, nursing

specialists, social workers, pharmacists, and therapists. Many observational studies have observed

better outcomes in CKD patients with more physical activity. Furthermore, recent systematic reviews

have shown the beneficial effects of exercise intervention on exercise tolerance, physical ability,

and quality of life in dialysis patients, though the beneficial effect on overall mortality remains

unclear. Nutritional support is also fundamental to renal rehabilitation. There are various causes of

skeletal muscle loss in CKD patients. To prevent muscle protein catabolism, in addition to exercise, a

sufficient supply of energy, including carbohydrates, protein, iron, and vitamins, is needed. Because

of decreased digestive function and energy loss due to dialysis treatment, dialysis patients are

recommended to ingest 1.2-fold more protein than the regular population. Motivating patients to

join in activities is also an important part of renal rehabilitation. It is essential for us to recognize the

importance of renal rehabilitation to maximize patient satisfaction.

Keywords: renal rehabilitation; exercise; sarcopenia and frailty; nutritional support; protein synthesis;

muscle physiology; dialysis; physical activity; exercise tolerance; quality of life

1. Introduction

An aging society is a worldwide problem, especially in developed countries. For
example, more than 28% of Japan’s population was over 65 years old in 2018, the highest
proportion in the world, and by 2030, one-third of the population will be 65 or older and
one-fifth will be 75 or older. One of the main reasons for this phenomenon in the developed
countries is the prolonged life expectancy at birth. Fifty years ago, life expectancy at birth
in Japan was approximately 72 years, but it has since climbed to 84 years. On the contrary,
prolonged life expectancy is not equivalent to a healthier life expectancy at birth (HALE),
which is defined by the World Health Organization as the average number of years of full
health that a newborn could expect to live if he or she were to pass through life subject to
the age-specific death rates and ill-health rates of a given newborn. It has been reported
that the difference between HALE and life expectancy is approximately nine years in males
and 12 years in females [1]. The difference could be considered as equal to the number of
years of life during which one needs the support of nursing and family care, which patients
and healthcare providers should work together to minimize.

This phenomenon has also been observed in chronic kidney disease (CKD) patients,
including dialysis patients. As patients with the end stage renal disease (ESRD) rates tend to
rise with age, the 2018 annual data report by the United States Renal Data System revealed
that trends in the incidence rate of treated ESRD patients from 2003 to 2016 have remained
high in approximately half of countries [2]. The Japanese Society for Dialysis Therapy Renal
Data Registry (JRDR) reported that the number of chronic dialysis patients in Japan has
been increasing every year, and reached more than 339,841 patients (the prevalence ratio
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was 2688 per million population) with the mean age of all dialysis patients was 68.8 years at
the end of 2018 [3]. Thanks to great advances in dialysis technologies, the circumstances of
dialysis patients have been changing dramatically. For example, the proportion of facilities
with ultrapure dialysate (endotoxin level in dialysate lower than 0.001 EU/mL) increased
from 43.1% in 2009 to 74.6% in 2018 [3], and the number of patients treated with online
hemodiafiltration increased dramatically from 16,853 (5.8% of all maintenance dialysis
patients) in 2009 to 144,686 (42.0%) in 2019 in Japan [4]. All of these improvements may
contribute to a better quality of life and a lower mortality rate in dialysis patients in the
world, however, the Japanese registry data also show that the crude mortality rate in these
patients has been almost the same, approximately 10%, in recent years [4]. The reasons
for this phenomenon may vary, but an increase in the elderly population and changes in
social behaviors are considered important factors associated with an increase in dialysis
patients with lower physical activity and frailty, resulting in lower quality of life and higher
mortality. In fact, the proportion of dialysis patients who have been on dialysis for more
than 20 years increased from less than 1% in 1992 to 8.4% at the end of 2018 [3,5]. As a
result, the percentage of patients with multiple disabilities has also increased. In addition,
dialysis-related complications, including malnutrition, dialysis-related amyloidosis, and
skeletal joint disabilities, are still unsolved problems that significantly decrease patients’
quality of life [6–14]. Many clinical workers in dialysis centers in developed countries may
recognize the clinical relevance for patients with multiple disabilities, sarcopenia, joint
pain, and fatigue, despite advances in dialysis technologies. One solution to resolving this
issue is to extend the healthy life expectancy so that everyone can continue to live healthy
and autonomous lives. Efforts are underway in countries all over the world to develop
new treatment strategies to extend the healthy life expectancy of CKD patients, including
those on dialysis. Here, the history and concepts of renal rehabilitation, the current status
of the dialysis population, the implementation of renal rehabilitation in this population,
and future perspectives are reviewed.

2. History and Conception of Renal Rehabilitation

Previously, rest was considered one of the treatment options for CKD, especially for
patients with nephrotic syndrome, because there were reports in the 1990s suggesting that
exercise may worsen the level of proteinuria and renal function. As it became clear that
exercise-induced proteinuria was temporary and reversible without renal function loss,
exercise therapy for CKD patients gradually gained the interest of nephrologists, dialysis
health professionals, and rehabilitation therapists. At the same time, there has been an
increase in the elderly population and an increase in the rate of frailty in CKD patients
in the world. Since frailty is closely associated with higher mortality and lower quality
of life, there is an urgent need to clarify the effects of exercise intervention in CKD pa-
tients [12,13,15,16]. To address these concerns, the Japanese Society of Renal Rehabilitation
(JSRR) was established in 2011. Rehabilitation is defined by the WHO as “all means to
alleviate the effects of conditions that may bring about disabilities and social disadvan-
tages and achieve social integration of people with disabilities and social disadvantages.”
Renal rehabilitation was defined as “a long-term comprehensive program consisting of
exercise therapy, diet therapy and water management, drug therapy, education, psycholog-
ical/mental support, etc., to alleviate physical/mental effects based on kidney disease and
dialysis therapy, prolong the life expectancy, and improve psychosocial and occupational
circumstances.” Rehabilitation in its original form means conducting all possible treatments
and exhausting all support options to help kidney disease patients smoothly achieve social
rehabilitation instead of simply implementing exercise therapy. Because renal rehabilitation
is a comprehensive, multidisciplinary concept for patients with CKD, it is essential that
the healthcare professionals associated with CKD treatment, including doctors, rehabili-
tation therapists, diet nutritionists, nursing specialists, social workers, pharmacists, and
therapists, collaborate. All of these health professionals are equally essential components
of the program [17]. On the November 2016, a group of international researchers and
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clinicians first met as the Global Renal Exercise (GREX) Working Group to discuss research
priorities related to exercise in CKD at Chicago. They are having regular meetings to foster
collaborative research and innovations across multiple disciplines to develop effective and
feasible strategies to increase physical activity in CKD patients. Nowadays, many study
groups in the world are working for renal rehabilitation.

3. Guidelines for Renal Rehabilitation

While a number of papers and narrative reviews regarding exercise in CKD have been
published in the 2010’s, there was no comprehensive guidelines related to exercise and
physical activity for patients with CKD. The Kidney Disease Improving Global Outcomes
(KDIGO) 2012 clinical practice guideline and other guidelines recommended to increase
physical activity levels [18]. In 2013 and 2014, both the Exercise and Sports Science Australia
position statement and the American Colleges of Sports Medicine guideline recommended
aerobic, resistance, and flexibility exercises in CKD patients [19,20]. However, at this
point, there was no specific suggestions regarding the types, intensity, and volume of
specific types of exercises for CKD patients. The JSRR published the “Guide for Renal
Rehabilitation for Predialysis Stage Renal Failure” on their website in 2016 to clarify the
recommended exercise menus for CKD patients. Moreover, exercise therapy for diabetic
patients with CKD were newly approved by the health insurance system of Japan in 2016.

Through these developments, the clinical practice guidelines for renal rehabilitation by
the JSRR were established in 2018 [21]. This was the one of the first sets of clinical practice
guidelines for renal rehabilitation based on systematic reviews and body of evidence. Since
exercise therapy is the core of a comprehensive renal rehabilitation program, the relatively
rich literature about exercise therapy for CKD patients was primarily reviewed. Thereafter,
a number of systematic reviews for physical activity, renal function, lifestyle change in
CKD including dialysis patients, as well as international surveys and editors’ commentary,
has been published in recent years [22–32].

4. Physical Activity in Dialysis Patients

Physical activity levels in dialysis patients are drastically reduced compared to the
general elderly population, because dialysis patients tend to have sedentary lifestyles on
the day of dialysis, probably due to inactivity for the dialysis procedure and postdialy-
sis fatigue syndrome [33–36]. It has been reported that the physical activity of dialysis
patients is 17% lower on dialysis days than on nondialysis days [36]. Dialysis patients
are often exposed to several factors associated with decreased physical activity, such as
catabolic disorders that may cause loss of muscle mass and lead to sarcopenia [37], mito-
chondrial dysfunction [38,39], and comorbidities such as anemia [40], bone and mineral
disorders [41], protein energy wasting, diabetes, neurological dysfunction [15,42], and
cardiovascular dysfunction [43]. A recent study of nursing home residents in the United
States showed that the initiation of dialysis was associated with a decline in functional
status, independently of age, sex, race, and functional status trajectory before the initi-
ation of dialysis [44]. Consequently, the physical function of elderly dialysis patients is
reportedly approximately half that of the general population [45]. The prevalence of frailty
in the ESRD population in the United States is very high and is strongly associated with
mortality and hospitalization, even after adjustment for well-established risk factors across
multiple domains [46]. Frailty is a similar but not identical concept to sarcopenia. Frailty
includes age-associated declines in lean body mass, strength, endurance, balance, walking
performance, low activity, and physiological disorders, and the diagnostic criteria of the
Cardiovascular Health Study (CHS), the FRAIL scale, or criteria for domestic populations
such as the Japanese version of the CHS criteria (J-CHS) have often been used in clinical
practice [47–49]. More importantly, frailty is a concept of reversible physical, cognitive,
and/or social disability, which rehabilitation may play an important role to overcome
it [50,51].
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Physical activity and exercise habits are closely associated with better outcomes. The
Dialysis Outcomes and Practice Pattern Study (DOPPS) reported that patients who habit-
ually exercised more than once a week had better outcomes across all DOPPS countries
regardless of physical status or social factors [52]. Many observational studies have sug-
gested an association between physical activity and lower mortality in both CKD and
dialysis patients [13,26,53,54]. Matsuzawa et al. also reported that dialysis patients with
physical activity of more than 50 min per day and who took a median of approximately
4000 steps a day had better outcomes [55]. Even in patients with CKD with multiple disabil-
ities, it was reported that a less sedentary lifestyle was associated with better outcomes [56].
Of course, a higher level of activity is desirable not only in terms of dialysis mortality, but
also for general health; however, efforts to avoid a sedentary lifestyle are the first and most
important step for dialysis patients with frailty.

On the contrary, there is still a large gap between theoretical knowledge and real-world
clinical practice. The JRDR reported that more than 60% of dialysis patients of all ages and
dialysis vintages did not have an exercise habit. The proportion of patients without an
exercise habit increased with older age and longer dialysis vintage. In Japanese patients
older than 75 years and with a dialysis vintage of over 40 years, for example, almost 80% of
patients had no exercise habit [3]. A recent study indicated that only 6.9% of CKD patients
met the recommended physical activity levels [57].

5. Exercise Tolerance in CKD Patients

Exercise is not only performed by skeletal muscle contraction. The energy supplied
by the circulatory and respiratory systems is needed for skeletal muscle contraction. These
interactions between metabolic, circulatory, and respiratory functions are called “Wasser-
man’s gear” (Figure 1) [58]. This schematic diagram demonstrates the importance of
cooperative work among the skeletal muscle, cardiovascular system, respiratory system,
and nervous system to achieve exercise tolerance. The intensity of aerobic exercise training
is a key issue in renal rehabilitation, since exercise intensity is directly linked to both the
amount of improvement in exercise capacity and the risk of adverse events during exercise.
Therefore, although assessing muscle function is an essential part of exercise, we need to
undertake a comprehensive assessment of these organs to assess exercise tolerance.

Figure 1. Wasserman’s gear.

Exercise tolerance is defined by oxygen-dependent biological systems, the respiratory
system, and the circulatory system, and by oxygen consumption by mitochondria in
muscular tissue, as described above. Peak oxygen uptake (VO2) and the first and second
ventilatory thresholds (i.e., the physiological descriptors of the O2 transport and utilization
system in response to exercise) are the gold-standard references for the evaluation of
aerobic metabolic function and, consequently, for aerobic exercise intensity assessment
and prescription [59]. Cardiopulmonary exercise testing (CPX) may be the most widely
used method to assess exercise tolerance. The clinician’s guidelines for exercise testing,
with a comprehensive overview of CPX, are described in detail in the scientific statement
paper from the American Heart Association [60]. Modern CPX systems allow for the
analysis of gas exchange at rest, during exercise, and during recovery and yield through
breath-by-breath measures of oxygen uptake, carbon dioxide output, and ventilation. As a
consequence, they also allow for the analysis of the submaximal index of exercise capacity,
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called the anaerobic threshold (AT) or ventilatory threshold (VT). These parameters are
often measured before initiating renal rehabilitation to achieve treatment goals efficiently
and safely.

As described above, most CKD patients have very low exercise tolerance because of a
decrease in muscle mass due to CKD-related catabolic status, mitochondrial dysfunction,
cardiovascular complications, CKD-related mineral bone disorders, and anemia. Exercise
tolerance is a strong prognostic factor associated with mortality independent of renal
function. In fact, it has been reported in patients with renal transplantation that recovery
from physical dysfunction and cardiovascular risks is limited after improvement of renal
function [61]. Therefore, increasing or maintaining exercise tolerance is a key factor to
improve quality of life in CKD patients.

6. Muscle Energy Metabolism and Nutrients

6.1. Mechanisms of Adenosine Triphosphate (ATP) Production

Skeletal muscle contraction is a movement produced by the free energy extracted by
the hydrolysis of adenosine triphosphate (ATP). ATP is produced in the muscle anaero-
bically and aerobically. The earliest mechanism for ATP production in the muscle is the
creatine phosphate pathway, which utilizes the creatine phosphate (PCr) stored in skeletal
muscle (Figure 2). This is a kind of reserve mechanism for high-intensity exercise, where
energy demand rises rapidly. However, performance is usually maintained for only approx-
imately 10 s. Thereafter, another anaerobic ATP production system, called the glycolysis
pathway, produces 2ATP from glycogen, whose metabolic capacity is about one-half to
one-seventh that of the PCr pathway. Then, the main body of ATP production is gradually
switched from anaerobic to aerobic exercise, which can produce ATP under oxygen supply.
Therefore, organs in the Wasserman’s gear are very important players in aerobic exercise.
In order to produce ATP aerobically, energy sources, including sugars, lipids, and proteins,
are needed. Sugars and lipids are preferentially used for ATP production. Thereafter, most
of the ATP for exercise is produced through the tricarboxylic acid cycle (TCA cycle or Krebs
cycle) and the electron transport chain [62].

Figure 2. Mechanisms of adenosine triphosphate (ATP) production in muscle. ADP, adenosine

diphosphate; TCA, tricarboxylic acid.

6.2. Synthesis of Skeletal Muscle and Its Related Nutrients

Muscle is the most important and largest site of storage of amino acids in the body.
After digestion, carbohydrates are broken into glycogen, proteins into amino acids, and
lipids into fatty acids. Glycogens and muscle protein formed by amino acids are stored in
the muscle. When glycogen is used up and/or malnutrition is present, muscle protein is
broken down into amino acids. When performing exercise therapy, it is necessary to supply
additional energy to replace the energy burned by exercise, based on METs (metabolic
equivalents). The amount of replenishment energy is calculated as 1.05 × METs × time ×

body weight. In addition, because elderly people have a higher amino acid threshold for
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anabolic and lower gastrointestinal absorption capacity, more protein is needed to maintain
the nitrogen balance.

Ingestion of branched-chain amino acids (BCAAs) such as valine, leucine, and isoleucine,
especially leucine and its metabolite 3-hydroxy-3-methylbutanoic acid, is important to pro-
mote the synthesis of skeletal muscle protein [63]. BCAAs are abundant in dairy products
and animal proteins.

Maintaining high blood amino acid levels after exercise is important for skeletal
muscle maintenance and enhancement. BCAA-rich whey protein can relatively rapidly
increase the level of blood amino acid concentration after ingestion, while casein and
soy protein have a relatively slow digestion and absorption rate. Approximately 20%
of milk protein consists of whey protein and 80% of that consists of casein. Therefore,
milk protein is expected to both promote and sustain muscle protein synthesis. A recent
meta-analysis reported that glycogen synthesis rates are enhanced when carbohydrates
and protein are co-ingested after exercise compared to carbohydrates only, when the added
energy of protein is consumed in addition to, not in place of, carbohydrates, suggesting
the importance of an increase in the energy intake [64]. It is well known that modulating
postexercise nutrition is an effective approach to enhance the replenishment of muscle
glycogen stores. Considering the absorption time, it may be preferable to ingest protein and
carbohydrates before exercise, or just after exercise in the case of fast-absorbing nutrients
such as milk protein or amino acids. For athletes, it is recommended to ingest 1.2 g/kg of
carbohydrates per hour for 4–6 h postexercise and 0.3 g/kg of a high-quality protein to
stimulate muscle protein synthesis and repair [65]. This recommendation for athletes may
not be exactly suitable for ESRD patients; however, we need to keep in mind that nutritional
support is important for improving muscle functions and physiological performance in
ESRD patients.

6.3. Muscle Energy Metabolism and Nutrients in CKD

Skeletal muscle atrophy in renal dysfunction begins in the early stages of CKD and
progresses with the progression of renal impairment [66]. Skeletal muscle atrophy is
caused by an imbalance between protein synthesis and degradation, but there are various
causes of skeletal muscle loss in CKD patients [67]. It was reported that the pathophysi-
ology of muscle wasting and weakness is complex and multifactorial. One or more of (1)
insufficient nutritional intake; (2) catabolic effects of dialysis therapy; (3) hormonal abnor-
malities of anabolic hormones (e.g., testosterone, growth hormone, insulin-like growth
factor-1), catabolic hormones (e.g., cortisol), or thyroid hormone; (4) chronic inflammation;
(5) metabolic acidosis; and (6) concurrent comorbidities [68]. Patients with CKD have a
high prevalence of protein energy malnutrition. In order to avoid extra release of muscle
protein and to retain muscle in the body, it is essential to meet one’s energy requirements
to keep nitrogen balance in CKD patients. For dialysis patients, a 30–35 kcal/kg/day
energy intake is recommended, because the estimated energy leak during 4 h of dialysis is
approximately 300 kcal. In addition, during the dialysis session, there is a 6–13 g amino
acid loss, as well as albumin losses by dialysis circuit absorption and by leakage from the
dialysis membrane. Therefore, it is usually recommended to ingest 1.0 to 1.2 g/kg/day of
protein, which is 1.2 times higher than recommended for healthy individuals. Furthermore,
elderly people should increase their protein intake by 20%.

In addition to protein and energy intake, sufficient intake of vitamins and minerals
such as vitamin D and iron is also very important to prevent muscle protein catabolism [69].
Vitamin D deficiency is common phenomenon in CKD patients. It is reported that maintain-
ing appropriate vitamin D levels is crucial to protect muscle from significant atrophy [70].
Moreover, iron deficiency in skeletal muscle metabolism is strongly associated with lower
exercise tolerance independent from anemia, since it is an essential component of oxygen
uptake, transport, storage, erythropoiesis, the mitochondrial electron transport chain, and
antioxidant enzymes [71]. Uremic toxins such as indoxyl sulfate induce oxidative stress
and reduce exercise tolerance and mitochondrial function [72]. There is a report suggesting
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that reducing the level of indoxyl sulfate results in improvement of exercise tolerance and
skeletal muscle function [73]. It has also been reported that EPA and DHA have the effect of
suppressing skeletal muscle decomposition [74]. Milk contains a lot of vitamin D, which is
necessary for maintaining skeletal muscle. Though it is a very promising ingredient, proper
serum phosphorus concentration control using a phosphorus binder is also important. It
was reported in the USA that higher protein intake and a concurrent decline in serum
phosphorus appear to be associated with the lowest mortality, and diligent use of potent
phosphorus binders may be helpful in the dialysis population [75]. The risk of controlling
serum phosphorus by restricting dietary protein may outweigh the benefits of controlled
phosphorus and may lead to greater mortality.

7. Efficacy of Exercise in Dialysis Patients

With the increase in studies and review papers suggesting the benefits of physical exer-
cise for dialysis patients [76–78], scientific societies started to recommend exercise therapy
for dialysis patients in the 2010s. In 2012, the KDIGO clinical practice guidelines for CKD
encouraged participants to undertake physical activity compatible with cardiovascular
health and tolerance, aiming for at least 30 min, five times per week [18]. In 2013, Exercise
& Sports Science Australia issued a position statement concerning exercise therapy for CKD
patients that describes specific methods of exercise therapy for patients with end-stage
kidney disease, both during dialysis and on nondialysis days [19]. It recommends up to
180 min of aerobic exercise with an intensity of 11–13 on the rating of perceived exertion
(RPE) scale, 8–12 sessions of resistance exercises with a 60–70% repetition maximum on
two nonconsecutive days per week, and 10 min of flexibility exercise 5–7 days per week for
dialysis patients. In 2014, the American College of Sports Medicine released its guideline
for exercise testing and prescription [20], and specific methods and cautions about exercise
therapy for dialysis patients are presented in the latest edition. These guidelines in the
2010s were the standards for exercise therapy in the dialysis population. However, most of
these recommendations were based on observational studies, and it was unclear whether
exercise intervention was effective for dialysis patients with frailty, until 2018. In 2018,
what was, to the best of my knowledge, the first set of evidence-based clinical guidelines
for exercise therapy in dialysis patients was published [21,79].

In this systematic review, survival, exercise tolerance, QOL, physical ability (walk-
ing ability), physical function (muscle strength), muscle mass, albumin, activity of daily
living, Kt/V (a marker of dialysis adequacy), and C-reactive protein (CRP) were selected
as outcomes. A meta-analysis of 41 randomized controlled trials demonstrated the sig-
nificant efficacy of exercise therapy on exercise tolerance (mean difference (MD) in VO2:
5.25 L/min/kg, 95% confidence interval (CI): 4.30–6.20 L/min/kg), QOL (MD of physi-
cal component summary: 7.39, 95% CI: 2.26–12.51; MD of mental component summary:
9.46, 95% CI: 0.26–18.65), physical ability (MD of 6 min walking distance: 30.2 m, 95% CI:
24.22–36.07 m), and Kt/V (MD: 0.07, 95% CI: 0.01–0.14) (Figures 3–6) [21]. Similar results
were found in another systematic review [23]. However, no statistically significant dif-
ference was noted in terms of muscle strength, muscle mass, albumin, or CRP, although
they were all improved. In addition, no significant improvement in survival was observed,
perhaps due to the small number of events.
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Figure 3. The effects of the exercise intervention on the changes in the exercise tolerance (VO2 peak)

of dialysis patients [21,79]. SD, standard deviation; CI, confidential interval; IV, inverse variance;

VO2, VO2.

 

Figure 4. The effects of the exercise intervention on the changes in the quality of life of dialysis

patients [21,79]. SD, standard deviation; CI, confidential interval; IV, inverse variance.

Figure 5. The effects of the exercise intervention on the changes in the 6 min walking distance of

dialysis patients [21,79]. SD, standard deviation; CI, confidential interval; IV, inverse variance.

Figure 6. The effects of the exercise intervention on the changes in the 6 min walking distance of

dialysis patients [21,79]. SD, standard deviation; CI, confidential interval; IV, inverse variance.
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As for the duration and type of exercise, it has been reported that more than six
months of intradialytic exercise intervention has significant effects on exercise tolerance
(VO2) [80]. The same meta-analysis showed that the improvement in exercise tolerance was
greater in clinical studies using both aerobic exercise therapy and resistance training than
in studies using aerobic exercise therapy alone. There has also been a report showing that
the improvement in exercise tolerance is greater with exercise therapy under supervision
on nondialysis days, despite a larger number of dropouts [81]. In conducting exercise
therapy, the relationship between such specific methods and the effectiveness of exercise
therapy must be considered. It is highly significant that physical ability and QOL were
improved by exercise, as these are two major components of renal rehabilitation. In this
respect, renal rehabilitation plays a major role in achieving the goals of dialysis therapy.
In the future, it will be necessary to validate the optimal method of exercise therapy for
peritoneal dialysis patients and its effectiveness.

In addition, a recent study suggested that exercise may increase the levels of nitric ox-
ide and myokines and decrease the level of activated oxygen, which are associated with im-
provements in capillary function, insulin resistance, and other aging-related factors [82,83].

8. Implementation of Exercise in Dialysis Patients

The target of exercise therapy is patients with a stable physical condition. The three
important steps for exercise therapy in dialysis patients are prior physical evaluation,
prescription of an adequate exercise menu, and provision of a continuous support program.
Since dialysis patients often have cardiovascular complications, it is essential to promptly
assess before prescription whether the patient’s cardiovascular functions and laboratory
data, including serum potassium and anemia, are amenable to exercise therapy. In diabetic
patients, diabetic complications, including retinopathy, neuropathy, and diabetic foot, may
affect the target levels of exercise. If some vital changes are observed, it is preferable to
stop exercise until the problems are resolved.

8.1. Prior Evaluation

The guidelines for rehabilitation in patients with cardiovascular disease by the Japanese
Circulation Society state that, prior to beginning exercise training programs, participants
should be assessed for clinical status and should undergo examinations at rest and ex-
ercise stress tests to determine the appropriateness of exercise training and to establish
the appropriate exercise prescriptions [84]. Acute or uncontrolled cardiovascular diseases
are contraindications for exercise. Those with a blood pressure ≥180/100 mmHg, a fast-
ing blood glucose level ≥250 mg/dL, and a body mass index ≥30.0 are also considered
contraindications for exercise. In addition, the goals of rehabilitation should be modi-
fied based on the patient’s condition. See details in these guidelines or the JSRR renal
rehabilitation guidelines.

8.2. Four Components of an Exercise Intervention

There are four main components in an exercise intervention: aerobic exercise, repre-
sented by walking and swimming; resistance training, represented by push-ups and squats;
flexibility exercise, represented by stretching; balance training, represented by standing
on one leg (Figure 7). The examples of four types of exercise can be seen in the National
Institute on Aging homepage [85]. At this point, it is still unclear which combination is
the best for dialysis patients. Most previous papers chose a combination of aerobic and
resistance training with some flexibility training. Recent studies of patients with severe
renal impairment comparing the effectiveness of resistance training and balance training
concluded that the beneficial effects on physical activity and renal function were similar
in both groups [86,87]. Therefore, it is preferable to combine these components in a bal-
anced way or to modify them individually to maximize the treatment effects of exercise in
dialysis patients.
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Figure 7. Components in an exercise intervention.

8.3. Menu of Exercise Intervention

The JSRR guidelines recommend that dialysis patients evaluate the causes of walking
disability if they have a decreased comfortable walking speed (<1.0 m/s) or short physical
performance battery (SPPB) (<12 points) [79]. If patients do not have a walking disability,
the first target goal is more than 4000 steps on nondialysis days and walking more than
30 min more than five days per week. In addition, evaluations should be done every
six or 12 months. In patients with physical disability, lower-grade center exercise with
supervisors should be undertaken.

The exercise prescription should be based on the concept of “FITT”: frequency, inten-
sity, time, and type of exercise. On this point, an example of a suitable exercise program for
dialysis patients is a combination of aerobic exercise (e.g., walking ≥ 30 min, five times
per week), resistance training (e.g., Thera-band exercise for 10–20 min with a rating of
perceived exertion (RPE) of 13–17), and balance training (e.g., double-/single-leg balancing
for 5 min 3–5 times a week) [79]. As described before, the rate of frailty in dialysis patients
is very high. Therefore, it is preferable to start with a low intensity and adjust it based on
the patient’s physical condition.

9. Barriers to CKD-Specific Exercise Behavior

Why are dialysis patients sedentary? There are barriers to exercise that keep real
clinical practice from adhering to the evidence. In other words, in addition to exercise
prescriptions, continuous support programs are essential to achieve our goals, especially in
the dialysis population. What are the factors associated with behavioral change? Everyone
hesitates over starting exercise because of bad weather, no time, not feeling like it, etc. A
study from the U.K. suggested some key factors associated with behavioral changes in
CKD patients. They reported that barriers to exercise included physical factors (frailty,
anemia, and aging), mental factors (fear of injury or aggravating their condition), absence
of motivational support (familial support, encouraging, enjoyment, adequate goals, and
accomplishment), and environmental factors (supervisors, facilities, and weather) [88].
Poor physical condition as a result of both comorbid conditions and CKD-related symptoms
(fatigue, joint pain, and shortness of breath) [89] was felt by the participants to be the
predominant barrier to exercise. The perceived psychological barriers to exercise included
fear of injury. Some concerns about exercise may be partly due to the lack of information
patients receive about the benefits of exercise from healthcare professionals [57]. Patients
expressed a need for tailored advice and support from their healthcare professionals
regarding the specific exercises that are safe and appropriate for renal patients.

The Standardized Outcomes in Nephrology—Hemodialysis (SONG-HD) study group
reported that the core outcomes that are critically important for dialysis patients and
health professionals to avoid are fatigue, cardiovascular disease, vascular access, and
mortality [90]. Additionally, a patient-reported outcome (PRO) study from Canada reported
that the major barriers for the remaining patients were fatigue (55%), shortness of breath
(50%), and weakness (49%). If the patients were going to exercise, they wanted to exercise
at home (73%) using a combination of aerobic and resistance training (41%), regardless
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of modality or age category [91]. While most trials have reported beneficial effects on
biochemical parameters and possible benefits in terms of reduced mortality, these PRO
studies suggest that these promising results are less important for dialysis patients and may
not motivate them to stick to an exercise regimen. Rather, they are more interested in how
to relieve fatigue and how to recover energy for their daily lives. Therefore, it is essential
for us to understand these barriers and to provide continuous support programs to achieve
patient satisfaction. In order to keep exercising regularly and actively for a long time, it
may be necessary to prescribe a customized “My pace” program, an easy “Accessible”
program, and an enjoyable “Together” program: A combined concept of “MAT: My pace,
Accessible, and Together”.

10. Conclusions

Dialysis-associated health professionals often act as first-line healthcare providers,
not unlike home doctors, for dialysis patients. Therefore, they may be considered the best
gatekeepers of renal rehabilitation who need to contact other healthcare professionals, such
as rehabilitation therapists, diet nutritionists, nursing specialists, social workers, pharma-
cists, and therapists, to coordinate the patient’s renal rehabilitation. Renal rehabilitation
is a relatively new concept. Based on the urgent needs of an elderly society, especially in
advanced countries, it is necessary to combine our multidisciplinary knowledge, gather
new evidence, and create a sustainable environment for renal rehabilitation.
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Abstract: In the general population, obesity is known to be associated with adverse outcomes,

including mortality. In contrast, high body mass index (BMI) may provide a survival advantage for

hemodialysis patients, which is known as the obesity paradox. Although BMI is the most commonly

used measure for the assessment of obesity, it does not distinguish between fat and lean mass. Fat

mass is considered to serve as an energy reserve against a catabolic condition, while the capacity

to survive starvation is also thought to be dependent on its amount. Thus, fat mass is used as a

nutritional marker. For example, improvement of nutritional status by nutritional intervention or

initiation of hemodialysis is associated with an increase in fat mass. Several studies have shown that

higher levels of fat mass were associated with better survival in hemodialysis patients. Based on body

distribution, fat mass is classified into subcutaneous and visceral fat. Visceral fat is metabolically

more active and associated with metabolic abnormalities and inflammation, and it is thus considered

to be a risk factor for cardiovascular disease and mortality. On the other hand, subcutaneous fat has

not been consistently linked to adverse phenomena and may reflect nutritional status as a type of

energy storage. Visceral and subcutaneous adipose tissues have different metabolic and inflammatory

characteristics and may have opposing influences on various outcomes, including mortality. Results

showing an association between increased subcutaneous fat and better survival, along with other

conditions, such as cancer or cirrhosis, in hemodialysis patients have been reported. This evidence

suggests that fat mass distribution (i.e., visceral fat and subcutaneous fat) plays a more important

role for these beneficial effects in hemodialysis patients.

Keywords: fat mass; visceral fat; subcutaneous fat; nutrition; mortality; body mass index; obe-

sity paradox

1. Introduction

In patients with chronic kidney disease (CKD), especially those undergoing mainte-
nance hemodialysis therapy, poor nutritional status is a common and important compli-
cation. Various terms and definitions have been applied for conditions associated with
malnutrition, such as loss of muscle and fat tissue, and inflammation, including uremic mal-
nutrition [1], protein–energy malnutrition [2], malnutrition–inflammation atherosclerosis
syndrome [3], and malnutrition–inflammation complex syndrome [4]. To avoid confusion,
the International Society of Renal Nutrition and Metabolism (ISRNM) has recommended
the term protein–energy wasting (PEW) [5]. The four main established categories now
recognized for diagnosis of PEW are biochemical criteria and include low body weight
and reduced total body fat, weight loss, decrease in muscle mass, and low protein or
energy intake.

Several studies have shown that PEW is a significant risk factor for low quality of
life, muscle weakness, hospitalization, and mortality; thus, nutritional assessment of
hemodialysis patients is important to avoid development and progression of PEW. Body
fat mass is considered to be a nutritional parameter, since low fat mass is one of the
factors examined for diagnosis of PEW. In the general population, an increase in fat mass,
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particularly visceral fat mass, is considered to be a risk factor for cardiovascular disease
(CVD) and mortality, whereas in hemodialysis patients, such an increase may represent
improved nutritional status and better survival. This review focuses on the associations
of fat mass and its distribution (i.e., visceral fat and subcutaneous fat) with outcomes,
particularly mortality, in patients undergoing hemodialysis. The purpose of this article is to
clarify an ambiguous role of fat mass, so-called reverse epidemiology, with the difference
among the general population and hemodialysis patients. The search terms I used to collect
the bibliography were fat mass, adipose tissue, obesity, dialysis, kidney, mortality, and
nutrition. A comprehensive literature search was preformed using PubMed from January
1980 to January 2021.

2. Higher Body Mass Index Is Related to Better Survival in Hemodialysis Patients

Obesity, primarily defined by excess body fat mass, is highly prevalent and increasing
worldwide and has been found to be associated with serious outcomes, including diabetes,
hypertension, CVD, and mortality [6,7]. Body mass index (BMI) is considered to be a
reasonably good measure of general adiposity, and thus, the most common method for
defining obesity is based on that. Despite the high risk of adverse outcomes in the general
population, high BMI may be associated with a survival advantage in CKD patients, which
is known as the obesity paradox or reverse epidemiology of obesity [8,9]. Other than CKD,
the obesity paradox has also been observed in various clinical settings, including cases of
chronic heart failure [10], chronic obstructive pulmonary disease [11], and cancer [12], as
well as elderly patients [13].

In 1982, Degoulet et al. reported that high BMI in 1453 French hemodialysis patients
was not associated with cardiovascular mortality or all-cause mortality [14]. Using data
from the United States Renal Data System (USRDS), Leavey et al. also found no evidence
of increased mortality risk related to higher values of BMI in 3607 hemodialysis patients
(BMI 24.4 ± 5.3 kg/m2 (mean ± SE)) in follow-up examinations conducted over a five-year
period [15]. In another study, Fleischmann et al. noted that compared with normal-weight
(BMI 20–27.5 kg/m2), the one-year survival rate was significantly greater in overweight
hemodialysis patients (BMI ≥ 27.5 kg/m2, 38% of 1346 patients), a paradoxical finding
when compared to the general population [16]. Additionally, that study showed that with
a one-unit increase in BMI over 27.5 kg/m2, the relative risk for mortality was reduced by
30% (p < 0.04).

Johansen et al. investigated the relationship between BMI and survival in USRDS data
obtained for 418,055 patients who had started hemodialysis [17]. They found that high
BMI was associated with increased survival over a two-year averaged follow-up period
after adjustments for demographic, laboratory, and comorbidity data, even in subjects
with extremely high BMI. Furthermore, high BMI was also associated with reduced risk
of hospitalization. These results were observed for Caucasian, African American, and
Hispanic subjects, but not for Asians. Additionally, alternative estimates of adiposity,
including the Benn index and estimated fat mass, yielded similar results, and adjustments
for lean body mass did not substantially alter the findings. A meta-analysis was also
conducted, which showed that for every 1 kg/m2 increase in BMI, the reduction in risk of
all-cause mortality was 3% (hazard ratio (HR) 0.97; 95% CI 0.96–0.98, n = 89,332), and the
risk of cardiovascular mortality was reduced by 4% (HR 0.96; 95% CI 0.92–1.00, n = 8918)
in the study cohort [18].

Hemodialysis patients can often experience fluctuations in body weight resulting
from changes in dietary intake and comorbidity status, and several studies have shown
that body weight changes are strongly associated with mortality [19]. Chazot et al. con-
ducted a prospective observational study of 5592 incident hemodialysis patients (age
64.4 ± 16.5 years, 40.9% females, 27.7% diabetics) in Southern Europe who were followed
for 2.0 ± 1.6 years [20]. The four categories used for baseline BMI—underweight, normal
range, overweight, and obese—were found to significantly influence survival. With the
normal BMI range used as a reference, HR (95% CI) was 0.74 (0.67–0.90) for overweight
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and 0.78 (0.56–0.87) for obese patients, suggesting an association of higher BMI, even in
obese subjects, with better survival. Moreover, when compared to patients in whom body
weight remained stable during the first year after initiation of hemodialysis, survival was
significantly lower in those with a decrease in body weight (less than −5.8% in one year)
with an HR of 1.60 (95% CI 1.20–2.14).

Kalantar-Zadeh et al. explored the effects of both baseline and changes in BMI on
all-cause and cardiovascular mortality in a two-year study of 54,535 patients receiving
maintenance hemodialysis in the United States (age 61.7 ± 15.5 years, 54% males, 45%
diabetics) [21]. They found that obesity, including morbid obesity, was associated with
better survival and reduced cardiovascular death even after accounting for changes in
BMI and laboratory values over time. In examinations of the regression slope of change in
weight over time, progressively worsening loss was associated with poor survival, whereas
weight gain showed a tendency for decreased cardiovascular death.

Chang et al. examined the association of changes in body weight after initiation of
hemodialysis treatment with all-cause mortality in a study conducted in the United States
that included 58,106 patients [22]. Compared with the reference group (−2% to 2% weight
change occurring between first and fifth months), the mortality HR (95% CI) value during
the first five months for patients with −6% to −2% weight loss was 1.08 (1.02–1.14), while
that in those with greater than or equal to −6% weight loss was 1.14 (1.07–1.22). When
weight changes from 5 to 12 months were considered, the association between such change
and mortality was even stronger. Each 4% increase in weight between the 5th and 12th
months was associated with an HR value of 0.92 (95% CI 0.90–0.93; p < 0.001), whereas the
same degree of weight change was associated with an HR value of 0.96 (95% CI 0.95–0.98;
p < 0.001) over the first 5 months.

Doshi et al. examined the association between BMI and all-cause mortality in a study
of 123,624 adult maintenance hemodialysis patients in the United States (age 61 ± 15 years,
45% females, 32% African Americans) using marginal structural model analysis, a technique
that accounts for time-varying confounders [23]. They confirmed that BMI had a linear
incremental inverse association with mortality. In marginal structural model analysis
results, as compared with the reference (BMI 25 to <27.5 kg/m2), BMI < 18 kg/m2 was
associated with 3.2-fold higher death risk (HR 3.17; 95% CI 3.05–3.29), while mortality
risk declined with increasing BMI, with the greatest survival advantage, 31% lower risk
(HR 0.69; 95% CI 0.64–0.75), observed in patients with a BMI value ranging from 40 to
<45 kg/m2.

Stenvinkel et al. examined the relationship between BMI and all-cause mortality in
5904 European incident hemodialysis patients, accounting for inflammation [24]. Patients
were classified based on the presence (n = 3231) or absence (n = 2673) of inflammation (de-
fined as C-reactive protein ≥10 mg/L and /or albumin ≤35 g/L) and then further divided
into quintiles by BMI. Higher BMI was associated with lower mortality risk in patients with
inflammation, whereas no protective effect was associated with the higher BMI quintile
in patients without inflammation. In the Dialysis Outcomes and Practice Patterns Study
(DOPPS), Leavey et al. evaluated relationships between BMI and mortality in hemodialysis
subpopulations defined by continent, ethnicity, gender, tertile of illness severity (based on a
score derived from comorbid conditions and serum albumin concentration), age, smoking,
and diabetic status [25]. The relative mortality risk was found to decrease with increasing
BMI. That result was statistically significant in all subjects, except for the smallest subgroup
of patients who were <45 years old and also in the healthiest tertile of comorbidity.

It has also been reported that the association between weight change and mortality is
less apparent in obese hemodialysis patients. In 6296 European patients with prospective
data collected every 6 months for 3 years (age 64 ± 14 years, 61% males, 31% diabetics,
BMI: 25.3 ± 4.9 kg/m2), Cabezas-Rodriguez et al. examined the influence of BMI on the
association of short-term weight change with mortality [26]. Compared with stable weight
(±1%), weight loss (>1% weight decline) in the whole cohort was strongly associated
with higher mortality, while weight gain (>1% weight increase) had an association with
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lower mortality. After stratification by BMI categories, this remained true when nonobese
categories were used, especially in underweight patients. As for obese patients, the associ-
ation of weight loss with mortality was attenuated and no longer statistically significant
(HR 1.28; 95% CI 0.74–2.14), and no survival benefit was seen in association with gaining
weight (HR 0.98; 95% CI 0.59–1.62), indicating potential resistance to the development
of wasting in obese hemodialysis patients. These results suggested that the association
between body size and mortality in hemodialysis patients might be affected by baseline
health and nutritional status.

Previous studies of the association between BMI and mortality have shown conflicting
results obtained with nondialysis-dependent CKD patients [27]. Madero et al. reported
that high BMI had no protective effect on 1759 CKD patients with a mean estimated
glomerular filtration rate (eGFR) of 39 ± 21 mL/min/1.73 m2 [28]. In 920 Swedish pa-
tients with advanced kidney dysfunction (serum creatinine level >3.4 mg/dL in males,
>2.8 mg/dL in females), Evans et al. reported that high BMI was associated with lower
mortality [29]. Similarly, in a study of 521 male veterans in the United States with CKD
(age 68.8 ± 10.4 years, eGFR 37.5 ± 16.8 mL/min/1.73 m2), Kovesdy et al. reported that
higher BMI was associated with lower mortality in groups with BMI in the 10th to 50th,
50th to 90th, and >90th percentiles versus the <10th percentile, noting values of 0.75
(95% CI 0.46–1.22), 0.56 (95% CI 0.33–0.94), and 0.39 (95% CI 0.17–0.87), respectively [30].
Lu et al. examined the associations of BMI with all-course mortality and disease pro-
gression in a cohort of 453,946 United States veterans with nondialysis-dependent CKD
(eGFR < 60 mL/min/1.73 m2) [31]. Their results showed a relatively consistent U-shaped
association of BMI with clinical outcomes. For example, BMI ≥ 35 mg/m2 was associated
with worse outcome in patients with an earlier stage of CKD, while that association was
attenuated in those with eGFR < 30 mL/min/1.73 m2.

3. Determination of Visceral and Subcutaneous Fat and Muscle Mass

BMI is the most commonly used measure for the assessment of obesity in both research
and clinical practice, though it does not distinguish between fat and lean mass [32,33].
Thus, even though greater BMI has beneficial effects for survival, fat and lean mass should
be separately evaluated to elucidate the association of body composition with mortality.

Anthropometry is widely used for determining body composition because of its ease
to use, wide availability, low cost, and favorable safety profile, though fluid status has
been shown to influence calculations in hemodialysis patients [34,35]. Mid-arm circum-
ference (MAC) and mid-arm muscle circumference (MAMC) are anthropometric methods
developed to assess lean body mass, while skinfold thickness (SFT) at four sites (triceps,
biceps, subscapular, ileac crest) is used to assess total body fat mass. For assessing abdomi-
nal obesity, waist circumference, waist-to-hip ratio, and waist-to-height ratio are applied.
Kamimura et al. evaluated body fat mass using skinfold thickness and a bioelectrical
impedance analysis (BIA) technique in 90 clinically stable hemodialysis patients. Body fat
mass measurements based on skinfold thickness (13.5 ± 6.2 kg) and BIA (13.7 ± 6.7 kg)
were similar, and strong correlations were found between results obtained with these two
methods (r = 0.87) [36]. Oe et al. also noted that values for lean mass and fat mass obtained
via skinfold anthropometry and BIA were significantly correlated [37].

BIA, a noninvasive rapid and reliable method with low cost, is also commonly used to
evaluate body composition for both epidemiological and clinical purposes [38]. A principle
of BIA techniques is that the transit time of a low-voltage electric current through the body
is dependent on body composition characteristics [39].

Dual energy X-ray absorptiometry (DXA) is considered to be a more accurate and
reliable reference method for measurements of fat and lean mass. With this method, the
differential of two X-ray beams as they pass through the body is determined so as to
distinguish bone from soft tissue, then the findings are subsequently used to divide soft
tissue mass into fat and fat-free soft-tissue mass (lean mass). However, measurements of
lean mass by DXA are influenced by hydration, whereas that has scarce effects on fat mass
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measurements [40,41]. Reproducibility of fat mass measurements by DXA has also been
shown to be excellent, with variations <2% among patients undergoing hemodialysis [42].
Nishizawa et al. showed that DXA-determined fat mass index (kg/m2) in 104 patients
undergoing hemodialysis (age 53.9 ± 9.1 years, hemodialysis duration 7.5 ± 5.1 years,
39 males and 64 females) was 5.2 ± 0.2 kg/m2, significantly lower than the value ob-
tained with 167 age- and gender-matched healthy control subjects of 5.8 ± 0.2 kg/m2 (age
52.9 ± 9.0 years, 53 males and 114 females) (p < 0.05) [42].

The most reliable methods for determining body composition in clinical practice might
be computed tomography (CT) and magnetic resonance imaging (MRI) [35], as both can
be utilized to assess fat mass distribution and also distinguish between subcutaneous and
visceral fat with direct measurements. The results obtained are accurate and reproducible
as compared with simulated phantom studies. However, CT and MRI are impractical
for general population screening due to their high cost, and CT exposes the subject to
radiation. Although DXA cannot directly discriminate between visceral and subcutaneous
fat, visceral fat mass estimated by DXA has been shown to be strongly correlated with the
visceral fat area determined by CT and visceral fat mass by MRI [43].

4. Fat Mass—A Useful Nutritional Marker and Its Significance for Survival

It is considered that fat mass may serve as an energy reserve against a catabolic condi-
tion, and the capacity to survive starvation has also been shown to be dependent on its
amount [44]. In obese model rats developed by a high-fat diet, increased fat mass provided
fuel availability and conservation of lean mass with starvation compared to control rats [45].
Therefore, fat mass is regarded as an important indicator of nutritional status in hemodial-
ysis patients. Additionally, low fat mass, one of the characteristics examined for PEW
diagnosis [5], is often complicated in hemodialysis patients and thought to contribute to the
high rates of morbidity and mortality observed in those cases. Consequently, it is assumed
that fat mass is decreased in hemodialysis patients with PEW. In a study of 468 prevalent
hemodialysis patients (median age 66 years, median hemodialysis duration 37 months, 34%
females, 50% diabetics), Anton-Perez et al. reported the results of a multivariate regression
analysis showing a linear inverse relationship between lower fat mass determined by BIA
with a greater number of PEW syndrome categories [46]. Similarly, in 186 advanced CKD
patients (age 66.1 ± 16 years, 101 males and 85 females), Perez-Torres et al. found that the
prevalence of PEW was 30.1% and evidence of lower fat mass in PEW patients [47].

Various clinical and biochemical parameters can be used to evaluate nutritional status
in individuals with CKD. Among nutritional scoring systems, subjective global assessment
(SGA) and malnutrition–inflammation score (MIS) are often utilized. SGA is based on a
combination of subjective and objective features obtained from patient medical history and
physical examination findings. In a comparison of SGA with nutritional status determined
by total-body nitrogen, which directly quantifies body protein content, SGA was shown
to be able to differentiate severely malnourished dialysis patients from those with normal
nutrition [48]. A modified version of SGA was used in the DOPPS, which found that lower
values obtained with that modified version were associated with higher risk of mortality in
hemodialysis patients [49]. Kalantar-Zadeh et al. examined 41 hemodialysis patients (age
57 ± 12 years, hemodialysis duration 3.0 ± 2.1 years, males 49%) using the modified SGA
system and showed that subcutaneous fat mass assessed by biceps skinfold thickness was
significantly negatively correlated with malnutrition score [50]. In another study, Paudel
et al. found that 96 (21%) of 455 peritoneal dialysis patients were malnourished, based on an
SGA score between 1 and 5, and those malnourished patients exhibited a significantly lower
fat tissue index determined by BIA [51]. In a study of 1334 older adults (age ≥ 65 years)
not receiving dialysis with advanced CKD and an eGFR <20 mL/min/1.73 m2, Windahl
et al. reported that fat mass was decreased according to the SGA subscale [52].

MIS is an adaptation of SGA for hemodialysis patients and has 10 components derived
from medical history, physical examination findings, BMI, and laboratory parameters such
as serum albumin and transferrin level [53]. Studies have shown that MIS results can
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be used to predict poor outcome in hemodialysis, peritoneal dialysis, and nondialyzed
CKD patients [54,55]. Wang et al. investigated 144 CKD stage 1–4 patients (median age
53 years; IQR 38–63 years, 94 males and 50 females) and reported that MIS was negatively
correlated with BIA-measured fat tissue index (r = −0.179, p = 0.032) [56]. In another study
that included 91 patients (age 60 ± 14 years, 70.3% males, BMI 24 ± 4.1 kg/m2) being
treated with hemodialysis, Arias-Guillen et al. compared body composition evaluated by
BIA between groups with or without PEW with that defined as MIS above 5 and reported
that subjects with PEW showed a significantly lower fat tissue index [57].

5. Factors Affecting Fat Mass Changes

5.1. Nutritional Support

Several studies have shown that nutritional interventions, such as oral nutritional
supplementation and intradialytic parenteral nutrition, can improve the nutritional status
of hemodialysis patients [58]. Pupim et al. reported that protein turnover study results
showed a highly positive whole body net balance during hemodialysis for both intradia-
lytic parenteral nutrition and oral supplementation as compared with a control group [59].
In addition, skeletal muscle protein homeostasis examined during the hemodialysis ses-
sion was also found to be improved with both intradialytic parenteral nutrition and oral
supplementation. Furthermore, Fouque et al. found that use of energy-dense phosphate-
restricted renal-specific oral supplementation in hemodialysis patients with low protein
intake resulted in improved SGA and quality of life [60].

Improvement of nutritional status with oral supplementation is also indicated by
an increase in fat mass, with fat mass change considered to function as a parameter
indicating nutritional changes. Caetano et al. investigated the effects of intradialytic oral
supplementation along with a protein-rich meal on body composition in 99 hemodialysis
patients with a serum albumin level <38 g/L (age 69.9 ± 12.9 years, hemodialysis duration
60.0 ± 50.0 months) [61]. In the intervention group, patients ate a protein-rich meal during
each treatment session for six months, while the control group ingested their usual snack
brought from home. Although lean mass was decreased in both the intervention and control
groups, fat mass at the end of the study was significantly increased in the intervention group
in contrast to a decline in the control. Similarly, in 36 patients undergoing hemodialysis,
Martin-Alemany et al. found that fat mass assessed by triceps skinfold thickness was
significantly increased in association with oral nutritional supplementation or that and
resistance exercise for a period of 12 weeks [62].

Nutritional supplementation may also improve survival of hemodialysis patients.
Weiner et al. reported that oral protein supplementation given during the dialysis proce-
dure was associated with a 29% reduction in risk of all-cause mortality (HR 0.71; 95% CI
0.58–0.86) in hemodialysis patients with a serum albumin level ≤3.5 g/dL [63]. Similarly,
Lacson et al. found mortality risk decreased to 0.91 (95% CI 0.85–0.98) in intention-to-treat
analysis and 0.66 (95% CI 0.61–0.71) in as-treated analysis, after adjustment for confounding
factors, in hemodialysis patients with serum albumin ≤3.5 g/dL [64]. These results suggest
that fat mass increased by nutritional supplementation in hemodialysis patients might be
associated with survival improvement.

5.2. Initiation of Hemodialysis

Following initiation of hemodialysis, most patients generally gain a sense of improved
wellbeing and better appetite, as most symptoms associated with uremia, such as loss of
appetite, nausea, and general fatigue, are diminished or disappear. Thus, it is considered
that nutritional status is improved by initiation of hemodialysis, and in an investigation of
a stable cohort, Goldwasser et al. reported that serum albumin and creatinine levels rose by
12% to 13% during the first half-year of hemodialysis [65]. Fat mass as a nutritional marker
may also increase following initiation of hemodialysis because of improved nutritional
status. We conducted a study of changes in fat mass in hemodialysis patients and found
that it was increased in the first year after initiation of treatment [66]. In 72 patients with
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CKD (age 62 ± 12 years, 42 males and 30 females), body fat mass was determined by
DXA at one month after initiation of maintenance hemodialysis and again approximately
one year later. The second measurement showed significantly greater fat (11.38 ± 3.84 vs.
10.09 ± 4.12 kg, p < 0.0001). Additionally, change in fat mass per month was negatively
correlated with baseline serum albumin concentration (r = −0.449; p < 0.0001) and basal fat
mass (r = −0.423; p < 0.001). Our results suggested that fat mass increase after initiation of
hemodialysis may be greater in patients with worse initial nutritional status. In a study
of 8227 incident hemodialysis patients, Marcelli et al. also found that fat mass index
evaluated by BIA was increased by approximately 0.95 kg/m2 in the first 2 years after
the start of hemodialysis [67]. Similar to our results, in addition to female gender and
diabetes status, basal fat mass index was found to be associated with a significantly greater
increase in fat mass index. Similarly, Keane et al. observed a mean increase in fat mass of
0.65 kg determined by BIA over a 2-year follow-up period after initiation of hemodialysis
in 299 patients [68].

In a cross-sectional study, we examined the association between fat mass and hemodial-
ysis duration to clarify the period of increasing fat mass [69]. In 561 patients with a
hemodialysis duration less than 180 months (age 62.3 ± 11.5 years, 336 males and 225 fe-
males), fat mass index for each year of hemodialysis tended to increase during the first
three years of treatment and then showed a decreasing trend thereafter. The fat mass index
value for the third year (5.85 ± 2.92 kg/m2) was significantly higher compared to the other
years. Furthermore, that index was positively correlated with hemodialysis duration in the
first three years (r = 0.124; p < 0.05), and then a negative correlation was seen with duration
greater than three years (r = −0.192; p < 0.001). These results indicated increases in fat mass
during the first three years after hemodialysis initiation.

5.3. Inflammation

Inflammation is well known to be strongly associated with malnutrition in CKD
patients, and a decrease in fat mass can be predicted in those in a state of high inflammation.
We conducted a study to examine the association of inflammation, represented by C-
reactive protein (CRP) level, with changes in fat mass in 389 hemodialysis patients who
had a treatment duration of more than one year [70]. Body fat mass was determined twice
using DXA, with a one-year interval between measurements. The results showed that
change in fat mass was significantly negatively correlated with CRP (r = −0.165; p < 0.005).
Additionally, multiple regression analysis indicated that CRP significantly (β = −0.163;
p < 0.005) affected fat mass change, independent of hemodialysis duration, serum albumin
level, baseline fat mass, and other confounding clinical factors (R2 = 0.127; p < 0.001).

5.4. Diabetes

Several studies have shown that the presence of diabetes is associated with poor
nutritional status in CKD patients [71]. We compared changes in fat mass in hemodialysis
patients with and without diabetes by determining body fat mass twice by DXA with a
1-year interval in 217 male hemodialysis patients (age 60 ± 13 years, 32% diabetics) who
had a duration of hemodialysis from 1 to 10 years (4.9 ± 2.5 years) [72]. Body fat mass
was significantly decreased from 12.1 ± 4.4 to 11.0 ± 4.7 kg (p < 0.01) during the 1-year
study period in the diabetes patients, whereas that was not seen in the nondiabetes patients
(12.2 ± 5.0 vs. 11.9 ± 4.9 kg; p = 0.15). Further, percentage change in fat mass in one
year in the diabetes patients was significantly greater than that in those without diabetes
(−7.9 ± 3.4% vs. 0.1 ± 1.9%; p < 0.05). Of several clinical parameters examined, protein
catabolic rate had a significantly positive correlation with change in fat mass, suggesting
that poor protein intake may be a risk factor for fat mass decrease.
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6. Fat Mass and Mortality

In the general population, it is considered that the relationships of body fat mass
and BMI with mortality are similar. The association between body fat mass (assessed
by BIA) and all-cause mortality was investigated by Bigaaed et al. in 27,178 males and
29,875 females in the general population (age 50–64 years) [73]. The median follow-up
period was 5.8 years, and 1851 died during the study. They found a J-shape association of
body fat mass index with mortality in both the male and female subjects.

Although excess body fat mass is a risk factor for mortality in the general population,
high fat mass in hemodialysis patients appears to be protective. In a study of 808 Japanese
hemodialysis patients (age 55.1 ± 11.4 years, hemodialysis duration 70.1 ± 66.2 months,
61.3% males, 19.9% diabetics), Kakiya et al. reported that increased fat mass index de-
termined by DXA was associated with decreased all-cause mortality (HR 0.926; 95%
CI 0.891–0.962; 1 kg/m2 increase) and noncardiovascular mortality (HR 0.850; 95% CI
0.806–0.896; 1 kg/m2 increase) during the mean follow-up period of 53 months, after
adjustment for confounding variables such as diabetes, serum albumin, and creatinine
level [74]. In addition, higher lean mass index was associated with lower cardiovascular
mortality (HR 0.874; 95% CI 0.814–0.938; 1 kg/m2 increase). Similarly, Honda et al., in an
investigation of 328 CKD patients starting dialysis (age 53 ± 12 years, 201 males), found
that low fat mass index (evaluated by DXA) was an independent predictor of higher mor-
tality during a six-year follow-up period, after adjustments for age, diabetes, CVD status,
inflammation, and other confounders (HR 2.179; 95% CI 1.058–4.488; p = 0.0345; low tertile
as compared with others) [75].

Yajima et al. analyzed the association of fat mass (determined by BIA) and mortality
in 162 hemodialysis patients. During the follow-up period (median 2.5 years, range
1.0–4.5 years), 29 of the subjects died. Univariate Cox proportional hazards analysis showed
that both higher BMI (HR 0.87; 95% CI 0.76–0.98; p = 0.022) and fat tissue index (HR 0.86;
95% CI 0.74–0.98; p = 0.021) were significant predictors of lower all-cause mortality. In
findings obtained with multivariate Cox proportional hazards analysis after adjusting for
age, gender, albumin, diabetes, hypertension, and history of CVD, the adjusted HR value
was 0.40 (95% CI 0.17–0.90; p = 0.027), above the median value for the higher fat tissue
index group [76].

In another study, Noori et al. analyzed 742 maintenance hemodialysis patients (age
54 ± 15 years, dialysis duration 28 ± 26 months, 53% diabetics, BMI 26.5 ± 5.8 kg/m2, 31%
African Americans), with males (n = 391) and females (n = 351) categorized separately into
four quartiles based on near-infrared interactance-determined fat and lean mass. After
adjustments for case-mix and inflammatory markers, the highest quartiles for fat mass and
lean mass in females were both associated with greater survival compared to the lowest
quartile, with estimated HR values of 0.38 (95% CI 0.20–0.71) and 0.34 (95% CI 0.17–0.67),
respectively. In males, the highest quartile for fat mass but not lean mass was associated
with greater survival, and those had estimated HR values of 0.51 (95% CI 0.27–0.96) and
1.17 (95% CI 0.60–2.27), respectively [77]. Marcelli et al. investigated an international
European cohort of 37,345 hemodialysis patients (age 62.7 ± 15.2 years) and found that low
fat tissue index (<10th percentile), determined with BIA, was associated with significantly
increased mortality compared to the reference fat tissue index between the 10th and 90th
percentile (HR 1.19; 95% CI 1.08–1.31; p < 0.001) [78]. Moreover, Caetano et al. [79] and
Duong et al. [80] reported that low fat mass determined using BIA was significantly
associated with higher risk of mortality in hemodialysis patients. Based on these results, it
is suggested that greater fat mass is associated with better survival in hemodialysis patients
in contrast to the general population.

We performed a study to examine the influence of fat mass change on mortality during
a 1-year interval in 190 female patients (age 61.9 ± 11.3 years, hemodialysis duration
7.2 ± 6.4 years, 26.3% diabetics, BMI 20.3 ± 3.2 kg/m2, fat mass 15.0 ± 6.0 kg) undergoing
maintenance hemodialysis with DXA [81]. Among this cohort, 110 showed a decrease in
annual fat mass, while 80 showed an increase. During the follow-up period of 5 years, 65
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(34.3%) of the patients died, and Kaplan–Meier analysis demonstrated that those who lost
fat mass had a significantly lower survival rate during the follow-up period compared with
those who gained fat mass (p = 0.021), with the 5-year survival rates shown to be 58.2%
and 76.3%, respectively. Furthermore, multivariate Cox regression analysis indicated that
a decrease in annual fat mass (HR 0.504; 95% CI 0.264–0.961; p = 0.0375; loser vs. gainer)
as well as the value for annual fat mass change (HR 0.855; 95% CI 0.763–0.958; p = 0.0072;
for 1 kg increase) were significant predictors of all-cause mortality, after adjustments for
age, hemodialysis duration, presence of diabetes, body mass index, serum albumin level,
and other variables. An increase in annual fat mass of 1 kg was found to reduce mortality
by 14.5%. These results demonstrated that a decrease in fat mass is an independent
predictor for increased all-cause mortality in hemodialysis patients. Similarly, in a study of
535 adult hemodialysis patients whose body fat mass was directly measured with near-
infrared interactance, 46 with body fat mass <12% showed mortality at a rate 4 times
greater compared to 199 patients with body fat mass content between 24% and 36% (HR
4.01; 95% CI 1.61–9.99; p = 0.003), following multivariate adjustments for demographics,
and surrogates of muscle mass and inflammation [82]. That study also found that in
hemodialysis patients whose body fat mass was re-measured after 6 months (n = 411), fat
loss (≤−1%) was associated with a two-times greater death risk than that of patients who
gained fat (≥1%), after a multivariate adjustment (HR 2.04; 95% CI 1.05–4.05; p = 0.04).

7. Important Role of Visceral Fat in Development of Various Clinical Outcomes as
Compared to Subcutaneous Fat

7.1. Visceral Fat and Inflammation

Fat mass can be classified into visceral and subcutaneous based on distribution, and
those are metabolically different. The metabolically more active visceral fat is a key factor
in the development of insulin resistance, type 2 diabetes, hypertension, dyslipidemia, and
atherosclerosis [83]. Moreover, visceral fat, which produces more inflammatory cytokines,
such as interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α), is characterized by
inflammation and considered to be a risk factor for CVD and increased mortality [84]. In
contrast, subcutaneous fat has not been consistently linked to these adverse phenomena
and may reflect overall nutritional status as energy storage in both the general population
and CKD patients [85].

Waist circumference, an indicator of visceral fat, has been shown to be associated with
inflammatory markers in general population cohorts. Schrager et al. reported that waist cir-
cumference was associated with higher levels of inflammation markers than overall obesity
in community-dwelling older people (age ≥65 years, 378 males and 493 females) [86]. In
an evaluation of the association between adiposity and inflammation markers in 179 older
adults (age 77 ± 4 years, 70% females), Brinkley et al. found that large waist circumference
(≥102 cm for males, ≥88 cm for females) was more strongly correlated with inflammation
markers than total fat mass determined by DXA [87].

Previous studies have shown that greater waist circumference is associated with higher
levels of inflammation in hemodialysis patients [88], similar to the general population, and
thus, visceral fat may also play an inflammatory role in these patients. Delgado et al. enrolled
609 patients undergoing hemodialysis (age 56.1 ± 14.3 years, 57% males, 43% diabetics) and
found that waist circumference was positively correlated with CRP and IL-6 concentrations,
and inversely with serum albumin and prealbumin concentration. In contrast, the total
percentage of fat adjusted for waist circumference, used as a proxy for subcutaneous fat, was
inversely correlated with CRP and IL-6 concentration and positively with prealbumin and
albumin concentration [89]. In a study of 15,314 CKD patients who participated in the Third
National Health and Nutrition Examination Survey (NHANES III), Beddhu et al. noted that
abdominal obesity was associated with inflammation (CRP >3 mg/L) [90].

To examine the relationship between fat mass distribution and inflammation, we inves-
tigated the association of body composition, determined by DXA, and CRP in 452 hemodial-
ysis patients (age 64 ± 11 years, hemodialysis duration 89 ± 77 months, 63% males, 37%
diabetics) [91]. The patients were divided into two groups according to serum high-
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sensitivity CRP (hsCRP) level—normal CRP (n = 346; hsCRP < 0.3 mg/dL, i.e., normal
level) and high CRP (n = 106; hsCRP ≥ 0.3 mg/dL). Fat mass in the high CRP group was
significantly greater, while there was no significant difference for lean mass between the
groups. Additionally, truncal fat mass (surrogate for visceral fat mass) was significantly
greater in the high compared to the normal CRP group, with no significant difference in
nontruncal fat mass (surrogate for subcutaneous fat mass) between them. In multiple re-
gression analysis, truncal fat mass (β = 0.227; p < 0.01) was significantly and independently
associated with serum hsCRP level, after adjustments for age, gender, diabetes, and other
confounders (R2 = 0.137; p < 0.01), whereas nontruncal fat mass was not.

In a study of 197 CKD patients (age 52 ± 1 years, 123 males) examined shortly before
starting dialysis, Axelsson et al. reported that truncal fat mass, estimated by DXA, was
significantly positively correlated with both CRP (ρ = 0.23; p < 0.01) and IL-6 (ρ = 0.21;
p < 0.01) levels [92]. Kaysen et al. examined visceral adipose tissue using MRI in 48 patients
with prevalent hemodialysis and showed that ceruloplasmin, an acute phase inflammatory
protein, was strongly associated with visceral adipose tissue [93]. Further, Gohda et al. ex-
amined the visceral fat area shown in CT results in 80 patients with prevalent hemodialysis
and found that the visceral fat area was a predominant determinant of CRP [94]. These
results suggest that visceral or truncal fat mass is an important contributor to increased
inflammation in hemodialysis patients, similar to the general population.

7.2. Visceral Fat and CVD Risk

Visceral fat was found to be associated with CVD risk in a general population study.
Canoy et al. examined the prospective relationship between fat distribution indices and
coronary heart disease among 11,117 males and 13,391 females ranging from 45 to 79 years
old [95]. During a mean follow-up period of 9.1 years, 1708 males and 892 females devel-
oped coronary heart disease. The risk for developing subsequent coronary heart disease
was increased with elevation of waist-to-hip ratio and waist circumference. The HR value
(95% CI) of the top compared to the bottom fifth of waist-to-hip ratio was 1.55 (1.28–1.73)
in males and 1.91 (1.44–2.54) in females, after adjustments for BMI and other coronary
heart disease risk factors. Additionally, risk estimates for waist circumference without hip
circumference adjustment were 10% to 18% lower.

Visceral fat might also be associated with outcomes including cardiovascular events in
hemodialysis patients [96]. In an Asian hemodialysis cohort (n = 91, age 58.7 ± 12.5 years,
56.0% males) analyzed over a three-year period, Wu et al. reported that central obesity,
determined based on a waist circumference ≥90 cm in males and ≥80 cm in females, was
a significant predictor of cardiovascular events (HR 4.91; 95% CI 1.3–18.9; p = 0.02) and
all-cause hospitalization (HR 1.83; 95% CI 1.1–3.1; p = 0.03), shown in multivariate Cox
regression analysis results [97].

The negative metabolic consequences of excess visceral fat are preserved in CKD
patients [98]. In the study conducted by Sanches et al. of 122 patients with CKD and
not yet receiving dialysis therapy (age 55.3 ± 11.3 years, 75 males and 47 females, 30%
diabetics, BMI 27.1 ± 5.2 kg/m2, eGFR 35.4 ± 15.2 mL/min/1.73 m2), waist circumference
was strongly correlated with visceral fat determined by CT (r = 0.75 for males, r = 0.81 for
males, p < 0.01), and visceral fat was associated with risk factors for cardiovascular disease,
such as triacylglycerol levels [99]. In another investigation of 1669 subjects with CKD (age
70.3 years, 56% females), defined as a baseline eGFR of 15–60 mL/min/1.73 m2, Elsayed
et al. examined the association between waist-to-hip ratio and risk for cardiac events
(myocardial infarction, fatal coronary disease) [100]. During a mean follow-up period of
9.3 years, there were 334 cardiac events. Using multivariable-adjusted Cox models, the
highest waist-to-hip ratio group (n = 386) was found to be associated with increased risk of
cardiac events as compared with the lowest waist-to-hip ratio group (n = 590, HR 1.36; 95%
CI 1.01–1.83).
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7.3. Subcutaneous Fat and Metabolic Risk

In contrast to visceral fat, subcutaneous fat may have beneficial metabolic effects
and possibly reflects overall nutritional status as energy storage in the general popula-
tion [101]. In 115 healthy, overweight/moderately obese adults with BMI ranging from
25 to 36.9 kg/m2, McLaughlin et al. found that despite nearly identical mean BMI values
in the insulin-resistant and insulin-sensitive groups, visceral adipose tissue, quantified by
CT results, was significantly higher in the insulin resistance group, whereas subcutaneous
adipose tissue was significantly lower [102]. Inclusion of both visceral adipose tissue
and subcutaneous adipose tissue in the same multiple logistic regression analysis demon-
strated independent associations, in opposite directions, for both visceral (OR: 1.77; 95%
CI 1.04–3.02) and subcutaneous (OR: 0.56; 95% CI 0.34–0.94) adipose tissue with insulin
resistance as compared to insulin sensitivity, after adjusting for BMI and gender.

Tanko et al. enrolled 1356 elderly females from 60 to 85 years old and reported
that subcutaneous fat, determined by DXA, had an independent negative correlation
with both atherogenic metabolic risk factors, such as glucose and lipid metabolites, and
aortic calcification, assessed by lateral radiograph findings, in contrast to visceral fat, used
as a central adiposity surrogate [103]. The most severe instances of insulin resistance—
dyslipidemic syndrome and aortic calcification—were found in subjects with high central
and low subcutaneous fat percentages. In a study of 3001 participants in the Framingham
Heart Study who were free from clinical cardiovascular disease (mean age 50 years, 48%
females), Fox et al. found that visceral adipose tissue but not subcutaneous abdominal
adipose tissue, both determined by CT results, contributed significantly to metabolic risk
factors, after adjustments for covariant factors, including BMI [85].

The effects of subcutaneous and visceral fat on metabolic risk and inflammation have
also been observed in animal models. In mice given a high-fat diet, glucose tolerance was
improved in those implanted intra-abdominally with subcutaneous adipose tissue as com-
pared to mice with epididymal visceral adipose tissue implanted intra-abdominally [104].
Mice that received subcutaneous adipose tissue also displayed a marked reduction in the
plasma concentration of several proinflammatory cytokines, such as TNF-α and IL-17.

7.4. Visceral Fat and Mortality

Several studies that included general population subjects and CKD patients [105] have
shown that increased visceral fat is associated with a higher risk of mortality. Leitzmann et al.
prospectively examined waist circumference in relation to cause-specific death in a large co-
hort of males and females in the United States (n = 225,712). Increased waist circumference
was consistently associated with increased risk of death due to any cause as well as major
causes of death, including CVD, independent of BMI, age, gender, ethnicity, smoking status,
and alcohol intake [106]. Similarly, Lahmann et al. reported that a higher waist-to-hip ratio
was a strong predictor of all-cause mortality independent of percentage of body fat mass in
16,814 middle-aged and older females examined in Sweden [107].

Postorino et al. performed a prospective cohort study of 537 hemodialysis patients
(age 63 ± 15 years) [32]. Using BMI-adjusted Cox models, waist circumference was found
to be a direct predictor of all-cause and cardiovascular mortality (p < 0.001), whereas
BMI showed an inverse relationship (p < 0.001) with those outcomes. The rates of overall
and cardiovascular death were maximum in patients with a relatively lower BMI score
(below median) and higher waist circumferences (at least median), but minimal in patients
with a higher BMI score (at least median) and small waist circumferences (below median).
The prognostic power of waist circumference per 10 cm increase for all-cause (HR 1.23;
95% CI 1.02–1.47; p = 0.03) and cardiovascular (HR 1.37; 95% CI 1.09–1.73; p = 0.006)
mortality remained significant after adjustments for cardiovascular comorbidities, as well
as traditional and emerging risk factors. Waist-to-hip ratio was also demonstrated to be
related to all-cause (p = 0.009) and cardiovascular (p = 0.07) mortality. Similarly, higher
BMI has been found to be protective against and greater waist circumference predictive of
mortality in an elderly population [108], as well as kidney transplant patients [109].
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In a study of 97 hemodialysis patients, Xiong et al. found that visceral fat determined
by BIA was associated with cardiovascular events (HR 9.21; 95% CI 1.49–56.76; visceral
fat area ≥71.3 cm2 vs. <71.3 cm2; p = 0.017), cardiovascular mortality (HR 1.11; 95% CI
1.01–1.22; 1-cm2 increase in fat mass area; p = 0.035), and all-cause mortality (HR 1.08; 95%
CI 1.02–1.14; 1-cm2 increase in fat mass area; p = 0.011) [110]. Okamoto et al. followed
126 patients on maintenance hemodialysis for 60 months and reported multivariate Cox
proportional hazards analysis results showing that a visceral fat area of >71.5 cm2, deter-
mined by CT, was an independent predictor of cardiovascular death (HR 4.46; 95% CI
1.24–16.05; p = 0.022) [111].

In a study of 5805 CKD Stage 1–4 patients with BMI ≥ 18.5 kg/m2, Kramer et al.
showed that the association between waist circumference and all-cause mortality was
fairly linear, and HR values for mortality were significantly higher for waist circumference
≥98 cm in females and ≥112 cm in males, as compared to the reference waist circumference
values (<80 and <94 cm, respectively) [112]. After adjustments for all covariates, including
BMI, HR for all-cause mortality for waist circumference ≥108 cm in females and ≥122 cm in
males was 2.09 (95% CI 1.26–3.46) as compared to the reference values. After fully adjusting
for continuous variables, each 1 cm increase in waist circumference was associated with a
2% increase in risk of mortality (95% CI 1.01–1.04).

7.5. Subcutaneous Fat and Mortality

Visceral and subcutaneous adipose tissues have different metabolic and inflammatory
characteristics, and they thus may have an opposing influence on several outcomes, includ-
ing mortality. In a general population study, preferential fat deposition in subcutaneous
and visceral locations was suggested to be more important than the total amount of body fat
in regard to mortality. Lee et al. investigated the relationship between body fat distribution
and all-cause mortality in 32,593 subjects who underwent an abdominal CT examination
as part of a health check-up [113]. There were 253 deaths during the mean follow-up
period of 5.7 years. Their findings showed that an increased visceral fat area was related
to increased all-cause mortality, while an increased subcutaneous fat area was associated
with a decrease in all-cause mortality. However, in multivariate Cox proportional hazard
regression analysis, only the visceral fat area was found to be independently associated
with all-cause mortality.

The association between subcutaneous fat and mortality has also been observed in
regard to other conditions, such as cancer [114] and cirrhosis [115]. In a study conducted by
Ebadi et al., the association between subcutaneous fat and mortality in 1473 gastrointestinal
and respiratory cancer and 273 metastatic renal cell carcinoma patients was investigated
using CT results. A low subcutaneous adipose tissue index (<50.0 cm2/m2 in males,
<42.0 cm2/m2 in females) was shown to be independently associated with increased
mortality (HR 1.26; 95% CI 1.11–1.43; p < 0.001) and shorter survival (13.1 months; 95% CI
11.4–14.7) compared to patients with a high subcutaneous adipose tissue index (19.3 months;
95% CI 17.6–21.0; p < 0.001) [116]. Antoun et al. also reported findings of 120 patients
with metastatic castration-resistant prostate cancer, which showed that those with a higher
subcutaneous adipose tissue index had significantly longer overall survival [117]. The
median survival was 15 months (95% CI 9–18) for patients with a subcutaneous adipose
tissue index lower than the median value and 18 months (95% CI 13–30) for those with a
subcutaneous adipose tissue index above that (p = 0.008).

The relationships of fat and muscle mass with mortality were examined by Huang et al.
in 1709 hemodialysis patients (age 57.7 ± 14.0 years, hemodialysis duration 3.7 ± 4.4 years,
56% females, 44% diabetics) who participated in the hemodialysis study (HEMO) [118].
During a median follow-up period of 2.5 years, there were 802 deaths. In adjusted models
with continuous covariates, higher triceps skinfold thickness was significantly associated
with decreased risk of mortality, while higher mid-arm muscle circumference showed a
trend toward decreased mortality. The HR values per 1 S.D. increase were 0.84 (95% CI
0.76–0.92) for triceps skinfold thickness and 0.93 (95% CI 0.86–1.00) for mid-arm muscle
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circumference. The highest quartiles of triceps skinfold thickness and mid-arm muscle
circumference were significantly associated with lower all-cause mortality in comparison
with the lowest quartile in adjusted models. Furthermore, triceps skinfold thickness and
mid-arm muscle circumference were independently associated with lower risk of mortality
when both variables were combined in the same multivariable model. Considering that
skinfold thickness is a measure of subcutaneous fat, their results indicated that a high level
of subcutaneous fat mass may be associated with better survival in hemodialysis patients.
Subcutaneous fat mass has a far greater contribution to total fat mass, as visceral fat mass
accounts for only 7–15% of total body fat mass, and thus, it may substantially influence the
association of total fat mass and outcomes.

8. The Mechanism by Which Maintained Adiposity Improves Survival in
Hemodialysis Patients

In addition to its advantage as a source of fuel, adipose tissue can also exert its
beneficial effects through multiple mechanisms, both directly and indirectly in hemodialysis
patients [44]. In addition to the direct effect of adipocytes in maintaining good health,
adipose tissue produces the TNF-α-soluble receptor that attenuates the adverse effects of
TNF-α itself [119], and obese individuals have higher lipoprotein concentrations, which
counteract the inflammatory effects of circulating endotoxins.

Subcutaneous fat is positively associated with insulin sensitivity [102] and a slower
rate of lipolysis and free fatty acid release into the circulation. Several studies have
suggested that subcutaneous fat may exert protective effects against inflammation [91,104].
Subcutaneous fat is considered to be the main source of adiponectin, which is involved in a
variety of physiological functions, including energy regulation, inflammation, and insulin
sensitivity [120].

Furthermore, overweight and obese individuals have a higher absolute amount of
muscle mass thanks to an excess load of increased adiposity. This increased amount of lean
tissue might confer an additional protective edge during times of catabolism [121].

Conversely, the absence of adipose tissue causes metabolic dysfunction, including
insulin resistance, hyperglycemia, hyperlipidemia, and fatty liver, which can be completely
reversed with the transplantation of adipose tissue [122]. Similarly, reductions in total body
fat are associated with decreased humoral immunity [123].

9. Conclusions

Nutritional status is closely associated with outcomes including mortality in hemodial-
ysis patients and shows continual fluctuations; thus, regular examinations for assessment
of nutrition factors are necessary. Although obesity and excessive fat mass are linked
to CVD and mortality in the general population, fat mass is considered to be an impor-
tant nutritional indicator in hemodialysis patients, who are typically malnourished; thus,
its measurement is important for a good understanding of nutritional status. It is also
important to note that fat mass is classified into visceral and subcutaneous fat based on dis-
tribution, and that those have metabolic differences. Visceral fat is closely associated with
metabolism abnormalities and inflammation and considered to be a risk factor for adverse
outcomes, such as CVD and mortality, in the general population as well as in hemodialysis
patients. In contrast, subcutaneous fat may be protective against wasting and catabolism
in patients undergoing hemodialysis. However, fat mass may have potentially beneficial
effects on important outcomes in hemodialysis patients, as accumulating evidence suggests
that fat mass distribution (i.e., visceral fat and subcutaneous fat) plays a more important
role in these beneficial effects.
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Abstract: Patients receiving dialysis therapy often have frailty, protein energy wasting, and sar-

copenia. However, medical staff in Japan, except for registered dietitians, do not receive training in

nutritional management at school or on the job. Moreover, registered dietitians work separately from

patients and medical staff even inside a hospital, and there are many medical institutions that do

not have registered dietitians. In such institutions, medical staff are required to manage patients’

nutritional disorders without assistance from a specialist. Recent studies have shown that salt intake

should not be restricted under conditions of low nutrition in frail subjects or those undergoing

dialysis, and protein consumption should be targeted at 0.9 to 1.2 g/kg/day. The Japanese Society

of Dialysis Therapy suggests that the Nutritional Risk Index-Japanese Hemodialysis (NRI-JH) is a

useful tool to screen for older patients with malnutrition.

Keywords: frailty; sarcopenia; protein energy wasting; hypercatabolism

1. Introduction

Hemodialysis (HD) therapy, which has been clinically applied in Japan from about
50 years ago, has since undergone various improvements with the use of various new
technologies and drugs, and is now one of the world’s leading therapies. HD is now
also safely used in older patients and patients with various complications, in whom such
treatment was once considered impossible, and it has hence substantially helped to extend
their lifespan. At the end of 2018, 339,841 patients in Japan were reported to be receiving
some form of dialysis therapy [1]. Previously, patients with end-stage kidney disease
(ESKD) died because they were unable to excrete water and potassium from the body. On
the other hand, peritoneal dialysis therapy is expected to become more commonly used in
the future, as it plays an important role in home care. However, at present, the number
of patients using this method is only 9445, because it must be performed by the patients
themselves or by family members. However, owing to the small number of patients, there is
a lack of data in Japan, and evidence-based criteria for food intake have not been established
to date [2]. The number of patients undergoing renal transplantation therapy has increased
in recent years. The number is thought to be approximately 10,000 people, but diet therapy
for this group of patients has not been discussed sufficiently [3]. In any case, it has become
possible for humans to avoid death by ESKD using these three methods. Although various
problems remain with each type of treatment, the quality of these treatments provided in
Japan is high, and they have greatly benefited ESKD patients.

A characteristic feature of dialysis medicine in Japan is that the proportion of patients
undergoing hemodialysis is overwhelmingly high [1]. There may be various reasons for
this [4], but patients in Japan generally undergo HD 3 times a week for about 4 h at a time,
which was the standard decided 50 years ago. Furthermore, patients receive guidance
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that eating more than the amount that can be removed by the 12 h a week of HD is life
threatening. This was guidance that began in the early years of HD therapy, when patients
were generally younger and hence found it more difficult to suppress their food intake
owing to their appetite, and when the efficiency of dialysis was lower than at present.
Specifically, patients were encouraged to reduce dietary intake if excessive weight gain
between dialysis, hyperkalemia, or hyperphosphatemia was observed. However, many
dialysis facilities do not have a registered dietitian, and as other medical staff do not study
nutrition during their training period, specific advice regarding actual meals that take into
account adequate nutrition cannot be provided to the patients. As a result, many doctors
will just look at the laboratory test results, and if there is a value that is above the criteria,
they just tell the patients “You are eating too much!” as a caution. If patients who lack
knowledge or elderly patients receive this caution, they will feel guilty about eating, and
reduce their overall food intake. This may result in many patients with insufficient energy
intake, because patients should actually increase their energy intake to compensate for the
reduced protein intake. In the past, the average age of HD patients was low, and hence
the patients’ body reserves had the capacity to compensate for the lack of energy intake,
but as the age of starting dialysis is increasing and dialysis patients are generally aging,
it has become necessary to introduce new ideas about nutritional management. That is,
it is important to reconsider the guidance that assumes that all patients should follow
dietary restrictions.

2. Assessment of Nutritional Status of HD Patients

In Japan, as a large proportion of HD patients are older patients, there are more
patients who have low nourishment who require an increase in their food intake than
patients who require dietary restrictions. Then, how can we identify patients with low
nourishment during general clinical practice?

In recent years, the words frailty, sarcopenia, and protein-energy wasting (PEW) [5]
have been attracting attention. The 2014 edition of the Sarcopenia Diagnostic Algorithm
created by the Asian Sarcopenia Working Group stated that it is necessary to measure
the grip strength and walking speed of elderly patients to diagnose these conditions [6].
However, it is difficult to routinely perform such measurements during daily practice in
dialysis facilities in Japan, and hence it was difficult to use these measurements as indices
of a patient’s nutrition status, resulting in a delay in the identification of patients with
low nutrition status. In November 2019, the Asian Sarcopenia Frail Society published the
Sarcopenia Diagnostic Criteria 2019 [7]. This new standard states a simple algorithm that
enables the identification of patients with a low nutrition status by family doctors and
in community medical settings without the need for skeletal muscle mass measurement
devices. If family doctors measure the muscle strength or physical function of patients, and
if either value does not meet the criteria, they are asked to diagnose the patient as having
“possible sarcopenia” and to begin nutritional or exercise therapy interventions. If there
is a specialized facility nearby, doctors are recommended to introduce the patient to the
facility to receive a definite diagnosis. Muscle strength is measured by grip strength, and
the cutoff value is less than 28 kg for men and less than 18 kg for women. Physical function
is evaluated by performing the 5-times chair stand-up test, and the cutoff value is 12 s
or more. In acute-to-chronic-stage medical settings and in clinical research facilities, the
diagnosis of sarcopenia is based on grip strength, physical function, and skeletal muscle
mass, as stated in the criteria of the 2014 edition. However, as a new measurement method
of physical function, in addition to the 5-times chair stand-up test, a simple physical
performance battery (Short Physical Performance Battery) consisting of a balance test, a
walking test, and a chair stand-up test has been added, which has increased the choice
of measurement methods. As a result, it is expected that diagnoses including possible
sarcopenia will become easier, and opportunities for intervention will increase. As an
international standard for the diagnosis of low nutritional status, the GLIM criteria were
announced in 2018. According to this criteria, after judging that a patient is at risk in the
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screening, if a patient shows signs of either (1) weight loss, (2) a low body mass index (BMI),
or (3) low muscle mass, and if the cause is identified as (1) a decrease in dietary intake or
digestive function, or (2) inflammation, the patient is diagnosed as having a low nutritional
status. However, owing to differences in physique among individuals of various races,
specific numerical values to be used as criteria have not been established, even for weight
loss, and hence this is not yet a suitable evaluation method.

3. The Impact of Serum Albumin in Malnourished HD Patients

On the other hand, serum albumin level is useful as a daily indicator of low nutri-
tion [8] and predictor of mortality [9] in HD patients. Figure 1 shows serum albumin
levels and protein intake (normalized protein catabolism rate: nPCR) of Japanese HD
patients from a statistical survey of the Japanese Society of Dialysis Therapy (JSDT) [10].
For example, because the simple standard of low nutrition is a serum albumin level of
below 3.5 g/dL, most of the older patients meet this criteria, and hence the possibility of
low nutrition in patients is high. In addition, the standard recommended protein intake for
HD patients in Japan is 0.9 to 1.2 g/kg/day, but few patients achieve this level (Figure 1).
In other words, it is clear that older HD patients have a high possibility of low nutrition,
and that their protein intake, which is one of the solutions, is also insufficient. Regarding
serum albumin level, specialists in Japan have discussed whether it should be measured in
a state close to overflow before dialysis or measured in a concentrated state after dialysis to
obtain a proper index for evaluation.

 
(a) (b) 

Figure 1. Nutritional status in Japanese HD patients in 2015. (Masakane, I. et al. [10]). (a) Serum

albumin level (b) Normalized protein catabolic rate, of Japanese HD patients. Data are expressed as

Mean ± SD. Blue column expresses patients below 60 years old, green column 60–74 years old, and

red column over 75 years old.

The basis of this discussion is the old idea of deciding on a particular numerical value
and providing guidance based on it. However, the correct approach is to follow the changes
in albumin levels of the patient over time, and to change the diet accordingly. However, to
establish a conclusion to these discussions, we analyzed statistical survey data (n = 96,700;
men, 61.5%) from the JSDT [11] using the outcome event of 1.5-year mortality. Laboratory
data included BMI, serum albumin, creatinine, and blood urea nitrogen (BUN) levels,
which are generally measured monthly in dialysis units in Japan. Bootstrap resampling
was used to compare the accuracy in predicting mortalities between pre-HD and post-HD
levels using area under the receiver operating characteristic curves (AUCs) adjusted for
baseline characteristics. A total of 6442 (6.7%) patients died within a year, and 30,965
(32.0%) of the patients died within 5 years. The adjusted AUCs for predicting the 1-year

83



Nutrients 2021, 13, 1390

and 5-year mortalities showed that pre-HD albumin, creatinine, and BUN levels, and
pre-HD BMI were more accurate than the post-HD levels (p < 0.0001 for each). Pre-HD
albumin and creatinine levels showed the highest adjusted AUCs for predicting 1-year
mortality (0.613 [95% CI: 0.598, 0.629]) and 5-year mortality (0.591 [95% CI; 0.586, 0.595]).

4. Methods to Evaluate and Improve Low Nutritional Status

If most older HD patients are likely to be at risk of low nutrition, establishing adequate
interventions is crucial. However, at present, professional evaluation methods are very
difficult to use for the evaluation of nutritional status. In general medical care, the only
way to evaluate a patient is by routine evaluation methods, such as blood tests and weight
measurement. In this situation, patients who show, for example, a high serum phosphorus
level and a lot of weight gain would be conspicuous. However, it is necessary to look
carefully at patients who are not so conspicuous, to identify those with low nourishment,
including patients who are thought to have “good self-management”. For example, it
is necessary to consider that patients who have unconsciously lost dry weight during a
6-month period are at risk of low nutrition.

The difficulty of intervening in and preventing low nutrition is caused by the difficulty
in identifying patients at risk, as a low nutritional state does not immediately cause any
particular symptoms. It is difficult to recover after becoming undernourished, and it
is hence important to intervene beforehand. For this reason, the Nutrition Risk Index-
Japanese Hemodialysis shown in Table 1 was created as a screening tool for low nutrition.
This is based on statistical survey data of the JSDT for assessing nutritional risks regarding
life prognoses after 1 year (Table 2). BMI, serum albumin levels, serum total cholesterol
levels, and serum creatinine levels can be used in daily practice to assess low nutritional
risk [12]. This index can be used not only as a screening tool, but also as an explanation
tool for patients. To treat patients with low nutrition who also have frailty or sarcopenia, it
is necessary to switch ideas from the previous ways of nutritional guidance to identifying
inconspicuous cases of low nourishment.

Table 1. Parameter estimates of the initial sarcopenia model and risk scores (Kanda E., et al. [12]).

Parameter Estimate Ratio Score

Low BMI (≤20 kg/m2) 0.51798 3.2555279035 3
Low serum albumin level (age < 65, <3.7 g/dL; age ≥ 65, <3.5 g/dL 0.68025 4.275075415 4

Low serum total cholesterol level (<130 mg/dL) 0.15912 1 1
High serum total cholesterol level (≥220 mg/dL) 0.24819 1.559766214 2

Low serum creatinine level (age < 65, male < 11.6 mg/dL, female <
9.7 mg/dL; age ≥ 65, male < 9.7 mg/dL, female < 8.0 mg/dL)

0.65957 4.145110608 4

Each parameter estimate in a Cox proportional hazards model adjusted for baseline characteristics was compared with the smallest
parameter estimate (low serum total cholesterol level). Then, the risk scores were determined. Abbreviations: BMI, body mass index.

Table 2. Risk groups and risk of all-cause deaths among HD patients (Kanda E, et al. [12]). Medium-

risk and high-risk groups (total score of 8 to 10 and 11 or more, respectively) showed a higher risk of

all-cause death than the low-risk group (score: 0 to 7).

HR aHR

Low-risk group Reference Reference
Medium-risk group 2.94 (2.68, 3.24) 1.96 (1.77, 2.16)

High-risk group 6.99 (6.45, 7.56) 3.91 (3.57, 4.29)

Values are HRs with 98% Cis of medium- and high-risk groups compared with the low-risk group. Abbreviations:
aHR, adjusted hazard ratio; CI, confidence interbval.

5. Methods to Improve Low Nutritional Status

Usually, an increase or decrease in body weight is proportional to the increase or
decrease in dietary intake, and thus the increase or decrease in salt intake. In 2019, the
Guidelines for the Treatment of Hypertension issued by the Japanese Society of Hyper-
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tension set a target salt intake value of less than 6 g/day. Older individuals, people with
renal dysfunction, and metabolic syndrome patients are highly salt-sensitive and a reduc-
tion in salt intake is often effective, but for individuals who are frail or receiving dialysis
therapy, it is desirable to adjust target salt intake appropriately in consideration of their
physique, nutritional status, physical activity, etc. [13]. That is, in frail older persons and
the chronic dialysis patients, if low nutrition occurs owing to a low salt intake, the amount
of salt intake should be increased. It has been shown in Asians that the intake of other
nutrients increases with the increase in salt intake [14], and thus adsorption drugs should
be used if the problem of hyperkalemia or hyperphosphatemia appears with increased
food intake [15]. The most important point in the management of low nutrition is not to
give guidance that limits food intake, which should be increased with great care without
being caught up in the laboratory data or traditional dietary standards. There are no fatal
or urgent side effects associated with increased dietary intake other than hyperkalemia,
and this can be improved over time. Moreover, how much protein intake is necessary for
HD patients with frailty or sarcopenia remains unknown, although HD patients without
frailty or sarcopenia are recommended to take 0.9 to 1.2 g/kg/day of protein, as shown
in Table 3. Even though older adults have been found to have a weaker synthetic re-
sponse to proteins owing to anabolic resistance compared with younger people [16–18],
HD patients should still take protein to combat frailty and sarcopenia. Although there are
few reports from Japan [19,20], both sarcopenia and frailty are more frequently observed
in dialysis patients than non-dialysis patients [21,22]. In addition, if non-diabetic HD
patients consume enough energy, skeletal muscle mass is not reduced by the currently
recommended amount of protein intake [23]. Therefore, it is first necessary to comply
with the current standard intake of 0.9 to 1.2 g/kg/day. In addition, because muscle loss
occurs not only by protein deficiency but also by energy deficiency [24], if weight loss
occurs despite the intake of the currently recommended amount of protein, it is necessary
to consider increasing energy and lipid intake and to reconsider the amount of protein
intake. Furthermore, to prevent sarcopenia, it is necessary to perform a combination of
exercise therapy and dietary intervention. On the other hand, what are the risks of protein
intake of more than 1.2 g/kg/day? Although there was no difference in the muscle area of
the abdomen and thighs in patients taking more than 1.2 g/kg/day of protein compared
with those taking less, it has been reported that the risk of increase in visceral fat and
hyperkalemia increases, and the risk of total death may also be higher in such patients [25].
However, it has also been pointed out that an increase in visceral fat in older HD patients
with frailty or sarcopenia may not necessarily be a risk of death [26]. In Japan, according
to a survey conducted at the end of fiscal year 2015, the protein intake of dialysis patients
was substantially lower than the recommended amount of 0.9 to 1.2 g/kg/day [10], and
we hence believe it is important to target the protein consumption of HD patients to the
present standard of 0.9 to 1.2 g/kg/day.

Table 3. Standard nutrient intake of patients receiving dialysis and healthy subjects in Japan. The standards for HD patients

are from the recommendations of JSDT published in Japanese in 2014. The standards for healthy subjects were calculated

from the National Institute of Nutrition (Reference 30), using the mean age and mean body weight of Japanese HD patients.

Standard body weight is selected and used as body weight. RDA: recommended dietary allowance, DG: tentative dietary

goal for preventing lifestyle-associated diseases.

Energy
(kcal/kgBW/day)

Protein
(g/kgBW/day)

Salt
(g/day)

Potassium
(mg/day)

Phosphate
(mg/day)

Calcium
(mg/day)

Patients (HD 3
times/wk)

30–35 0.9–1.2 <6 ≤2000 ≤protein (g) × 15

Healthy men 35–42 1.0 <8 2500 (adequate intake) 1000 (796.5–1062) 700
(66 years old) (2100–2450 kcal/day) (RDA 60 g/day) (DG) –3000 (DG) (adequate intake) (RDA)

Healthy women 34–40 1.0 <7 2000 (adequate intake) 800 (648–864) 650
(68 years old) (1650–1900 kcal/day) (RDA 50 g/day) (DG) –2600 (DG) (adequate intake) (RDA)
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5.1. Meals for Dialysis Patients

Dietary guidance for dialysis patients is provided in accordance with the dietary
standards for chronic kidney disease patients proposed in 2014 by the Japanese Society
of Nephrology and JSDT [27]. Facilities with registered dietitians can evaluate patient
diets according to the nutritional care process and provide correct guidance following this
standard. Of course, more accurate assessments of nutritional status using various special-
ized techniques are also possible [28], and many reports state that individual guidance by
registered dietitians is effective in increasing protein intake [29]. On the other hand, many
institutions do not have a registered dietitian, and medical professionals who have not
studied nutrition are required to provide dietary guidance. However, guidance centered
on conventional food restrictions is not necessarily effective, and on the contrary, it has the
risk of causing frailty and sarcopenia.

In Japan, the National Institute of Nutrition and Health issues dietary intake standards
every 5 years for healthy people to maintain healthy lives [30]. Table 3 compares the
standards of healthy individuals and dialysis patients. Dialysis patients have a slightly
lower energy setting than healthy people, but they have almost the same settings for
protein and salt. Restrictions are necessary only for potassium, and otherwise they should
be recommended to eat similar meals as healthy people of the same age range. When a
patient’s routine laboratory data changes to an abnormal value while following the above
diet, the diet can be adjusted with trial and error to gradually reach a balance. The idea of
letting dialysis patients eat the same meals as healthy people is quite the opposite of the
idea of dietary restriction that has been the standard in the daily care of HD patients. In the
absence of a nutrition specialist, it is also important to manage patients by such a “think as
you go” type strategy.

5.2. Medical Interventions

The discussion to this point has been about the intake of appropriate meals by patients
at their homes. However, for many older dialysis patients in Japan, even though they are
provided an ideal menu by a registered dietitian, and this ideal menu is prepared by the
family, it is often not possible for the patient to eat a sufficient amount of it owing to old
age and a decreased appetite. Therefore, to improve the nutritional status of these patients,
supplements may be used to overcome the deficiency of nutrients. Many oral nutritional
supplements are available worldwide, and the effective use of these can increase protein
intake. Furthermore, oral nutritional support during HD sessions is recommended, as it
is generally considered to improve the nutritional status of patients [31], although there
are some contradicting reports [32]. The benefits and risks of this type of support varies
with the status of the patient, the type of dialysis session, and institute, and hence it is still
difficult at present to come to a general conclusion [33].

Parenteral nutrition during HD is another method to increase the nutritional intake
of patients with low nutrition. There is more evidence that parenteral nutrition is effec-
tive for improving nutritional status in HD patients than oral support. A prospective,
multicenter, randomized, open-label, controlled, parallel-group phase IV clinical trial in
107 maintenance hemodialysis patients with PEW was conducted by Marsen et al. [34].
Patients were randomized into 2 groups receiving standardized nutritional counseling
with or without intradialytic parenteral nutrition. Prealbumin levels were significantly
increased to over baseline levels after 4 weeks of treatment in patients receiving parenteral
nutrition compared with the control group. More patients receiving parenteral nutrition
therapy achieved an increase in prealbumin level to greater than 30 mg/L after 16 weeks
of treatment (48.7% vs. 31.8%). The increase in prealbumin levels as a result of parenteral
nutrition therapy was more prominent in patients with moderate malnutrition (SGA score
B) compared with patients with severe malnutrition (SGA score C). Unfortunately, we have
no clear data at present regarding the effects of parenteral nutrition on HD patients with
low nutrition in Japan, and JSDT is currently considering a prospective study to investigate
this point.
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6. Conclusions

Although high-quality dialysis treatments are available in Japan, with the aging of
patients, it is necessary to reconsider the current treatment policies. Nutritional manage-
ment is at the center of this theme, and it is hence necessary to perform research towards
the establishment of intervention methods that are suitable for current dialysis patients
in Japan.
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Abstract: A series of problems including osteopathy, abnormal serum data, and vascular calcification

associated with chronic kidney disease (CKD) are now collectively called CKD-mineral bone disease

(CKD-MBD). The pathophysiology of CKD-MBD is becoming clear with the emerging of αKlotho,

originally identified as a progeria-causing protein, and bone-derived phosphaturic fibroblast growth

factor 23 (FGF23) as associated factors. Meanwhile, compared with calcium and parathyroid hor-

mone, which have long been linked with CKD-MBD, phosphate is now attracting more attention

because of its association with complications and outcomes. Incidentally, as the pivotal roles of

FGF23 and αKlotho in phosphate metabolism have been unveiled, how phosphate metabolism

and hyperphosphatemia are involved in CKD-MBD and how they can be clinically treated have

become of great interest. Thus, the aim of this review is reconsider CKD-MBD from the viewpoint of

phosphorus, its involvement in the pathophysiology, causing complications, therapeutic approach

based on the clinical evidence, and clarifying the importance of phosphorus management.

Keywords: CKD-MBD; FGF23; aKlotho; phosphate-binder

1. Introduction

The series of changes that occur in renal dysfunction, including decreases in serum
calcium levels due to impairment in vitamin D activation, hypersecretion of parathyroid
hormone (PTH; i.e., secondary hyperparathyroidism), bone decalcification, and weak
bones (osteomalacia), were collectively regarded as renal osteodystrophy. Following the
introduction of the term “chronic kidney disease” (CKD), which expands the prior concept
of renal dysfunction or renal failure, CKD-associated metabolic disorders of minerals (e.g.,
calcium) are now defined as CKD-mineral bone disease (CKD-MBD). As if coinciding with
these changes, αKlotho was first reported in 1997, a deficiency of which results in an aging
phenotype [1], and fibroblast growth factor 23 (FGF23), which causes a form of rickets
and hypophosphatemia in bone metastasis, was identified in the early 2000s [2,3]. Pheno-
typical similarities between αKlotho-deficient mice and FGF23-deficient mice indicated
an association between these two molecules, and their considerable involvement in the
regulation of phosphate metabolism was subsequently revealed [4]. Given the significance
of phosphate metabolism in CKD, and that αKlotho and FGF23 are involved in the patho-
physiology as well as the onset of complications and survival in CKD, the importance
of the αKlotho/FGF23 regulatory system in CKD-MBD is becoming clearer. This article
reviews phosphate metabolism in CKD-MBD and its clinical significance, with a particular
focus on the role of αKlotho/FGF23.

2. Basics of Phosphate Metabolism

Phosphate, along with calcium, is abundant in bone and as a component of hydrox-
yapatite, is essential for bone formation. It also has a variety of roles in cell biology (both
in cell functions and maintaining life), including being a component of cell membranes
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and nucleic acids, being a component of ATP (the cell’s energy source), and regulating
intracellular signaling via phosphorylation to control the function of enzymes and adjust
pH. Phosphate ions are the most abundant intracellular anions, and its intracellular con-
centration is higher than that of serum. The metabolic balance of phosphate is regulated
mainly by maintenance of the phosphate pool in bone and soft tissues, through phosphate
absorption in the intestinal tract, osteogenesis, bone resorption, and excretion and reabsorp-
tion in the kidneys. Vitamin D and PTH have long been known to play major roles in the
regulation [5]. The largest quantity of phosphate is stored in the bones, but the mechanism
by which the phosphate pool is maintained in the bones has not yet been fully elucidated,
and this is why many aspects of phosphate storage and its control in renal dysfunction or
during dialysis remain unknown. Recently, sodium–phosphate cotransporters have been
explored, and their critical role in phosphate reabsorption and excretion in the kidney was
demonstrated [6]. The movement of phosphate in and out of the body basically relies on
phosphate transporters. Sodium-dependent phosphate transporters (Na/Pi) that localize
on proximal tubular epithelial cells and small intestinal epithelial cells are important for
phosphate homeostasis in blood because they are responsible for excretion and reabsorp-
tion of phosphate in the kidney as well as phosphate absorption in the intestinal tract [7].
Approximately 80% of filtered phosphate in urine is reabsorbed in the kidney; of this,
60% is reabsorbed by the proximal convoluted tubules, 10 to 20% by the proximal straight
tubule, whereas less than 10% is reabsorbed by the distal convoluted tubules.

Phosphate uptake can be roughly classified into intercellular transport and Na/Pi-
mediated cellular transport. Na/Pi are proteins essential for phosphate uptake into cells
via the plasma membrane. Three Na/Pi families have been identified. Type I includes
gene, SLC17 A1 (Na/Pi-I), and Type II includes the gene, SLC34 family (Na/Pi-I). Both
types are expressed in the kidney and small intestine and are responsible for epithelial
phosphate transport. Na/Pi-II is further classified into IIa, IIb, and IIc. In proximal tubular
epithelial cells, Na/Pi-IIa and Na/Pi-IIc are localized on the brush border membrane and
play a pivotal role in phosphate reabsorption. Type III includes the gene, SLC20 family
(PiT1, PiT2), which are expressed in various organs and are responsible for high-affinity
phosphate transport. With advances in the cloning of genes that encode these sodium-
dependent phosphate transporters and the elucidation of phosphate transport kinetics and
related molecular mechanisms (e.g., molecular structures), regulatory factors such as FGF23
and associated small molecules have been identified and their functions have been clarified.
These molecules are becoming the targets of new drugs [8]. It was long thought that PTH
(a hormone that regulates calcium and phosphate levels) and 1,25-dihydroxyvitamin D
(1,25(OH)2D) control Na/Pi to maintain the phosphate balance. Furthermore, the FGF23-
mediated regulatory mechanism secreted from bone cells, which has recently emerged, is
also affecting Na/Pi transport activity, that connects the kidney and bone in which αKlotho
is expressed. Taken together, it is clear that many organs are involved in the maintenance
of phosphorus homeostasis.

3. The αKlotho/FGF23 Axis

Since the phosphate-related molecules αKlotho and FGF23 were identified in the 1990s,
powerful phosphate regulatory mechanisms have been revealed. In patients with abnormal
laboratory test results indicative of hyperphosphatemia or secondary hyperparathyroidism,
soft tissue calcification (e.g., vascular calcification) can occur in addition to renal osteopathy,
and this can lead to fracture, cardiovascular event, and death. This systemic condition is
now understood as a disorder of mineral and bone metabolism resulting from CKD, and the
term CKD-MBD was proposed [9]. αKlotho is a factor that supports this disease concept.
The aklotho gene attracted attention for its characteristic aging phenotype, consisting of
a short life span, arterial calcification, pulmonary emphysema, and osteoporosis, in mice
carrying an insertion mutation. Furthermore, the high mRNA expression level in the
kidney and the development of hyperphosphatemia in insertion mutants suggested the
possible involvement in the pathophysiology of kidney diseases [1]. αKlotho protein is

90



Nutrients 2021, 13, 1670

composed of domains that show similarities to a carbohydrate-degrading enzyme (i.e.,
β-glucosidase), and exists in 2 forms (membrane-bound or secreted). The membrane-
bound form is involved in the signal transduction of phosphaturic FGF23 by serving as
a cofactor of the FGF23 receptor. More precisely, membrane-bound αKlotho acts as a
co-replicator of the FGF23 receptor to enhance the specificity of the receptor and FGF23
actions [10,11]. FGF receptors are tyrosine kinase receptors encoded by 4 genes and make a
complex with αKlotho to form the high-affinity FGF23 binding site [12]. However, αKlotho
was originally recognized as a protein with multipotency, and various mechanisms of
action were speculated, including the action of secreted αKlotho. Meanwhile, it was
recently reported that the structure of αKlotho was not compatible with its glycosidase
activity, suggesting that shed αKlotho functions as an on-demand non-enzymatic scaffold
to promote FGF23 signaling [13].

The role of secreted aKlotho remains largely unknown. Secreted aKlotho has sialidase
activity and cleaves sialic acids from N-linked glycans of glycoproteins, thereby contribut-
ing to the stability of glycoproteins in the membrane [14]. One possible role is preventing
endocytosis of cation channels such as TRPV5 and ROMK1, thereby stabilizing them and
establishing their calcium channel functions [15,16]. The regulation of TRPC6 channel by
secreted αKlotho is reported to be a direct channel-gating action, independent of FGF23
receptors [17,18]. The inhibition of sodium-dependent phosphate transporters (Na/Pi-II),
which are located in proximal tubules, inhibits the reabsorption of phosphate in the kidney,
resulting in phosphate diuresis. However, given that αKlotho is localized mainly in the
distal tubules [19], whereas Na/Pi-II is localized in the proximal tubules, it is possible that
FGF23 interacts with the αKlotho–FGF complex to exert a paracrine action on adjacent
proximal tubules; alternatively, the secreted form of αKlotho, which has glucuronidase
activity, modifies Na/Pi-II glycans to decrease enzymatic activity or enhance the inter-
nalization of transporters, thereby modulating the inhibitory regulation [20]. Despite the
several reported functions described above, many aspects of the mechanism by which
αKlotho and FGF23 regulate Na/Pi-II remain to be elucidated [11], particularly, the mode
of action of the secreted form of αKlotho and how it works in distant organs.

FGF23, a member of the fibroblast growth factor family, was identified as a phosphate
diuretic factor. Around the same time, the FGF23 gene was identified as a causative gene
of autosomal dominant hypophosphatemic rickets [2] and as a humoral factor in tumor-
induced osteomalacia [3]. FGF23 is a 26-kDa protein comprising 251 amino acids and is
produced and secreted mainly by osteocytes [21]. Phenotypic similarities between FGF23-
knockout mice and αKlotho-knockout mice indicated an association between FGF23 and
αKlotho, which were shown to be components of the same signal transduction system [4].
FGF family members (22 humoral factors) interact with FGF receptors and are involved in
embryogenesis and organ development. Although FGF23 has a low affinity for FGF, the
formation of a complex between αKlotho and FGF receptor 1c, 3c, or 4 creates a high-affinity
binding site that exert actions in the kidney. The basic biological and physiological actions
of FGF23 in calcium/phosphate metabolism is becoming clear. Shimada et al. administered
synthetic FGF23 to experimental animals that had undergone parathyroidectomy and
examined the effect of FGF23 without PTH action. The administration of synthetic FGF23
decreased serum phosphate levels, likely due to decreased phosphate reabsorption, which
was indicated by the suppressed expression of Na/Pi-II in the proximal tubules. In addition,
FGF23 decreased the expression of 1α-hydroxylase mRNA and increased the expression of
25-hydroxyvitamin D-24 hydroxylase mRNA, indicating that FGF23 suppresses the active
form of vitamin D [22].

4. Phosphate-αKlotho/FGF23 Axis

It has been reported that the renal expression of αKlotho is reduced in CKD [23].
Sakan et al. examined biopsy specimens and showed progressive reduction in αKlotho
immunostaining and in αKlotho mRNA expression from the early stage of CKD [24].
The expression of αKlotho is known to be decreased due to various types of stress and
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ischemia. For example, experiments using αKlotho-expressing cultured cells showed that
oxidative stress decreased αKlotho expression [25]. These results indicated that decreased
αKlotho expression not only causes metabolic disorders but may also elicit distinctive
pathologies. αKlotho is reported to inhibit aging, increase lifespan, and prevent tissue
damage, and thus it is easy to imagine an association between decreased expression of
αKlotho and progression of CKD [26–28]. An experimental CKD model using αklotho
(+/−) mice with ureteral obstruction showed aggravation of interstitial fibrosis in mice
with reduced αKlotho expression, probably due to impaired suppression of TGFβ [29],
suggesting that decreases in αKlotho expression weaken the mechanism that suppresses
fibrosis. This further suggests a vicious cycle in which stress and ischemia lead to decreased
expression of αKlotho in the renal tissue, which accelerates tissue damage during the
progression of CKD (Figure 1).

Figure 1. Representative sections immunohistochemically stained for α-SMA in the renal tubules

in the reduced Klotho expression mice treated by unilateral ureteral obstruction. Renal fibrosis

was induced by unilateral ureteral obstruction (UUO) in mice with reduced αKlotho expression

αkl (+/−) mice and compared them with wild-type mice. The UUO kidneys from αkl (+/−) mice

expressed significantly higher levels of fibrosis marker, α-smooth muscle actin (α-SMA), than those

from wild-type αkl (+/+) mice. Adapted from reference [29].

αKlotho levels in serum and urine have been reported in many studies. The secreted
form of αKlotho can be measured, but the correlations of serum αKlotho level with the
degree of renal dysfunction and serum phosphate level remain controversial. Decreased
urinary excretion of αKlotho and severe renal impairment have been reported in acute kid-
ney injury [30], and its negative correlation with renal function has also been reported [31].
However, Seiler et al. showed that serum αKlotho was correlated with age but not with
glomerular filtration rate (GFR), serum calcium level, or serum phosphate level and, com-
pared with FGF23, it was not strongly associated with outcomes in CKD [32]. Whether
αKlotho level can be a predictor of outcomes in CKD has not been well studied. In dialysis
patients, rates of coronary artery diseases and left ventricular dysfunction were high when
the serum αKlotho level was low, but a low serum αKlotho level was not necessarily corre-
lated with cardiovascular disease or aortic calcification score [33]. Also, the association of
secreted αKlotho with renal function and prognosis in CKD patients was questioned in a
meta-analysis [34]. The measurement system is an important component in the testing of
clinical specimens, but there are several limitations in αKlotho measurement that need to be
addressed before the significance of αKlotho can be determined [35]. In addition, Ref. [36]
summarized important measurement points and soluble αKlotho measurement methods
to date. After all, establishment of new reproducible measurement methods, sample man-
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agement, etc. are indispensable for clarifying the significance of human soluble αKlotho
and its relationship with prognosis and pathophysiology. Taken together, it seems certain
that αKlotho expression decreases in the renal parenchyma, but many issues still need to
be addressed including analysis of the secreted form of αKlotho; investigation of the mode
of action of the secreted form of αKlotho and its actions in distant organs; measurement
of serum αKlotho level in renal failure with decreased renal αKlotho expression; and
development of reproducible measurement techniques. Nevertheless, αKlotho has many
potential implications for diagnosis, physiological action, and pathophysiology [36,37].

However, in pre-dialysis CKD, increases in serum phosphate level occur at later stages
and therefore hyperphosphatemia is not always detected early. As renal dysfunction
progresses, renal αKlotho expression decreases while FGF23 and PTH increase, leading to
increased phosphate excretion per nephron to compensate for the decreased GFR [38,39]
(Figure 2). It should be noted that FGF23 increases in the early stage of CKD, but at present
it is unclear whether αKlotho decreases [40]. FGF23 is likely to have a suppressive effect on
phosphate storage attributed to clearance impairment, but early increases in FGF23 level,
even when the serum phosphate level is in the normal range, could suggest the presence of
other stimulatory factors. A prospective and cohort study involving 3879 patients with a
mean eGFR of 42.8 mL/min showed that an increased FGF23 level predicted the prognosis
of CKD, specifically, a significantly high mortality and disease progression to end-stage
kidney disease [41]. Prognosis was poor in the group with hyperphosphatemia at the
initiation of dialysis, and an increased FGF23 level was a risk factor of mortality [42].
FGF23 was also reported to be a predictor of cardiovascular events in predialysis CKD
patients but did not predict events at the initiation of dialysis and during maintenance
dialysis [43]. The significance of these reported high levels of FGF23 during maintenance
dialysis remains inconclusive.

Figure 2. Changes in Klotho protein, FGF-23, PTH, 1,25(OH)2D3, and phosphate as CKD progresses.

When Klotho expression first decreases, FGF-23 increases, lowering circulating 1,25(OH)2D3, which

depresses Klotho expression further and increases PTH expression. Increased PTH induces further

FGF-23 increases, causing large decreases in 1,25(OH)2D3 and large increases in PTH. This cycle

results in hyperphosphatemia in late stages of CKD. CKD, chronic kidney disease; FGF-23, fibroblast

growth factor-23; PTH, parathyroid hormone. Adapted from reference [38].

αKlotho and FGF23 have been reported to exert physiological activities and direct
biological actions, respectively. Also, the multipotency of αKlotho is of great interest. Trans-
genic mice overexpressing αKlotho protein are reported to have a 20–30% longer lifespan,
possibly through a mechanism involving the suppression of insulin/insulin-like growth
factor 1 (IGF1) signaling by αKlotho [26]. Generally, intracellular insulin/IGF1 signaling is
involved in the activation of redox signaling, the cytotoxicity of which induces aging. It
has also been suggested that αKlotho influences Wnt signaling [27] and induces enzymes
that scavenge reactive oxygen species to regulate apoptosis, thereby protecting proteins
and DNA from damage by oxidative stress as well as suppressing tissue damage [28].
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Meanwhile, several studies have reported the activities of FGF23. FGF23 was reported
to induce cardiac hypertrophy in an animal model and to enhance sodium reabsorption
in humans, thereby inducing hypertension [44,45]. These reports are in good agreement
with the association between FGF23 and the risk of chronic heart failure [46]. However,
a meta-analysis compared participants in the top third with those in the bottom third of
FGF23 concentration and showed that the summary relative ratios (95% confidence inter-
vals [CI]) were 1.33 (1.12–1.58) for myocardial infarction, 1.26 (1.13–1.41) for stroke, 1.48
(1.29–1.69) for heart failure, 1.42 (1.27–1.60) for cardiovascular mortality, and 1.70 (1.52–1.91)
for all-cause mortality. For non-cardiovascular mortality, the summary relative ratio was
1.52 (95% CI, 1.28–1.79). These results suggest no causal relationship between FGF23 and
cardiovascular disease risk [47]. In the above studies, the FGF level in CKD was measured
at a single point in time, rather than over a given period. A prospective and case-cohort
study involving chronic renal insufficiency patients monitored the FGF23 level at 2–5 years
(mean, 4.0 ± 1.2 years) in a randomly selected sub-cohort of 1135 participants. The median
FGF23 level was stable for 5 years of follow-up, but the distribution gradually skewed to
the right, suggesting a subpopulation with a markedly elevated FGF23 level. Compared
with participants with stable FGF23 levels, those with slowly increasing FGF23 levels had
a 4.49-fold higher risk of death (95% CI, 3.17–6.35), whereas those with rapidly increasing
FGF23 levels had a 15.23-fold higher risk of death (95% CI, 8.24–28.14). Conclusively, FGF23
levels are stable over time in the majority of CKD patients, but monitoring can identify
subpopulations with elevated FGF23 levels and an extremely high risk of death [48]. The
biological activities and clinical significance of soluble αKlotho and FGF23 remain largely
unknown and further studies are anticipated [49,50].

5. Phosphate Metabolism in CKD

As described earlier, CKD-MBD develops in the early stage of CKD and persists in
the dialysis stage after renal function is abolished. The pathophysiology of CKD-MBD
has traditionally included vitamin D activation disorder and hypocalcemia due to renal
dysfunction; hyperparathyroidism secondary to those stimuli; and bone changes due to
elevated PTH levels. Phosphate metabolism disorders and complications such as vascular
lesions are also attracting attention. In pre-dialysis CKD, the serum phosphate level starts
rising at the late stage, and thus hyperphosphatemia is unlikely to be detected at the early
stage. Decreases in GFR lead to increases in phosphate excretion per nephron, as well as
increases in the serum level of phosphaturic factors (i.e., PTH and FGF23). These changes
are likely caused by the decreased expression of αKlotho in the kidney. However, it remains
unclear how the membrane-bound form and the soluble form of αKlotho are involved.
Compensatory increases in PTH and FGF23 when serum phosphate levels are within the
normal range are reported to be predictors of high mortality [39].

In the dialysis stage, hyperphosphatemia also influences outcomes, for example, by
causing vascular calcification. Another cause of hyperphosphatemia is secondary hy-
perparathyroidism. The serum phosphate level increases due to PTH-dependent bone
resorption. In addition, ectopic calcification progresses in the early stage of CKD, suggest-
ing possible phosphate accumulation in soft tissue as well as in bone. When renal function
is impaired, excessive phosphate increases PTH secretion and decreases the active form of
vitamin D, which in turn induces secondary hyperparathyroidism.

6. Outcomes and Complications in Hyperphosphatemia

6.1. Effect on Renal Function Impairment and on Survival

Generally, in pre-dialysis CKD, the serum phosphate level remains within the normal
range until reaching stage 4 or 5. Therefore, it is unclear what kind of prognostic role the
serum phosphate level plays. Meanwhile, the significance of the serum phosphate level in
a population without kidney disease was reported in a study examining the relationship
between phosphate level and the onset of renal failure. Although the phosphate level
was thought to be unrelated to the onset and progression of CKD in healthy individuals,
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a retrospective longitudinal cohort study was performed in the period 1 January 1998
through 31 December 2008 of adults within a vertically integrated health plana. A total of
94,989 individuals within the health plan showed that the risk of end-stage renal disease
was significantly higher (the hazard ratio, 1.48) in patients in the 4th (highest) phosphate
quartile compared with those in the 1st (lowest) phosphate quartile, suggesting that a
relatively high phosphate level within the normal range can be a risk factor for CKD in
healthy individuals [51].

Several studies have investigated the relationship of serum phosphate level with renal
prognosis and mortality. In post hoc analysis of outcome data retrieved from the cohort
of 331 patients with chronic proteinuric nephropathies included in the REIN trial, which
is a study examined the progression of renal dysfunction and responses to angiotensin-
converting enzyme inhibitor, the proportion of patients who progressed to end-stage renal
diseases and a group of faster serum creatinine doubling time was significantly higher in
patients with serum phosphate levels in higher quartiles. Also, responsiveness to ramipril,
a renin-angiotensin converting inhibitor, was decreased, suggesting the possible influ-
ence of serum phosphate level on responsiveness to drugs [52]. A prospective cohort
study involving 6730 patients with CKD (defined by elevated serum creatinine level)
showed that among the 3490 patients in whom phosphate measurements were performed,
a serum phosphate level ≥3.5 mg/dL was associated with significantly increased mor-
tality risk, which increased linearly with each subsequent 0.5 mg/dL increase in serum
phosphate level. In addition, the mortality risk nearly doubled in patients with a serum
phosphate level ≥4.5 mg/dL compared with those with a normal serum phosphate level
(2.5–2.99 mg/dL) [53]. Furthermore, when the phosphate level was already high in pa-
tients with stage 4–5 CKD, the impairment of renal function progressed more rapidly, and
the crude mortality risk was increased to 1.62 for every 1-mg/dL increase in phosphate
level [54]. A meta-analysis of 12 cohort studies involving a total of 25,546 patients showed
that 8.8% developed kidney failure and 13.6% died, and every 1-mg/dL increase in serum
phosphate level was associated with kidney failure (hazard ratio, 1.36) and mortality
(hazard ratio, 1.20) [55].

Since the 1990s, phosphate has been shown to be a clear risk factor in the dialysis stage,
and this is mentioned in several clinical practice and treatment guidelines [56–58]. A 2011
meta-analysis reported that the mortality risk increased by 18% for every 1-mg/dL increase
in the serum phosphate level (relative risk [RR], 1.18; 95% CI, 1.12–1.25). There were no
significant association of all-cause mortality with serum PTH level (RR per 100-pg/mL
increase, 1.01; 95% CI, 1.00–1.02) or serum calcium level (RR per 1-mg/mL increase, 1.01;
95% CI, 1.00–1.162), indicating the importance of phosphate compared with PTH and
calcium [58]. Although the degrees of importance were compared only in a limited number
of studies [59], the monitoring of phosphate, calcium, and PTH levels in a 3-year cohort
of 128,125 hemodialysis patients in Japan showed that mortality was lowest in patients
who achieved the phosphate target compared with those who achieved the targets of
other markers, indicating that the phosphate level was the strongest predictor of mortality,
followed by calcium and PTH [60].

6.2. Hyperphosphatemia and Vascular Calcification

Vascular calcification has been regarded as an aging-associated phenomenon, and
conventional risk factors include aging, diabetes, lipid abnormality, and hypertension. In
addition, an association with CKD-MBD was recently revealed. Vascular calcification is an
important component in CKD-MBD and influences patients’ survival [9,61].

Calcification occurs at the vascular intima and the vascular media, and intimal lesions
are associated with atherosclerosis. Intimal lesions are characterized by lipid deposition
and infiltration by inflammatory cells such as macrophages, resulting in the formation of
protruding lesions called plaques. In dialysis patients, these plaques are often associated
with a high degree of calcification. On the other hand, medial calcification is known as
Mönchsberg’s calcification, which is pathologically characterized by calcium deposition
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within the medial tissues of muscular arteries, sometimes with osseous metaplasia. Medial
calcification is reported to be associated with all-cause and cardiovascular mortality and
induces arteriosclerosis [62]. The molecular mechanism underlying vascular calcification
is becoming clear. In addition to traditional factors such as phosphate, the involvement
of new factors like αKlotho and FGF23 as well as regulatory factors at the cellular level,
have been identified [63]. Given that proteins associated with bone (e.g., osteopontin,
osteocalcin, osteoprotegerin, and matrix Gla protein), which are produced by osteoblasts
and chondrocytes, are present in calcified lesions, the transformation of vascular smooth
muscle cells is likely to play a central role [64]. Accordingly, the basic mechanism, which
involves cellular phosphate uptake via the phosphate transporter Pit-1, followed by trans-
formation of vascular smooth cells into osteoblasts and chondrocytes and then induction
of medial calcification, indicated that phosphate is a strong factor in calcification [65].
Additional details of the pathophysiology have been reported, including the enhancement
of osteochondrogenic differentiation, the induction of apoptosis, and the fibrosis and min-
eralization of extracellular matrix [66]. As the association between vascular calcification
and phosphate became clearer, several related factors were reported. The Chronic Renal
Insufficiency Cohort (CRIC) study revealed that serum phosphate was associated with
the coronary artery calcification score in pre-dialysis CKD patients, but that FGF23, which
influences the cardiovascular system, had no association with and no influence on coronary
artery calcification [67]. In addition, the associations of serum phosphate concentrations
with vascular and valvular calcification in 439 participants from the Multi-Ethnic Study of
Atherosclerosis study who had moderate CKD and no clinical cardiovascular disease were
examined, and high serum phosphate level within the normal range, after adjustment for
PHT and vitamin D, was significantly associated with calcification of the coronary arteries
and cardiac valves [68]. These studies suggest that the risk of vascular calcification exists
from the pre-dialysis stage and that phosphate has a considerable influence on this risk,
although it remains unclear what effect reducing the phosphate level might have.

Vascular calcification is very common in aging, diabetes and especially in CKD. Vas-
cular calcification is a powerful predictor of cardiovascular morbidity and mortality in the
CKD population. Elevated serum phosphate is a late symptom of CKD and has been shown
to promote mineral deposition in both vascular walls and heart valves. αKlotho and FGF23
are new factors in CKD-MBD and are thought to be involved in the pathogenesis of uremic
vascular calcification. There are inconsistent reports on the biomedical effects of FGF23, in
contrast, increased evidence supports αKlotho’s protective role in vascular calcification.

6.3. Hyperphosphatemia and Fracture

The risks of osteoporosis and fracture are expected to increase with age in CKD
patients [69]. In particular, the Dialysis Outcomes and Practice Patterns Study (DOPPS)
report, which involved 34,579 dialysis patients in 12 countries, showed that the frequency
of femoral neck fracture was higher in dialysis patients than in the general population of
each participating country. Decreases in the quality of life and a high mortality rate were
also reported. Osteoporosis and bone lesions due to renal dysfunction (traditionally called
renal osteodystrophy and now called CKD-MBD) differ in terms of pathophysiology, but
both are considered complications of aging [70]. A cohort study of 679,114 participants
showed that the risk of fracture during the 3-year observation period was high in both
sexes when eGFR was ≤15 mL/min and participants were aged ≥65 years [71]. A Japanese
cohort study of 162,360 participants examined 5-year all-cause mortality and cause-specific
mortality and showed that crude mortality rates doubled in participants with hip fracture;
this higher mortality persisted during the 5-year period [72].

Several studies have reported a direct association between phosphate and fracture.
Experiments using cultured osteoblast-like cells revealed that inorganic phosphate induces
apoptosis [73]. In addition, increases in the phosphate concentration of cell culture media
inhibited the RANK–RANKL signaling-mediated cell differentiation of cultured osteoclast-
like cells [74]. Regarding the association between serum phosphate level and fracture
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in humans, an increased risk of fracture was reported in healthy individuals when the
phosphate level was the mid- to upper normal range, and phosphate level was reported to
be a significant risk factor for fracture in men with CKD [75,76].

7. Treatment

Dietary Treatment of Hyperphosphatemia

Dietary treatment of CKD is based on the restriction of dietary protein. The Japanese
clinical practice guidelines for CKD recommend restricting dietary protein to limit the
progression of CKD (e.g., 0.8–1.0 g protein/kg standard bodyweight/day for stage G3a, and
0.6–0.8 g protein/kg standard bodyweight/day for stage G3b or later). Possible rationales
include induction of glomerular hyperfiltration by excessive protein intake, which affects
renal function, and the accumulation of uremic protein metabolites when renal function
is impaired; however clinical studies have not produced conclusive evidence in support
of these.

A meta-analysis of randomized controlled trials (RCTs) involving 779 diabetic kidney
disease patients showed that GFR was 5.82 mL/min higher in patients on a protein-
restricted diet (0.6–0.8 g protein/kg bodyweight/day) for 18 months compared with those
who were not (1.0–1.6 g protein/kg bodyweight/day) [77]. Another meta-analysis showed
that the estimated effect of a protein-restricted diet compared with the control diet on
annual changes in GFR was −0.95 mL/min. The estimated effect for the non-diabetic and
type 1 diabetic patients was −1.50 mL/min, whereas that for type 2 diabetic patients was
−0.17 mL/min; the estimated effect for type 2 diabetic patients was not significant [78]. The
results of a study that searched the Cochrane Kidney and Transplant Specialized Register
up to 7 September 2020 were also reported. This study included 17 RCTs involving a total
of 2996 non-diabetic pre-dialysis adult CKD patients with renal function impairment and
showed that fewer patients progressed to the stage requiring dialysis when a very-low-
protein diet (0.3–0.4 g protein/kg bodyweight/day) was provided than when an ordinary
low-protein diet (0.5–0.6 g protein/kg bodyweight/day) or a normal-protein diet (0.8 g
protein/kg bodyweight/day) was provided for 12 months. There was little difference in the
number of patients with non-severe kidney failure who progressed to the stage requiring
dialysis between the low-protein diets and normal diet. These results indicate that very low
protein intake may delay the progression of kidney failure, but more information, including
adverse effects, adherence difficulties, and the impact on quality of life, is needed [79].

Protein restriction has been a clinical proposition for a very long time, but the present
situation is as described above. The difficulty of strictly adhering to the protocol, which
makes comparisons inaccurate, may be the reason for the inconclusive effect. In addition,
the concept of nutritional management changes with the age of the CKD patient. Possible
impairments in physical and mental function (e.g., frailty) resulting from drastic protein
restriction are of concern. Meanwhile, a study focusing on phosphorus as a harmful sub-
stance was also reported [80]. As described earlier, it should be noted that, in pre-dialysis
CKD, the serum phosphate level is maintained for a long time because the phosphate
excretion per nephron increases as the number of nephrons decreases. FGF23 from the
bone is implicated in this, but high FGF23 levels are associated with poor prognosis. The
question then arises as to whether restricting phosphorus intake in order to suppress FGF23
would be effective. However, this question remains unanswered. Also, as will be discussed
later in this article, an attempt to use phosphate binders to reduce the level of FGF23 in
patients with a normal serum phosphate level was unsuccessful.

Then, is protein restriction equal to phosphorus restriction? As the features of phos-
phorus, especially its role as a nutrient, have attracted increasing attention, the management
of phosphorus, rather than protein, has become more important. A study (The NHANES is
an ongoing series of the surveys of the non-institutionalized civilian population in the USA
conducted by the National Center for Health Statistics. From 1988 to 1994, NHANES III, a
cross-sectional survey of the US population was carried out.) examining the effect of dietary
phosphorus intake in 1105 patients with stage 3 CKD (eGFR 49.3 ± 9.5 mL/min) showed
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that dietary phosphorus intake did not influence mortality when the serum phosphate level
was in the normal range [81]. Also, analysis of the data from the Modification of Diet in
Renal Disease (MDRD) study showed no association of 24-h urine phosphate excretion with
progression to end-stage renal disease, all-cause mortality, and cause-specific mortality [82].
Meanwhile, a follow-up of 95 patients with stage 2–3 CKD for 2.7 ± 1.6 years showed a
decline in eGFR of 0.5 mL/min/year and a correlation between the rate of eGFR decline
and the degree of phosphaturia. In the same study, phosphate load caused renal toxicity in
an animal model, suggesting that phosphorus directly damages renal tubules [83]. In addi-
tion, a study of patients on maintenance dialysis using the Food Frequency Questionnaire,
which was developed to simultaneously obtain information about food intake habits and
nutrient intake, showed that dietary phosphorus intake and the phosphorus-to-protein
ratio were associated with mortality [84]. Taken together, the significance of phosphorus
restriction in the pre-dialysis stage remains inconclusive.

The importance of phosphorus restriction has been reported in hyperphosphatemia,
and the phosphorus-to-protein ratio and the characteristics of phosphorus itself, in addition
to the absolute amount of dietary phosphorus, are considered important [85]. Dietary
phosphorus can largely be classified as organic or inorganic, both of which have different
absorption rates in the body. Organic phosphorus binds to proteins and phytic acid and is
absorbed at a rate of about 50%. Organic phosphorus can be further classified by source,
namely, plant or animal proteins. The organic phosphorus in animal-derived foods is
readily digestible, so its absorption rate is relatively high, whereas that in plant-derived
foods is often phytate-based, so its absorption is limited. Indeed, compared with animal-
derived dietary protein, plant-derived dietary protein led to lower serum phosphate levels
and FGF23 levels [86] indicating the usefulness of plant-derived dietary protein in the
restriction of dietary phosphorus intake [87]. Meanwhile, inorganic phosphorus is a
main component of food additives (e.g., acidifiers, emulsifiers, baking powder, and pH
stabilizers) which are a recent cause of concern and are used in many processed foods.

As described earlier, the toxicity of phosphorus itself is considered a problem. The
number of studies reporting an association of excessive phosphorus intake with CKD,
cardiovascular disease, and bone lesions has been increasing, which likely reflects the
excessive consumption of processed foods [88]. Given that calcium contents vary but
phosphorus is present in all commonly eaten foods, food additives are likely to increase
the phosphate load [89]. Given that dietary phosphorus intake has been increasing, and
the harmful nature of phosphate especially in CKD and CKD-MBD has become a cause for
concern, the use of phosphorus binders has become central to the management of dietary
phosphorus intake. Several systematic reviews conducted in different years reported the
effect of dietary educational interventions on the reduction of phosphate levels [90,91].
Dietary educational interventions had a suppressive effect on hyperphosphatemia, as
shown in the latest review. Statistical significance was confirmed in some studies, but
their reliability was questioned because of the randomization process and deviations from
protocol. Monthly dietary educational interventions (20–30 min) reduced phosphate levels
without compromising the nutrition status of patients with persistent hyperphosphatemia,
but the effect did not persist when the interventions were discontinued. Nevertheless, trials
varied widely in terms of design, approach, and so on, and thus the evidence obtained was
very much limited [92].

The protein and phosphate contents as well as the phosphate-to-protein ratio are
higher in processed foods than in fresh foods. Knowing the phosphate content of foods,
especially processed foods, might contribute to better phosphate management in CKD pa-
tients with hyperphosphatemia [93]. Phosphorus-containing food additives are becoming
a social problem. Given the high levels of such additives among the most popular foods
sold in grocery stores as well as the low price of such foods, it is likely that CKD patients
often purchase these products [94]. An RCT involving 279 dialysis patients with a high
baseline serum phosphate level (≥5.5 mg/dL) examined the effect of dietary education.
After 3 months, approximately 1.0-mg/dL or 0.4-mg/mL decreases in serum phosphate
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level were seen in those who received or did not receive the dietary educational interven-
tion, respectively [95]. The effect of such educational programs on reducing phosphate
levels was confirmed in another RCT study [96]. As pointed out, an administrative ap-
proach may be important for the management of dietary phosphate intake and, indeed,
the restriction of dietary phosphate intake might be achieved through regulatory actions
implemented by US Food and Drug Administration. Mandatory labeling of phosphate
content on all packaged food and drugs would make it easier to quickly identify healthy
low-phosphate food and drugs, which would in turn make it easier for individuals to
control their total phosphate intake. Simple changes in regulatory policies and labeling are
warranted to enable better management of dietary phosphate intake in all stages of kidney
diseases as well as potentially reduce health risks in the general population [97].

8. Aging and Frailty

As described earlier in this article, a certain amount of protein intake is required for
aging CKD patients to prevent malnutrition caused by protein-restricted diets. Protein-
restricted diets may induce or aggravate impairment in physical function, sarcopenia, and
frailty. Indeed, such problems and their outcomes in elderly patients with end-stage kidney
disease have been reviewed [98]. Patients with frailty often have CKD. In such cases,
the eGFR, which is used as a diagnosis criterion for CKD, should be carefully calculated
because estimations based on creatinine level, which reflect the muscle mass, differ from
those based on cystatin C level [99]. The prevalence of frailty is high in pre-dialysis CKD
patients, and the presence of frailty was associated with the risk of progression to end-stage
CKD [100]. A systematic review reported that the prevalence rates of frailty and impaired
physical function were high in patients with CKD and that the rate of disease progression
to end-stage CKD and mortality were ≥2-fold higher when frailty was present [101].
Similar trends were shown in a Japanese study [102]. The prevalence rates of conditions
such as frailty and cognitive impairment were also high in elderly dialysis patients, and
complications were seen in many patients [103,104]. The prevalence of frailty in 117 patients
aged ≥69 years (mean age, 78.1 years) was high, and the HR for 12-month mortality was 2.6
in frail participants compared with non-frail participants [105]. Japanese clinical practice
guidelines for CKD recommend appropriate management of CKD-MBD in elderly CKD
patients aged ≥75 years. Restriction of dietary phosphate intake and administration of
phosphate binders are recommended for the management of hyperphosphatemia, and care
should be taken to avoid decline in appetite and nutritional status, especially in elderly
patients. A cohort study (historical cohort) including pre-dialysis CKD patients showed an
approximately 40% lower risk of all-cause mortality in those who received oral phosphate
binders compared with those who did not. This association was also seen in a subgroup
aged ≥71 years, suggesting that administration of phosphate binders might improve
outcomes in elderly patients [106]. A cohort study of dialysis patients also showed an
association between serum phosphate level and risk of mortality in elderly patients. In this
study, 107,817 hemodialysis patients in the US were followed for 6 years and increases in
all-cause mortality risk were associated with elevated serum phosphate level in subgroups
of those aged 70–74 years, ≥75 years, and in the younger subgroup [107]. These results
indicate that, even when a certain degree of protein intake is ensured in elderly patients,
phosphate management should not be neglected; rather, adequate management is required.
A RCT of hemodialysis patients demonstrated the superiority of the phosphate-binding
medication sevelamer to calcium-based phosphate binders in lowering the mortality only
in the subgroups aged ≥65 years, indicating that calcium loading should also be avoided
in elderly patients [108].

9. The Significance of Phosphate Binders

Ensuring a certain amount of calories and protein intake and protecting against
increases in phosphate level are likely to affect the prognosis of CKD, especially in elderly
patients (as described earlier). Protein restriction, which is central to the dietary treatment
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of CKD, may lead to the impairment of physical function, including frailty, especially
in elderly patients. Thus, the recent trend in therapy is to use two conflicting strategies,
namely, ensuring sufficient protein intake and restricting phosphate intake. If dietary
therapy, as described earlier, is not satisfactory, then the use of phosphate binders needs to
be considered.

9.1. Administration of Phosphate Binders in Pre-Dialysis and Dialysis Stages

When the serum phosphate level does not increase in pre-dialysis CKD patients, it is
likely that the pathophysiology of CKD-MBD described earlier, which includes increases
in FGF23 level and downregulation of αKlotho (although it is difficult to prove clinically),
has already begun. If phosphate binders (e.g., sevelamer and lanthanum carbonate) can
reduce the FGF23 level by decreasing the phosphate load, parameters indicative of poor
outcomes may improve. In a study involving CKD patients without hyperphosphatemia
(eGFR, 20–45 mL/min/1.73 m2) (RCT study) who were randomly assigned to receive
placebo (58 patients), lanthanum carbonate (30 patients), sevelamer carbonate (30 patients),
or calcium acetate (30 patients), those who received phosphate binders showed significant
decreases in serum phosphate level (from 4.2 mg/dL to 3.9 mg/dL on average) and urinary
phosphate level. In addition, the attenuation of secondary hyperparathyroidism was
significantly higher in the groups receiving phosphate binders compared with the placebo
group, but phosphate binders did not affect the FGF23 level. Taken together, the effect of
phosphate binders on FGF23 levels cannot be expected in pre-dialysis CKD patients without
hyperphosphatemia, and thus a dietary therapy-based strategy was recommended [109].
Meanwhile, an observational study demonstrated the usefulness of phosphate binders in
CKD complicated by hyperphosphatemia. This study examined the association of using an
oral phosphate binder (sevelamer or a calcium-based phosphate binder) with mortality and
the eGFR slope in 1188 veterans with CKD. The mean eGFR was 38 ± 17 mL/min/1.73 m2,
and the majority of participants had stage 3 (57%) or stage 4 (30%) CKD. The analysis
revealed an association between the use of oral phosphate binders and low mortality
(adjusted HR, 0.61; 95% CI, 0.45–0.81) [106].

In dialysis patients, the administration of phosphate binders led to favorable outcomes.
The DOPPS, which was a prospective cohort study involving 23,898 dialysis patients from
12 countries, showed that 88% of patients were prescribed phosphate binders and that the
mortality rate was 25% lower in those patients than in those without prescription, but only
when the phosphate level was ≥3.5 mg/dL [110]. In the COSMOS trial (a 3-year follow-
up, multicenter, open-cohort, observational prospective study) involving 6797 patients,
phosphorus binding prescriptions also associated with the risk of total and cardiovascular
mortality by 29% and 22%, respectively [111]. Intention-to-treat analyses (analyzed a
prospective cohort study of 10,044 incident hemodialysis patients using Cox proportional
hazards analyses to compare 1-year all-cause mortality among patients who were or were
not treated with phosphate binders) also revealed the effect of phosphate binders on
survival in dialysis patients [112]. Meanwhile, a meta-analysis of studies selected by a
recent search of the Cochrane Kidney and Transplant Register of Studies showed that the
use of sevelamer during dialysis was more effective in lowering the mortality compared
with calcium-based phosphate binders, and that use of any of phosphate binders did
not have a significant effect on myocardial infarction, stroke, fracture, or coronary artery
calcification [113].

9.2. Types of Phosphate Binders and Their Characteristics

Calcium-Based Preparations

The state of using phosphate binders in pre-dialysis CKD was explained earlier in this
article. Several studies have reported the effects of calcium-based preparations. Although
the number of participants was limited, the comparison of calcium carbonate (1500 mg/day)
and placebo showed that administration of calcium carbonate produced a positive calcium
balance but did not affect the phosphate balance in patients with stage 3 or 4 CKD [114].
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This means that administration of calcium carbonate has no influence on phosphate balance
but does increase the calcium load. Meanwhile, a RCT of pre-dialysis CKD patients with
hyperphosphatemia showed that administration of calcium acetate caused decreases in
phosphate and PTH levels and increases in the calcium level [115].

Subsequently, calcium loading resulting from administration of phosphate binders
became a problem, especially in Japan, where the use of these binders increased because
aluminum-based binders were contraindicated for CKD patients. Calcium carbonate
preparations were approved for the treatment of hyperphosphatemia, but given the clinical
use of activated vitamin D (intravenous injection), problems arose, including hypercalcemia,
excessive suppression of the parathyroid, adynamic bone disease, and calcification of soft
tissues and blood vessels. For this reason, although calcium carbonate became the standard
phosphate binder because of low cost, widespread use is to be avoided.

As a result, clinical studies comparing calcium-based agents and new resin-based
alternatives were conducted. Sevelamer is a cationic polymeric resin that binds to free
phosphate derived from food within the gastrointestinal tract and is excreted in the stool
without being degraded or absorbed, thereby suppressing phosphate absorption in the
body. A RCT study of pre-dialysis patients with stage 3 or 4 CKD showed that all-cause
mortality, the rate of dialysis inception, and composite endpoint (mortality plus dialysis
inception) were significantly lower in the group that received sevelamer compared with
the group that received calcium carbonate [116].

The negative influence of a calcium-based phosphate binder compared with a non-
calcium-based phosphate binder on survival was also shown in a RCT study of dialysis
patients [117]. A 2013 meta-analysis also showed a more favorable effect on survival by
using a non-calcium-based phosphate binder compared with a calcium-based phosphate
binder [118]. Although the superiority of resin-based phosphate binders to conventional
calcium-based phosphate binders was reported [119], the results of a more recent meta-
analysis were inconclusive [120]. Furthermore, there are emerging problems related to resin-
based phosphate binders, including a high pill burden, non-adherence, and consequent
poor control of serum phosphate level [121].

9.3. Metal-Based Phosphate Binders

9.3.1. Lanthanum Carbonate Preparations

More recently, metal-based phosphate binders have been launched. Lanthanum car-
bonate was introduced in 2004, and its characteristics, which include better phosphate
binding efficacies and lower pill burden compared with those of resin-based phosphate
binders, are of great interest in the treatment of CKD, where polypharmacy is a consid-
erable challenge. A study examining lanthanum carbonate in pre-dialysis patients (RCT)
and a study comparing lanthanum carbonate with calcium carbonate in dialysis patients (a
crossover study) showed that lanthanum carbonate successfully decreased the phosphate
level and allowed for increased dose of vitamin D analogue without causing hypercal-
cemia [122,123]. A systematic review of RCTs and quasi-RCTs showed similar results,
reporting that heavy metal accumulation in blood and bone was below toxic levels, albeit
with a higher rate of vomiting compared with other agents [124]. Based on the experience
with aluminum-based preparations, accumulation of heavy metals in the body is a cause
of concern. However, paired bone biopsies confirmed no accumulation of lanthanum
in patients treated with lanthanum carbonate over a long period of time [125]. On the
other hand, whereas aluminum is excreted via renal pathway, lanthanum is predominantly
via the hepatobiliary pathway [126]. The subcellular localization of lanthanum in liver
tissue was determined using microscopy and spectroscopy techniques [127]. Lanthanum is
present in the lysosomes of hepatocytes, and there are no reports of cells or tissue damage
in the liver. Moreover, there was no evidence of an increase in the incidence or severity of
liver-related adverse effects in patients who received lanthanum for up to 6 years [128].

Meanwhile, a meta-analysis of RCTs showed significantly lower mortality in the lan-
thanum carbonate-treated group compared with groups that received other agents, but
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no significant difference in the rate of cardiovascular events was observed between the
groups [129]. Recently, lanthanum has attracted attention not only for its effect on phos-
phate levels but also on nutritional status. As mentioned earlier in this article, lowering the
serum phosphate level without drastically restricting protein intake is considered bene-
ficial in aging patients, and indeed, patients who received lanthanum carbonate showed
improved mortality and nutritional status [130]. In addition, the proportion of hypoalbu-
minemic dialysis patients who achieved a ≥0.2 g/dL increase in serum albumin level and
maintained their serum phosphate level within a range of 3.5–5.5 mg/dL was significantly
higher when they consumed a high-protein diet containing 400–500 mg phosphorus with
lanthanum carbonate compared with a low-protein diet containing ≤200 mg phosphorus
with a conventional phosphate binder (27% vs. 12%) in RCT study [131]. Lanthanum
carbonate has an inhibitory effect on calcium absorption [132] and so does not have a
suppressive effect on PTH in pre-dialysis patients. In addition, lanthanum carbonate, in
RCT of CKD stage 3b/4 patients without hyperphosphatemia, did not significantly affect
on arterial stiffness, aortic calcification, and serum phosphorus, PTH, and FGF23 levels for
96 weeks [133].

9.3.2. Ferric Citrate Preparations and Sucroferric Oxyhydroxide

Ferric citrate is a new type of phosphate binder, the active ingredient of which is ferric
citrate hydrate. Ferric iron inhibits phosphorus absorption by binding to phosphorus in the
gastrointestinal tract, thereby lowering the serum phosphate level. Its effective in lowering
phosphorus is expected to be similar to that of other phosphate binders. It is classified
as a metal-based agent, and in addition to its role as a phoshpate binder, it is expected to
provide the beneficial activities of iron itself.

Iron is expected to inhibit the osteochondrogenic transformation of vascular smooth
muscle cells induced by high phosphate in cultured cells. It binds to phosphorus to
inhibit phosphate transport and suppresses calcification by directly controlling transfor-
mation [134]. Furthermore, a RCT study involving 203 pre-dialysis CKD patients with
eGFR ≤20 mL/min showed that compared with conventional phosphate binders, fer-
ric iron significantly extended the time to hospitalization, death, dialysis inception, and
transplantation. In addition, the FGF23 level in the group treated with ferric iron was
half of that in the group treated with a conventional binder [135]. An RCT involving
441 dialysis patients showed a significant decrease in the phosphate level, significant in-
creases in iron-related test parameters, and a significant reduction in the usage of iron and
erythropoietin-simulating agent [136]. A meta-analysis confirmed that calcium levels were
lower in patients who received ferric citrate compared with those who received other phos-
phate binders. In addition, ferric citrate had an additive effect on iron repletion and anemia
control, which was predominantly associated with gastrointestinal side effects [137].

Give its nature as an iron agent, the risk of iron overload should be taken into account
when administering ferric citrate. However, it is beneficial as iron replacement because
it can be administered orally instead of intravenously. In addition, ferric citrate reduced
FGF23 levels by more than half and also lowered the intact PTH (iPTH) level, thereby
exerting effect on secondary hyperparathyroidism [138].

Meanwhile, sucroferric oxyhydroxide is a stable mixture of polynuclear iron (III)-
oxyhydroxide, sucrose, and starch. After oral administration, the sucrose is broken down
into glucose and fructose, and the starch into maltose and glucose, and finally the polynu-
clear iron (III)-oxyhydroxide is released. The phosphorous is bound via ligand exchange
between a hydroxyl group and the hydrated water molecule of polynuclear iron (III)-
oxyhydroxide and a phosphate ion. Iron, a biological element present in the body, is the key
component of sucroferric oxyhydroxide. Phosphate binding occurs through ion exchange
and iron ions are not expected to be released in the gastrointestinal tract. Nevertheless, it is
not known whether the structure of sucroferric oxyhydroxide remains unaltered. If part of
the structure is disturbed, some iron ions might be released and absorbed.
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Sucroferric oxyhydroxide is indicated for use in dialysis patients. A phase 3 clinical
study involving 644 patients compared the sucroferric oxyhydroxide treated group and the
sevelamer treated group and showed significant decreases in the serum phosphate level
in both groups, and a significantly smaller tablet number in the sucroferric oxyhydroxide
treated group compared with the sevelamer treated group; the ferritin level was increased
slightly, but transferrin saturation (TSAT), iron, and hemoglobin levels were stable [139]. A
study (post hoc analysis of a randomized, 24-week Phase 3 study and its 28-week exten-
sion) that focused on iron-related parameters showed that changes in several parameters
occurred within the first 24 weeks in both sucroferric oxyhydroxide- and sevelamer-treated
groups, but to a lesser extent in longer-term observation. When sucroferric oxyhydroxide
was compared with sevelamer, there were significantly greater increases in TSAT (+4.6% vs.
+0.6%, p = 0.003) and hemoglobin levels (+1.6 g/L vs. −1.1 g/L during the first 24 weeks
from baseline; the mean serum ferritin level was increased, although the difference between
the groups was not significant (+119 ng/mL vs. +56.2 ng/mL) [140]. A different observa-
tional study also reported no significant changes in iron-related parameters in the 6-month
observation period, indicating that, although both are iron-based, sucroferric oxyhydroxide
appears to exert different effects compared with ferric citrate [141]. Also, in another study,
1059 patients were randomized 2:1 to sucroferric oxyhydroxide 1.0–3.0 g/day (n = 719) or
sevelamer 2.4–14.4 g/day (n = 349) for 24 weeks. Sucroferric oxyhydroxide caused signifi-
cant and sustained 30% reductions in serum phosphate level (p < 0.001) and significant 64%
decreases in FGF23 level (p < 0.001). The iPTH level was decreased significantly at week 24
(p < 0.001) but returned to nearly the baseline level at week 52. Among bone resorption
makers, tartrate-resistant acid phosphatase 5b decreased significantly (p < 0.001), whereas
both bone formation markers, namely, bone-specific alkaline phosphatase and osteocalcin,
increased [142].

After all, since both ferric citrate and sucroferric oxyhydroxide are based on iron. It
can be said that there is a sense of security that iron is metal that has been used in the
past, and there is less resistance to use with other heavy metals. However, the premise is
different between the two that the iron is absorbed or not absorbed. Therefore, ferric citrate
has medicinal property as an iron preparation, whereas sucroferric oxyhydroxide is not
suitable for it. Ferric citrate can also be supplemented as iron, but conversely, decreasing or
increasing the amount of ferric citrate only with respect to the phosphorus level may affect
the decrease or otherwise overload of iron. On the other hand, sucroferric oxyhydroxide is
not approved for use during the non-dialysis period in Japan, but it is not expected to play
a role in iron supplementation, so on the contrary, iron may be absorbed in case, and along
with the phosphorus level, iron dynamics need to be confirmed during administration.

10. Conclusions

The concept of CKD-MBD has been established, and several attempts have been made
to address phosphate-associated toxicity and complications in CKD-MBD. Meanwhile,
the αKlotho/FGF23 axis has been discovered and the phosphate metabolism mechanism,
which involves the phosphate transporter Na/Pi, is becoming clear. Against this backdrop,
dietary therapy and the use of a phosphate binders have become the basic approaches in
managing phosphate levels in CKD patients. Unfortunately, both types of renal replacement
therapy (hemodialysis and peritoneal dialysis) have limited phosphate excretion capacity,
and so the phosphate balance tends to be positive even with a restricted diet. Despite
the marked aging observed in CKD patients, extreme dietary restriction can cause both
physical and mental functional impairments, and thus realistically there is a limit to protein
restriction. In addition, phosphate intake is increasing due to the widespread use of
phosphate-containing food additives. To address this situation, there is a movement to
regulate the use of inorganic phosphate in foods, and development of new drugs that
prevent phosphate absorption is under way. Phosphate absorption and excretion do not
occur independently but are regulated by a network involving calcium, vitamin D, and PTH.
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Phosphate control requires continuous daily management, and further multidisciplinary
studies are anticipated.
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Abstract: Potassium (K), the main cation inside cells, plays roles in maintaining cellular osmolarity

and acid–base equilibrium, as well as nerve stimulation transmission, and regulation of cardiac and

muscle functions. It has also recently been shown that K has an antihypertensive effect by promoting

sodium excretion, while it is also attracting attention as an important component that can suppress

hypertension associated with excessive sodium intake. Since most ingested K is excreted through the

kidneys, decreased renal function is a major factor in increased serum levels, and target values for

its intake according to the degree of renal dysfunction have been established. In older individuals

with impaired renal function, not only hyperkalemia but also hypokalemia due to anorexia, K loss by

dialysis, and effects of various drugs are likely to develop. Thus, it is necessary to pay attention to K

management tailored to individual conditions. Since abnormalities in K metabolism can also cause

lethal arrhythmia or sudden cardiac death, it is extremely important to monitor patients with a high

risk of hyper- or hypokalemia and attempt to provide early and appropriate intervention.

Keywords: potassium; potassium excretion; blood pressure; salt; hypertension; sodium; CKD

1. Introduction

Abnormalities in potassium (K) metabolism are induced by a variety of factors. How-
ever, since K metabolism is regulated in a large part by the kidneys, most cases of hyper-
and hypokalemia are caused by renal mechanisms [1]. Decreased renal function increases
the risk of developing abnormal K metabolism, though aging of affected patients, and the
increasing complexity introduced by various medications and dialysis treatments make
the pathogenesis more complicated (Figure 1). In this article, the basics of K metabolism,
the pathogenesis of abnormal K metabolism, and the relationships among factors related
to K and its dynamics are examined, along with a review of relevant literature.
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Figure 1. Factors affecting potassium metabolism in chronic kidney disease. Various factors cause abnormal K metabolism

in affected patients. Although sweat and the intestinal tract provide compensatory mechanisms, correction with medication

is also usually needed.

2. Distribution of K in the Body and Its Roles

Approximately 60% of adult body weight is water, two-thirds of which is intracellular
and one-third extracellular. The major cation in intracellular fluid is K, while the major
cation in extracellular fluid is sodium (Na). The total amount of K in the body is about
50–55 mEq/kg, about 98% of which is contained in intracellular (skeletal muscle, red blood
cells, liver, etc.) and 1–2% in extracellular fluid. This concentration gradient (intracellular
concentration: 150 mEq/L, extracellular concentration: 3.5–5.0 mEq/L) regulates excitatory
conduction in nerve and muscle cells, as well as maintenance of osmotic pressure in body
fluids and acid–base balance [2].

3. Regulatory Mechanisms of K in Kidneys

The normal daily intake of K in adults is 50–100 mEq, most of which is absorbed
from the small intestine. Increased K in blood is taken up into cells by active transport
through Na-K ATPase, with about 90% of excess K excreted in urine and about 10% in
feces. When renal function is normal, serum K does not increase rapidly or significantly
after K intake [3].

Of freely filtered K in the glomerulus, approximately 70% is reabsorbed in the prox-
imal tubules and about 20% in the thick ascending limb (TAL) of Henle’s loop, with the
remaining 10% regularly excreted (secreted) or reabsorbed by the cortical collecting duct
(CCD). In the proximal tubules, reabsorption occurs by passive transport along with reab-
sorption of water and Na, and in the TAL by active transport by Na-K-2Cl cotransporters
(NKCCs). In the CCD, several K channels, such as the renal outer medullary potassium
channel (ROMK), Maxi-K, and Kv1.3, are expressed in the lumen and on both sides of
blood vessels. K secretion is regulated by changes in the amount of K reaching the CCD
lumen in response to changes in K concentration in blood, as well as the velocity of flow
(urine volume) and negative potential in the lumen [4].

3.1. CCD Intraluminal Flow Velocity and Na Arrival Volume

When serum K concentration is increased, water and Na reabsorption become de-
creased due to increased K reabsorption in the proximal tubule and TAL, resulting in
increases in flow velocity (urine volume) and Na arrival volume due to water diuresis in
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the CCD. This flow-dependent increase in K secretion is mediated by Maxi-K channels on
the luminal side of CCD principal cells (PCs) and intercalated cells (ICs) [5]. When flow
velocity in the lumen increases, transient receptor potential vanilloid (TRPV)–4 channels,
which are also present in PC and IC cells, release stored intracellular calcium (Ca) and
induce Ca influx from the lumen into the cells [6], thereby activating Maxi-K and enhancing
K secretion [7]. When Na is reabsorbed in collecting tubules due to an increased amount of
Na reaching the lumen, K secretion is enhanced by promotion of exchangeable excretion of
K by the same cation.

3.2. ROMK and Maxi-K

A decrease in serum K concentration leads to decreased ROMK expression in PC
cells of the CCD, endocytosis of ROMK protein, and degradation of channel protein from
the luminal side membrane [8], as well as ROMK translocation into cells by activation of
intracellular tyrosine kinase in the luminal side membrane of TAL, resulting in decreased
K secretion [9]. Meanwhile, as K intake increases, Maxi-K expression on the luminal side of
the collecting duct [10] and renal K excretion mediating Maxi-K [11] increase. In IC cells, K
reabsorption by H-K ATPase activation in the luminal membrane is enhanced when serum
K concentration is decreased. Although the existence of a K excretory function of IC cells
during K ingestion has also been suggested [12], such a mechanism is not clear at present.

3.3. Aldosterone and Kallikrein

An elevated level of K in serum stimulates aldosterone secretion from the globular
layer of the adrenal cortex, then aldosterone increases epithelial sodium channel (ENaC)
and ROMK expression on the luminal side of PC cells, as well as Na-K ATPase on the
vascular side, resulting in K secretion with Na reabsorption as the driving force [13].
In addition, hyperkalemia increases kallikrein production in junctional tubules, which
enhances ENaC activity in PC cells, thereby promoting K secretion from ROMK and Maxi-K,
and suppresses K reabsorption via H-K ATPase in IC cells.

3.4. Vasopressin (Arginine Vasopressin: AVP), Insulin, and Glucocorticoids

AVP and insulin enhance K secretion by increasing and activating ENaC, respec-
tively [13]. While AVP also directly activates ROMK, K secretion is reduced during antidi-
uresis due to decreased flow velocity (urine volume); thus, the effects on K secretion are
counterbalanced and suppressed. On the other hand, glucocorticoids appear to increase the
glomerular filtration rate (GFR) and increase K secretion via increased CCD intraluminal
flow velocity and Na arrival.

4. K Transportation in Intestinal Tract

Most ingested K is absorbed in the small intestine, with about 10% excreted in feces.
There are two pathways for ion transport in intestinal epithelium; the intercellular collateral
pathway, a passive transport pathway through the tight junction, and the transcellular
pathway, an active transport pathway. K permeability tends to be greater in the upper
small intestine (jejunum > ileum), and most of it is rapidly absorbed by the intercellular
collateral pathway. The permeability of the intercellular collateral tracts of the colon is
lower than that of the small intestine, though there are regulatory mechanisms in the colon
for K absorption via H-K-ATPase in the cellular pathway and K secretion via ROMK on
the lumen side. The presence of an enteric-derived factor that increases renal K secretion
by K loading to the gastrointestinal tract has also been suggested [14].

In cases of VIPoma and colonic pseudo-obstruction, which cause marked watery
diarrhea, K secretion into the stool is abnormally high, suggesting the involvement of
vasoactive intestinal peptide (VIP) in intestinal K regulation [15]. Although Maxi-K is
involved in K secretion in the colon [16], it has been reported that its expression in colonic
cell epithelium and fecal K excretion is increased in patients with end-stage renal failure [17],
thus indicating the existence of a compensatory mechanism for K excretion in the colon.
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5. Metabolic Regulators of Intracellular K

5.1. Insulin

Since most ingested K is rapidly transferred from extracellular to intracellular fluid
after absorption from the small intestine, the concentration of K in extracellular fluid is
normally maintained in a range of 3.5–5.0 mEq/L without the appearance of hyperkalemia.
Insulin promotes K uptake into skeletal muscle cells and hepatocytes by increasing Na-H
exchange transport (NHE1) activity in the plasma membrane and also Na-K ATPase activity.
Glucose is administered as glucose–insulin (GI) therapy for hyperkalemia to stimulate
endogenous insulin secretion and prevent hypoglycemia. It has also been reported that
oral glucose administration can increase endogenous insulin secretion and decrease plasma
K concentration, even in hemodialysis patients with impaired renal function [18].

5.2. Catecholamine

Alpha-receptor stimulation inhibits intracellular K transport, while beta-receptor
stimulation increases that by increasing intracellular cAMP, and activating protein kinase
A and Na-K ATPase. In fact, β2-adrenoceptor agonists have been used for emergency
treatment of hyperkalemia in chronic kidney disease (CKD) cases [19].

5.3. Intravascular pH

Under acidosis, H-transfer into cells is decreased, and thus the activity of NHE1 and
intracellular Na concentration are decreased. As a result, Na-K ATPase activity and K
transport into cells are reduced, resulting in an increase in serum K concentration. Generally,
a decrease of 0.1 in intravascular (extracellular fluid) pH is thought to increase serum K
concentration by approximately 0.6 mEq/L [20].

In cases of acidosis caused by accumulation of inorganic acids (e.g., HCl), hyper-
kalemia is exacerbated because K efflux from the cells is enhanced, whereas in acidosis
caused by accumulation of organic acids (e.g., lactic acid), the concentration of K in serum
remains nearly unchanged because organic acids enter the cells together with H. However,
in severe cases of ketoacidosis and lactic acidosis, hyperkalemia is often observed due to
the effects of insulin deficiency and hyperosmolarity. In patients with metabolic acidosis, a
frequent complication of renal failure, the serum K concentration is more likely to increase
as compared to those with respiratory acidosis. Thus, when renal function is impaired,
treatment options that take into account regulation of intravascular pH are also necessary.

5.4. Osmotic Pressure

When plasma osmolality increases due to hyperglycemia, hypernatremia, or urea ni-
trogen accumulation, serum K concentration also increases, because the osmotic difference
causes water to move out of cells, which increases intracellular K concentration and induces
extracellular K transfer. In general, an increase in plasma osmolality of approximately 10
mOsm/kg is thought to increase serum K concentration in a range of 0.4–0.8 mEq/L. In
particular, K control is likely to be difficult in diabetic kidney disease (DKD) patients with
inadequate glycemic control; thus, strict glycemic control is important from the viewpoint
of K management.

6. Epidemiological Results Showing Serum K Levels in Patients with CKD

An observational retrospective cohort study that used a Japanese hospital claims
database (n = 1,022,087) reported that the prevalence of hyperkalemia was significantly
higher in CKD patients (227.9; 95% confidence interval (CI): 224.3–231.5) as compared to
all enrolled subjects (67.9; 95% CI: 67.1–68.8) (per 1000) [21]. On the other hand, in a study
that examined the Japan Chronic Kidney Disease Database (J-CKD-DB) (n = 35,508), the
prevalence of hyperkalemia in CKD stage G4 and G5 patients was found to be only 8.3%
and 11.6%, respectively. However, though the serum potassium levels in stage G4 and G5
were significantly greater than those in G3 cases, there was little risk of rising above normal
[(G3, G4, G5: 4.33 ± 0.44, 4.68 ± 0.73, 4.71 ± 0.76, respectively, (mean ± SD)] [22]. These
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findings support the existence of various compensatory mechanisms related to decreased
renal potassium excretion.

7. Compensatory Mechanism of K Excretion in Renal Failure Patients

Even though urinary excretion of K decreases with a reduction in number of nephrons
due to decreased renal function, K secretion per nephron and K excretion in the intestine
are increased in a compensatory manner [23–25]. Furthermore, hyperkalemia requiring
treatment is rare until the GFR is less than 10 mL/min [23,24]. Intestinal potassium
transport mainly occurs by absorption in the jejunum and ileum, and secretion in the
colon, though it has been reported that K excretion in the rectum is greater in hemodialysis
and peritoneal dialysis patients compared to healthy subjects [26]. It is considered that
elevated aldosterone in cases of renal failure increases ROMK in the colonic mucosa [17,27]
and promotes K excretion via Na-K ATPase in the colonic mucosa [28]. Suppression of
fecal K level by administration of spironolactone in patients with renal failure supports
this speculation [29]. It should be noted that constipation and administration of a renin–
angiotensin system inhibitor in patients with renal failure may contribute to refractory
hyperkalemia and should thus be handled with caution. K is also excreted from the
epidermis in the form of sweat, though to a lesser extent, while it has been reported that
the concentration of K in sweat is higher in dialysis patients than in healthy subjects [30].

8. Recommended Daily Intake of K

The minimum daily requirement for K intake in adults, estimated based on its un-
avoidable loss through sweat, stool, urine, and other sources, is considered to be about
1600 mg (40 mEq). On the other hand, the WHO recommends a daily intake of 3510 mg
(90 mEq) from the viewpoint of hypertension prevention [31,32]. Based on the above, the
target amount of K in the Dietary Reference Intakes for Japanese is set at 2700–3000 mg per
day, though actual intake is estimated to be around 2200–2400 mg (50–60 mEq).

Approximately 90% of K is excreted by the kidneys, and since healthy individuals
can excrete more than 400 mEq per day, there is no upper limit regarding intake, as a
normal diet will not result in excess K in the body. However, it takes several hours after
ingestion for renal excretion to be completed, and K absorbed from the intestinal tract
is first distributed extracellularly (in blood vessels). Thus, even oral intake by healthy
individuals can cause transient hyperkalemia if it is rapid and in a large amount [33]. In this
regard, cases of fatal arrhythmia due to supplements or salt substitutes containing large
amounts of K have been reported [34].

9. Precautions for K Restriction in Elderly Patients with Renal Failure

Presently, Japan is a super-aged society, with more than 25% of the total population
over the age of 65. The proportion of CKD patients in the elderly population is also high,
with 30% of those over 70 and 40% of those over 80 years old meeting the definition of
CKD [35]. While the importance of dietary restriction increases with progression of CKD,
excessive restrictions may worsen the general condition of elderly individuals because they
tend to have lower cognitive function and activities of daily living and are at higher risk
of hyponutrition, frailty, and sarcopenia. Although target values for K restriction are the
same for elderly and non-elderly patients, those who are elderly and have a small stature
and low muscle mass are more likely to develop hyperkalemia because they generally take
up less K intracellularly [36], while elderly patients with a low-K pool due to diuretics use
tend to develop hypokalemia. In particular, management of K levels in elderly patients
with renal failure must be individually tailored.
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10. K Restriction Target Value

10.1. Target Value for Patients with Conservative Renal Failure

For CKD patients, it is recommended that the serum K level should be regulated in
the range of 4.0–5.4 mEq/L. However, since renal K excretion decreases as renal function
declines, target values for K restriction have been set according to the severity of CKD
(CKD stage). In these patients, K restriction starts to become necessary after stage G3b [37]
(or eGFR 40 mL/min/1.73 m2 or lower) [38], while for those in stage G1 or G2, the
recommended intake is about the same as that of healthy individuals (2700–3000 mg/day).
K-rich fruits and vegetables are also rich in vitamins and dietary fibers and have a protective
effect against hypertension and renal disorders due to their alkalinizing effect on body
fluids [39]. Therefore, some countries and regions recommend a daily intake of 4000 mg or
more for healthy individuals as well as those at high risk of developing kidney disease [40].

Since the risk of developing hyperkalemia (serum K concentration ≥5.5 mEq/L)
increases in proportion to decreased renal function in CKD stage G3 and above [37], it is
recommended to limit K intake to 2000 mg/day or less in stage G3b and 1500 mg/day or
less in stage G4 and G5 patients. It has been reported that hyperkalemia negatively affects
not only life prognosis but also renal prognosis [41] and significantly increases the risk of
transition to end-stage renal failure [42]. On the other hand, it has also been demonstrated
that the risk of death from the same degree of hyperkalemia is reduced as the CKD stage
progresses from G3 to G5 [40]. These findings suggest that chronic mild hyperkalemia is
protective against cardiotoxicity caused by severe hyperkalemia and that a patient with
even mildly impaired renal function requires careful attention in regard to fatal arrhythmia
caused by hyperkalemia. In CKD patients without hyperkalemia (serum K concentration
≤5.4 mEq/L), higher levels of K intake, shown by urinary K excretion, indicate better
mortality and renal prognosis [43,44]. Therefore, it is important to carefully monitor serum
K concentration and encourage consumption of balanced amounts of vitamins and dietary
fiber obtained from vegetables, fruits, and other foods.

Meat and fish also contain large amounts of K [45]; thus, reducing protein intake will
reduce K intake. However, emaciation and malnutrition tend to become chronic conditions
in elderly individuals [46], and thus excessive protein restriction may adversely affect life
expectancy [47,48]. With development of medical technology, the number of CKD patients
is increasing, though protein intake tends to decrease due to alterations in dietary habits
associated with decreased renal function, especially in the elderly [49]. Undernutrition in-
duces chronic inflammation and atherosclerosis caused by increased protein catabolism [50]
and significantly worsens the prognosis of CKD patients [51]; thus, it has been suggested
that protein intake of approximately 1.3 g/kg has little effect on renal prognosis [52]. In
particular, adequate nutritional management for older patients is necessary based on a
comprehensive assessment of individual conditions, risks, and adherence.

10.2. Target Value for Hemodialysis Patients

The K concentration in dialysate solutions commercially available in Japan ranges from
2.0 to 2.5 mEq/L, while 40–110 mEq is usually removed during a single dialysis session. As
a result, K restriction has been relaxed compared to conservative CKD treatment, with the
target K intake for dialysis patients set at less than 2000 mg/day. Nevertheless, potassium
poisoning/sudden death still accounts for 2.7–4.7% of deaths among hemodialysis patients
in Japan, with the highest serum K levels seen before the start of the week, because of the
two-day gap between dialysis treatments [53], and the mortality rate showing a tendency
to increase on weekends [54], confirming the difficulty of K control in dialysis patients.
On the other hand, a study of elderly dialysis patients reported that the risk of mortality
increases with lower levels of albumin, urea nitrogen, phosphate, and K [55]; thus, it is
necessary to carefully monitor not only restrictions but also appropriate dietary intake,
especially in older patients.
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10.3. Target Value for Continuous Hemodialysis Patients

Increases in duration and frequency of hemodialysis have been shown to improve life
expectancy [56], and the number of patients undergoing continuous dialysis is increasing.
Continuous dialysis is commonly performed at home 5–7 days per week. Since there is
no special dialysate used in those cases and dialysis is performed with ordinary dialysate
with a K concentration of 2.0–2.5 mEq/L, there is a risk of hypokalemia, hypocalcemia,
hypophosphatemia, and excessive alkalinization. At present, only about 0.2% of hemodial-
ysis patients in Japan are receiving daily dialysis; thus, there is no clear target for K intake,
and it is necessary to respond to individual conditions.

10.4. Target Value for Peritoneal Dialysis Patients

It is estimated that about 3% of Japanese patients with end-stage renal failure are
treated with peritoneal dialysis. Removal of K by peritoneal dialysis is due to diffusion
by a concentration gradient between the peritoneal capillaries and peritoneal dialysate.
Commercially available peritoneal dialysate does not contain K [57], and since K is continu-
ously removed on a daily basis, the need for K restriction is low unless there is a decline in
residual renal or peritoneal function, with an intake of 2000–2500 mg/day recommended,
about the same as that for healthy subjects. In these patients, attention should be paid to
the appearance of hypokalemia, such as when dietary intake is inadequate.

11. Vegetables with Low K Content

Fruit intake should be minimized in CKD patients, while vegetables should be exposed
to water or boiled down, and then the cooking water discarded to remove K. However,
restriction of fruits and vegetables can contribute to intractable constipation due to fiber de-
ficiency, with that associated with increased risk of chronic inflammation and mortality [58].
In addition, exposure of vegetables to water or boiling causes leaching and breakdown of
minerals and water-soluble vitamins other than K. Above all, daily stress associated with
dietary restrictions can significantly reduce the quality of life for these patients. Therefore,
development of vegetables with low K content has recently been promoted. Since K is
one of the elements essential for plant growth and an excessive decrease in the plant body
causes growth disorders [59], low-K-content vegetables are cultivated by adjusting the
amount of K fertilization in the nutrient solution during the growth process. Using this
method, low-K edible parts have been achieved in leafy greens such as spinach, leaf lettuce,
Chinese lettuce, komatsuna, and mesclun [60,61], as well as in fruit vegetables including
tomatoes, melons, and strawberries [59–63]. It has also been reported that consumption
of low-K-containing melons suppresses the increase in serum K concentration in dialysis
patients before and after eating [64]. However, low-K vegetables cannot be cultivated
in ordinary outdoor soil because it is necessary to exclude the effect of K contained in
soil, which requires a plant factory that can control the cultivation environment, such
as hydroponics. Since this requires a great deal of cost and labor, only lettuce, which is
relatively easy to cultivate, is currently widely distributed. The effects of low-K-content
vegetables on the human body and quality remain unclear and future developments are
anticipated in this field.

12. Evaluation of K Kinetics Using Urinary K Measurement

12.1. Fractional Excretion (FE)

Approximately the same amount of K received as intake is reabsorbed, mainly in
the small intestine, with about 90% of it then excreted in urine. Thus, the amount of K
intake is nearly equal to the amount excreted in urine without taking into account unusual
excretion or loss by defecation. In hypokalemia cases, urinary K of 5–25 mEq/day is
generally considered to indicate inadequate K intake or extrarenal loss from the intestinal
tract (diarrhea, vomiting, ileus, etc.), while more than 25 mEq/day suggests renal K loss
(excessive K intake or increased aldosterone action). To accurately determine the amount
of K excretion, it is necessary to collect urine throughout an entire day, though that has
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often been avoided in recent years due to the possibility of nosocomial infection caused
by multidrug-resistant Pseudomonas aeruginosa (MDRP). Therefore, fractional excretion
(FE), which is the ratio of solute clearance according to renal function without urine
storage, is often used. The FE value is calculated as (FEK) (%) = (urine K concentration ×

serum Cr concentration)/(serum K concentration × urine Cr concentration) and used to
determine how primary urine filtered by glomeruli is regulated during its passage through
the tubules. The standard value is 15–20%. For example, if FEK is more than 10% under
hypokalemia, it is considered to indicate sustained K excretion. However, in patients with
a markedly reduced GFR, FEK tends to be overestimated beyond the margin of error, and
this calculation should only be used in CKD cases up to stage G3. Furthermore, there are
diurnal variations in urinary K excretion, with that in the early morning tending to be
lower than during the day. This should be kept in mind when evaluating with spot urine
so as to avoid over- or underestimation in clinical practice [65].

12.2. Transtubular K Gradient (TTKG)

Since the kidneys are capable of excreting more than 400 mEq/day of K, impaired
urinary K excretion is always present in hyperkalemia cases, caused by decreased GFR,
or insufficient aldosterone secretion and action. Moreover, renal K excretion is strongly
influenced by Na concentration, a major regulator, thus urinary K secretion is enhanced
in patients treated with thiazides or loop diuretics, for example, due to the presence of
large amounts of Na in the lumen of the cortical collecting ducts. On the other hand,
urinary K secretion is suppressed in renal failure patients who have been on a high sodium
diet and are suddenly subjected to a strict salt restriction. The transtubular K gradient
(TTKG) is used as an index of aldosterone action in the cortical collecting ducts because it
is thought that most K excreted into the tubules is due to aldosterone action in the main
cells of the cortical collecting ducts. TTKG is calculated as (urine K concentration/serum
K concentration)/(urine osmolality/plasma osmolality) and generally decreased (<3) in
hypokalemia and increased (>8) in hyperkalemia cases [66]. When TTKG is less than
2 in hypokalemia, it is presumed to indicate non-renal loss of K and when more than 2,
renal loss (especially aldosterone action) is presumed, while TTKG less than 6 in spite of
hyperkalemia leads to suspicion of adrenal insufficiency [67]. TTKG does not require urine
storage as in FEK, though it is not possible to evaluate cases of extreme polyuria (hypotonic
urine: urine osmolality < plasma osmolality) with no free water production or extreme
dehydration (urinary Na concentration <25 mEq/L), in which free water production in
the collecting duct cannot be accurately determined. TTKG was originally based on the
assumption that the osmotic pressure ratio is equal to the solvent (free water) ratio, because
solutes are neither reabsorbed nor secreted after the collecting duct segment [68]. However,
a mechanism of recycling large amounts of urea in the collecting duct (reabsorbed urea
circulating in the interstitium) was later found [69], disproving the assumption on which
TTKG was based. Nevertheless, TTKG remains important for estimating renal K dynamics,
though it is necessary to combine FEK, blood renin/aldosterone levels, blood gas findings,
and other factors, including TTKG, to evaluate K dynamics based on measurement of
urinary K.

13. Hyperkalemia

13.1. Causes

The normal range of serum K concentration is 3.5–5.0 mEq/L. Hyperkalemia is diag-
nosed at 5.0 mEq/L or higher, with therapeutic intervention required at 5.5 mEq/L or more.
The causes can be broadly classified into pseudohyperkalemia, increased extracellular shift,
increased extrarenal K load, and renal K retention. Pseudohyperkalemia and extracellular
shift should be ruled out first, and renal K retention can be suspected if a large K load is
ruled out. A comprehensive evaluation based on GFR, FEK, TTKG, blood gases, renin–
aldosterone levels, and others similar should be performed. Pseudohyperkalemia is often
caused by problems during blood collection (hemolysis, over-tightening of the tourniquet,
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excessive grasping) and, though rare, when thrombocytosis (>1,000,000/mL) or leukocyto-
sis (>100,000/mL) has developed, K in blood cells is released, resulting in high levels of K
in measurements. Increased extracellular shift can be seen in crush syndrome, increased
catabolism, infection, and severe acidosis. Most chronic hyperkalemia is renal in origin and
in the absence of renal failure can be considered a broad form of high-K distal-type acidosis
(type IV RTA). Type IV RTA is caused by impaired ENaC due to aldosterone deficiency
or insufficiency, which results in decreased excretion of K and H in the distal tubule and
hyperkalemia, causing K to move intracellularly and H to move extracellularly, resulting
in increased intracellular pH, which then inhibits ammonia production and decreases acid
excretion [70]. TTKG can differentiate between decreased flow into the collecting duct and
decreased K secretion at the same site, though the majority of cases are the latter and can be
determined based on blood renin/aldosterone levels and blood gases. The most common
cause is chronic renal failure, with hyperkalemia usually a problem in CKD stage G3b or
later [37] (or eGFR 40 mL/min/1.73 m2 or less) [38]. On the other hand, in patients with
cardiac or renal disease, hyperkalemia is often associated with medications that suppress
the renin–angiotensin–aldosterone system, such as angiotensin-converting enzyme (ACE)
inhibitors, angiotensin receptor blockers (ARBs), and K-retaining diuretics.

13.2. Symptoms

Severe and rapid hyperkalemia of 6.0 mEq/L or more (6.5–7.0 mEq/L or more in
patients with end-stage renal failure) causes numbness and muscle weakness in the limbs,
starting from the terminal muscles, and also arrhythmia, while 8.0 mEq/L or more results
in bradycardia, dyspnea, and loss of consciousness. These symptoms are the result of
depolarization of cell membranes due to increased K concentration in extracellular fluid,
which enhances and sometimes attenuates excitatory cell functions of the heart, muscles,
and nerves that depend on membrane potential. Electrocardiogram results show tent-like
T waves, P wave flattening, QRS widening, bradycardia with junctional rhythm, and
ventricular fibrillation. Since the rate of increase in serum K concentration is also involved
in their appearance, ECG changes are often not seen in patients with end-stage renal failure
or persistent hyperkalemia (Table 1).

Table 1. Various diseases/conditions associated with potassium deficiency and toxicity.

Deficiency Toxicity

Gastrointestinal symptoms Neuromuscular symptoms
vomiting/anorexia lip numbness

ileus muscle weakness
Neuromuscular symptoms dyspnea due to respiratory paralysis

tetraplegia Arrhythmia
muscle weakness bradycardia

dyspnea due to respiratory paralysis ventricular fibrillation
Impaired insulin secretion ventricular flutter

Kidney disorders cardiac arrest
impaired urine concentration Lassitude

tubulointerstitial changes Loss of consciousness
Arrhythmia
extrasystoles

tachyarrhythmias
atrioventricular block
ventricular fibrillation

Lassitude
Loss of consciousness
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13.3. Treatment

Because of the possibility of fatal arrhythmia in the acute phase, intravenous Ca (to
stabilize myocardial cell membranes), insulin, beta 2 stimulants, bicarbonate (to promote
intracellular K shift), fluids (to correct dehydration), diuretics, ion exchange resins, and
emergency hemodialysis (to promote extracorporeal K excretion) should be administered
in the best combination for each patient’s individual condition. Although hemodialysis
is the most reliable method, it is necessary to re-measure serum K concentration 1–2 h
after completion because even if the concentration becomes normalized by hemodialysis,
K may be transferred from the intracellular pool again, resulting in hyperkalemia. Should
persistent hyperkalemia be observed in chronic renal failure cases, diet and medications
should be checked. K-containing salt substitutes in patients with a salt-restricted diet are
easily missed and require attention. When K is difficult to control by dietary K restric-
tion, consider the use of cation exchange resin preparations, such as sodium polystyrene
sulfonate (PS-Na), Ca polystyrene sulfonate (PS-Ca), and sodium zirconium cyclosilicate
(ZS-9), which chelate K in the intestinal tract and excrete it outside the body. PS is a poly-
meric adsorbent and may cause side effects, including constipation, abdominal pain, and
fullness due to distention in the intestinal tract, and PS-Ca use is contraindicated in patients
with an intestinal obstruction due to the risk of intestinal perforation. In salt-restricted
patients, K-containing salt substitutes are easily missed and require attention. When control
is difficult with dietary K restriction, use of cation exchange resin preparations, such as
sodium polystyrene sulfonate (PS-Na), Ca polystyrene sulfonate (PS-Ca), and sodium
zirconium cyclosilicate (ZS-9), which chelate K in the intestinal tract and excrete it outside
the body, should be considered. PS-Ca is a polymeric adsorbent and may cause side effects
including constipation, abdominal pain, and fullness due to distention in the intestinal
tract, and its use is contraindicated in patients with an intestinal obstruction due to the
risk of intestinal perforation. However, the recently developed ZS-9 has been shown to
be associated with a lower risk of intestinal perforation as it is a non-polymeric, while
PS-Na has about twice the K adsorption capacity of PS-Ca, though there is a risk of causing
intestinal necrosis when used in combination with D-sorbitol, a sugar laxative [71–73]. PS
is insoluble in water and when water is absorbed in the colon hard stools are produced,
causing an increase in intestinal pressure. Furthermore, the decrease in intestinal blood
flow induced by water removal by dialysis is thought to cause ischemic enteritis, which in
turn results in intestinal perforation when it becomes severe. ZS-9 adsorbs monovalent K
preferentially over divalent cations such as Ca and magnesium (Mg); thus, it is relatively
efficient in excreting K [74]. Nevertheless, the maximum amount of K adsorption by these
K-adsorbent resin preparations is approximately 1 mEq per gram of active ingredient and
dietary therapy must be performed in parallel. It should also be noted that PS-Na is less ef-
fective when taken with a Ca preparation and that PS-Ca may contribute to hypercalcemia
due to Ca release from the drug.

14. K Dynamics in Diabetic Dialysis Patients

While a function of insulin is translocating K into cells [75], in diabetes mellitus (DM)
patients, such translocation tends to be inhibited due to decreased endogenous insulin
secretion [76]. In addition, in cases of diabetic nephropathy, there is decreased renin activity
and [77] metabolic acidosis due to ketone body accumulation.

We previously investigated the relationship between protein intake and K dynamics in
42 maintenance hemodialysis patients (22 DM, 20 non-DM). Their clinical characteristics are
shown in Table 2. In the DM group, the normalized protein catabolism rate (n-PCR) from
post-weekend hemodialysis to pre-Monday or pre-Tuesday hemodialysis was significantly
and positively correlated with serum K level, as well as interdialytic serum K gain at the
pre-hemodialysis examination (Figure 2a,b), whereas there was no such relationship in
the non-DM group (Figure 2c,d). These results were similar among the patients, after
excluding those using insulin and/or cation exchange resin products, and the relationships
did not change after adjusting for age, gender, and hemodialysis duration (unpublished
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data). Our findings suggest that the defense mechanism against K elevation is weakened
in T2DM hemodialysis patients compared to non-DM patients.

Table 2. Baseline clinical characteristics of non-DM and T2DM HD patients at the pre-Monday or pre-Tuesday HD session

(data from previous research).

All HD Patients
(n = 42)

Non-DM Group
(n = 20)

T2DM Group
(n = 22)

p Value

Age, years 65.5 ± 11.1 66.1 ± 10.7 65.0 ± 11.7 0.6960
Gender, male/female 29/13 17/5 12/8 0.2322

BMI, kg/m2 22.7 ± 4.5 21.3 ± 4.3 24.0 ± 4.3 0.0494
HD duration, years 4.6 (2.8–6.4) 6.1 (3.4–8.0) 4.2 (2.1–5.5) 0.0365

Interdialytic BW gain, % 5.2 (4.3–5.8) 5.3 (4.5–6.9) 5.1 (4.3–5.5) 0.2733
Serum urea nitrogen, mg/dL 61.3 ± 15.3 65.0 ± 17.3 58.0 ± 12.8 0.1511

Cre, mg/dL 10.0 ± 2.5 10.3 ± 2.7 10.5 ± 2.5 0.7818
Alb, g/dL 3.7 (3.4–3.8) 3.5 (3.2–3.7) 3.7 (3.5–4.0) 0.0298

Casual plasma glucose, mg/dL 121.0 (101.0–149.0) 107.0 (93.0–127.5) 141.0 (117.0–162.0) 0.0048
Glycoalbumin, % 16.6 ± 3.0 14.9 ± 2.1 18.1 ± 3.0 0.0004

Na, mEq/L 139.8 ± 3.4 139.3 ± 4.5 140.2 ± 2.2 0.6935
K, mEq/L 4.9 ± 0.7 5.1 ± 0.8 4.8 ± 0.7 0.2775
Cl, mEq/L 105.9 ± 3.3 105.6 ± 4.1 106.2 ± 2.4 0.7039

PCR, g/day 45.72 (42.09–53.29) 45.65 (42.14–52.51) 46.38 (40.88–53.29) >0.9999
n-PCR, g/kg/day 0.834 ± 0.181 0.911 ± 0.185 0.765 ± 0.149 0.0135

pH 7.34 (7.33–7.36) 7.34 (7.32–7.37) 7.34 (7.33–7.36) 0.5371
HCO3, mEq/L 19.8 ± 2.3 19.2 ± 2.7 20.4 ± 1.8 0.1658
AcAc, µmol/L 25.0 (21.0–44.0) 24.5 (19.0–36.5) 27.0 (22.0–53.0) 0.2360
β-HB, µmol/L 20.5 (15.0–40.0) 17.0 (12.5–33.0) 30.5 (19.0–64.0) 0.0070

AcAc /β-HB ratio, µmol/µmol 1.19 (0.75–1.47) 1.35 (1.07–1.79) 0.97 (0.69–1.24) 0.0136

Values in parentheses show range.

–

–

–

Figure 2. Potassium dynamics in DM/non-DM dialysis patients (data from previous research). N-PCR was significantly

and positively correlated with serum K levels at the pre-Monday or pre-Tuesday HD session, and interdialytic serum K gain

from post-weekend HD to the next session (a,b), whereas no relationship was noted in the non-DM group (c,d).
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15. Hypokalemia

15.1. Causes

A serum K concentration of 3.5 mEq/L or less is used for diagnosis of hypokalemia,
which is the second-most common electrolyte abnormality after abnormal Na concentration.
Since 98% of K in the body exists in an intracellular location, with 70–80% in muscle,
elderly individuals, especially those with low muscle mass, are prone to K deficiency due
to decreased total K in the body. The causes of hypokalemia can be broadly classified into
increased intracellular transport, decreased K uptake, and K loss (renal and extrarenal) [78],
with renal loss the most frequent.

Increased intracellular transport can be caused by medications (e.g., insulin, beta-
stimulants), familial hypokalemic periodic tetraplegia, and hyperthyroidism, as well as oth-
ers, while renal loss is induced by medications (e.g., diuretics), increased renin–angiotensin
system, and tubular dysfunction (Bartter syndrome, Gitelman syndrome, Liddle syndrome,
etc.). As for extrarenal K loss, that can be caused by prolonged poor food intake, severe
vomiting, and diarrhea. Since renal K excretion persists for approximately one week even
after a decrease in serum K concentration, delayed renal adaptation to the disease in the
acute phase may contribute to worsening of the disease.

Although hypokalemia is rare in patients with end-stage renal failure due to reduced
K excretion, it can occur in individuals with reduced dietary intake because the concen-
tration of K in standard hemodialysis fluid is set at 2–2.5 mEq/L and standard peritoneal
dialysis fluid does not contain K. A survey by the Japanese Society of Dialysis Therapy
found that hypokalemia can occur in patients with low dietary intake and 8% of patients
had a post-dialysis K concentration of less than 3 mEq/L. In addition, the incidence of
hypokalemia during CHDF is very high, ranging from 4% to 24% [79,80]. In CKD patients,
not only hyperkalemia but also a serum K level below 3.5–4.0 mEq/L [41,81] are significant
risk factors for total mortality, and there are several reports of sudden cardiac death of
hemodialysis patients due to hypokalemia [82]. In particular, elderly patients should be
carefully monitored to ensure that serum K levels are not too low.

15.2. Symptoms

Gastrointestinal symptoms such as vomiting and anorexia, muscular symptoms such
as weakness and muscle weakness, impaired urine concentration (polydipsia, polyuria),
and impaired insulin secretion (glucose intolerance) are observed when the serum K con-
centration is 2.5–3.0 mEq/L. When that concentration is lower than 2.5 mEq/L, tetraplegia,
respiratory paralysis, ileus, and ventricular arrhythmia appear. The first change observed
in ECG results is a decrease in the T wave, then ST depression and T waves become flat
or negative as the K concentration decreases further, with U waves becoming apparent
below 2.7 mEq/L, and extrasystoles, tachyarrhythmia, and 2–3 degrees of atrioventricular
block noted at a concentration below 2.0 mEq/L [83], while torsades de pointes, ventricular
fibrillation, and cardiac arrest may also occur. In hemodialysis patients, a sudden change
in serum K level associated with dialysis can cause ventricular premature contractions and
QT prolongation, thus leading to torsade de pointes and ventricular fibrillation.

Hypokalemia also leads to a variety of tubulointerstitial pathologic and functional
changes. As for pathologic changes, those include vacuolar degeneration of the proxi-
mal tubules [84,85], interstitial infiltration of mononuclear cells [86], and renal cysts [87]
(Figure 3). Chronic hypokalemia due to an eating disorder is a risk factor leading to end-
stage renal failure [88]. It has also been reported that hypokalemia predisposes to acute
kidney injury from medications such as gentamicin and amphotericin, while impaired
NaCl reabsorption due to ROMK suppression in TAL has been speculated to be a factor
contributing to impaired urine concentration [78].
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Figure 3. Role of potassium in CKD pathogenesis. Elevated serum K has protective effects on the kidneys by promoting salt

excretion and reducing renal function by acidosis due to suppression of NH3 production. On the other hand, decreased

serum K reduces renal function with a direct negative effect on renal tissue.

15.3. Treatment

Hypokalemia associated with muscle paralysis and arrhythmia requires parenteral K
replacement. Care should be taken to strictly adhere to the dose given (<60–80 mEq/day),
K concentration in the infusion (peripheral vein: <40 mEq/L, central vein: <100 mEq/L),
and administration rate (<20 mEq/hour) to avoid the risk of a rapid rise in concentration
of K in serum. To avoid such an increase, K supplementation should be given orally,
except in emergency cases. KCl is frequently used as an oral drug because it can also
correct metabolic alkalosis. However, it is somewhat difficult to absorb and may cause
ulcerations in the intestinal tract; thus, organic acid K salts (K aspartate, K gluconate),
which are well absorbed and less likely to cause mucosal lesions, are often used. In RTA-
induced hypokalemia, organic acid K salts should be used because of acidosis. Moreover,
K-retaining diuretics are also effective for chronic hypokalemia, though care should be
taken to avoid development of hyperkalemia in CKD patients using ACE, ARB, or NSAID.

16. Relationship between Mg and K

Following Ca, K, and Na, the most abundant cation in the body is Mg. More than 99%
of total Mg in the body is distributed intracellularly and it is the second-most abundant
electrolyte after K in cells. Hypomagnesemia is diagnosed when the serum Mg concentra-
tion is less than 1.5 mg/dL, and it is estimated that about 40% of hypokalemia patients
also have hypomagnesemia. Since Mg has an ROMK-mediated inhibitory function toward
K secretion, it is thought that K secretion is enhanced in an Mg-deficient state [89]. The
decrease in urinary K excretion after Mg supplementation seen in hypokalemic patients
being treated with thiazides [90] supports this speculation.

17. Relationship between NH3 and K

NH3 is produced not only in the liver but also in the proximal tubules of the kidneys
in approximately the same amount as that produced in the liver. Nonvolatile acids pro-
duced by the metabolism of ingested proteins are excreted in urine as NH4, which helps
to maintain the acid–base balance in the body [91]. In CKD patients, NH3 production is
reduced due to a decrease in number of functional nephrons, resulting in decreased excre-
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tion of nonvolatile acids and metabolic acidosis [92]. Phosphate-dependent glutaminase
(PDG) is the key enzyme for NH3 production, and its activity is increased by acidosis and
hypokalemia. Therefore, hyperkalemia acts to suppress NH3 production and correction of
hyperkalemia is important to correct acidosis associated with CKD (Figure 3).

18. Relationship between Na and K

NaCl is regulated by reabsorption via thiazide-sensitive Na-Cl cotransporters (NCCs)
in the distal tubule, ENaC in the collecting duct, and pendrin. Under low-K conditions,
NaCl reabsorption is enhanced by activation of NCC [93] and pendrin [94], whereas under
high-K conditions, urinary Na excretion is enhanced by K influx into cells via K channels
in distal tubules [95]. Therefore, K is thought to be a factor that can alleviate the effects
of hypertension caused by excessive salt intake and its antihypertensive effect has been
known for a long time [96]. Ca and Mg have been reported to have antihypertensive effects
by promoting Na excretion and vasodilation, respectively [97], though their effects are not
as significant as those of K [98].

Recently, the antihypertensive effect of K was made more apparent in results of
a randomized controlled trial of hypertensive patients [99]. A diet rich in fruits and
vegetables not only improves salt sensitivity related to high blood pressure [100] and
lowers blood pressure [101,102], but also reduces the risk of renal failure and cardiovascular
events [103]. Furthermore, in recent years it has been recommended that the optimal serum
K concentration be set higher in patients with acute myocardial infarction, heart failure, or
hypertension [104] (Figure 3). In CKD patients, it has been observed that blood pressure
tends to be higher in those with a low serum K level [105], while it has been reported that a
K-rich diet in patients with CKD stage G3 lowers blood pressure without changing serum K
level [106]. Thus, it is necessary to constantly monitor for any hyperkalemia development
in these patients, while ensuring that the serum K level is not excessively lowered.

The urinary Na/K ratio has been recommended as an indicator of dietary salt and K
intake [107]. Both urinary Na and K tend to be low in the early morning, and the urinary
Na/K ratio also tends to be low in the early morning due to the larger variation of K than
Na [65]. On the other hand, the urinary Na/K ratio in 24 h urine and spot urine has been
shown to be strongly correlated in normotensive [108] and hypertensive individuals [109],
as well as early renal failure patients (CKD stage 1–3) [110]. However, this relationship is
not seen in cases of advanced renal failure (CKD stage 4, 5) and it is difficult to evaluate
using urinary Na/K ratio [110].

19. Drug-Induced K Abnormalities

19.1. Hyperkalemia

Elderly individuals are physiologically susceptible to hyperkalemia due to an age-
related decline in renin–aldosterone secretion, and this risk is further amplified in those
complicated by impaired renal function. Although ACEs and ARBs are being used with in-
creasing frequency for cardio-renal protection, they may cause transient increases in serum
Cr and K, especially in cases of renal failure and diabetic nephropathy, and treated patients
should be carefully followed after starting administration [111]. K-retaining diuretics are
antihypertensive agents that inhibit Na reabsorption and decrease K excretion by inhibiting
ENaC in the collecting ducts, though they may sometimes cause fatal arrhythmia due to
hyperkalemia. Among available K-retaining diuretics, spironolactone is contraindicated in
anuria or acute renal failure cases, and eplerenone is contraindicated for diabetic nephropa-
thy with albuminuria or proteinuria patients, and in those with creatinine clearance less
than 30 mL/min. In addition, β-inhibitors and NSAIDs are prone to cause hyperkalemia
by altering the distribution of K in and out of cells, and renin secretion, respectively [112].
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19.2. Hypokalemia

The causes of drug-induced hypokalemia can be broadly divided into intracellular K
shift, enhanced renal K excretion, and enhanced extrarenal K excretion. Beta-stimulants,
glucose loading, insulin, xanthines, risperidone, and quetiapine promote intracellular K
shift. Loop diuretics inhibit NKCC of the TAL, and thiazide diuretics inhibit NCC of the
distal tubule, both of which increase K excretion by increasing the amount of Na reaching
the collecting duct. High doses of penicillin, aminoglycoside, or platinum anticancer
drugs stimulate K secretion by loading more nonabsorbable anions into the distal tubule.
Fludrocortisone is a potent stimulator of Na reabsorption and K excretion, and hypokalemia
may occur even at low doses. Most drugs that increase extrarenal K excretion, with the
exception of cation exchange resins, are laxatives. In addition to direct K loss, secondary
aldosteronism associated with extracellular fluid loss further enhances K excretion [113].

20. Conclusions

K is an electrolyte essential for maintenance of body functions, though its optimal
concentration range is narrow, making it extremely vulnerable to metabolic abnormalities,
especially when renal function is impaired. When managing K levels in CKD patients,
it is extremely important to accurately determine and carefully monitor conditions in
individual cases and attempt to appropriately intervene at an early stage.
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Abstract: Carnitine is a naturally occurring amino acid derivative that is involved in the transport

of long-chain fatty acids to the mitochondrial matrix. There, these substrates undergo β-oxidation,

producing energy. The major sources of carnitine are dietary intake, although carnitine is also en-

dogenously synthesized in the liver and kidney. However, in patients on dialysis, serum carnitine

levels progressively fall due to restricted dietary intake and deprivation of endogenous synthesis in

the kidney. Furthermore, serum-free carnitine is removed by hemodialysis treatment because the

molecular weight of carnitine is small (161 Da) and its protein binding rates are very low. Therefore,

the dialysis procedure is a major cause of carnitine deficiency in patients undergoing hemodialysis.

This deficiency may contribute to several clinical disorders in such patients. Symptoms of dialysis-

related carnitine deficiency include erythropoiesis-stimulating agent-resistant anemia, myopathy,

muscle weakness, and intradialytic muscle cramps and hypotension. However, levocarnitine admin-

istration might replenish the free carnitine and help to increase carnitine levels in muscle. This article

reviews the previous research into levocarnitine therapy in patients on maintenance dialysis for the

treatment of renal anemia, cardiac dysfunction, dyslipidemia, and muscle and dialytic symptoms,

and it examines the efficacy of the therapeutic approach and related issues.
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1. Introduction

Carnitine, with a molecular weight of 161 Da, is a water-soluble quaternary amine. It
is derived from lysine and methionine, which are two essential amino acids. Its primary
role is in facilitating the transport of long-chain fatty acids to the mitochondrial matrix.
These substrates are delivered for β-oxidation and the subsequent production of energy.
Carnitine is primarily biosynthesized in the kidney and liver and is found in virtually all
tissues but predominantly in cardiac and skeletal muscle.

Patients on hemodialysis often have carnitine deficiency [1]. Carnitine deficiency
is associated with several clinical disorders, such as erythropoiesis-stimulating agent
(ESA)-resistant anemia, muscle weakness, myopathy, and intradialytic muscle cramps
and hypotension. Additional clinical disorders of carnitine deficiency include dyslipi-
demia, cardiac arrhythmia, cachexia, insulin resistance, and glucose intolerance [2–4]. The
characteristic features of dialysis-associated carnitine deficiency are reduced levels of free
carnitine and elevated levels of acylcarnitine. Free carnitine levels are mainly decreased
by its removal during hemodialysis, whereas the accumulation of acylcarnitine and an
aberrantly elevated plasma acylcarnitine to free carnitine ratio are due to deficient renal
clearance and β-oxidation failure [1,2]. Accordingly, carnitine supplementation in dialysis
patients with carnitine insufficiency may yield clinical benefits by ameliorating several of
the above-mentioned conditions.

In this review, we describe the profile of carnitine metabolism and the effects of car-
nitine treatment on the metabolism and function of dialysis patients. We also assess the
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current findings related to the carnitine treatment of patients undergoing dialysis ther-
apy, particularly its impact on cardiac function, ESA-resistant anemia, muscle symptoms,
and malnutrition.

2. Carnitine Homeostasis

The main dietary sources of carnitine are meat products, with small amounts of
carnitine found in vegetables [5,6]. About 100–400 mg per day of carnitine is provided
from a normal diet. Dietary carnitine is absorbed from the intestine by both active and
passive transport and meets 65–75% of daily needs. The remaining 25–35% is supplied
by biosynthesis in the kidney and liver from methionine and lysine. Carnitine is found
both intracellularly and extracellularly and in both non-esterified and esterified forms.
The former is free carnitine, while the latter is acylcarnitines. Short-, medium-, and long-
chain fatty acids are found in carnitine esters and are present in biological systems. The
proportion of acylcarnitine varies widely according to physical activity, disease condition,
and nutritional state. Under normal conditions in humans, acylcarnitine accounts for
approximately 20% of total carnitine in serum, 10–15% of that in the liver and skeletal
muscle, and 50–60% of that in urine [7–9].

Under physiological conditions, the total carnitine content in the body has been
estimated to be 100 mmol. More than 90% of total body carnitine is found in skeletal
muscle, with 2–3% in the liver and kidney. Thus, only 0.5–1% is present in the extracellular
fluid [10]. The brain has a relatively low concentration of carnitine, despite being one of the
few organs with endogenous biosynthesis capability. Carnitine cannot bind to protein and
is mainly filtered at the glomeruli of the kidney. However, over 90% of filtered carnitine is
reabsorbed by the proximal renal tubule in individuals with normal kidney function, and
the serum excretory threshold level of free carnitine in the kidney appears to be 40 µmol/L,
which is near the normal serum concentration of free carnitine [5,6]. Tubular reabsorption
of free carnitine predominates. Therefore, the excretion of acylcarnitine by the kidney is 4-
to 8-fold higher than that of free carnitine [5]. Plasma membrane transporters and carnitine-
dependent enzymes are important for maintaining carnitine homeostasis. Together, free
and acylcarnitine comprise the carnitine system.

The high-affinity Na+/carnitine cotransporter OCTN2 is the most physiologically
associated plasma membrane transporter of carnitine [11]. OCTN2 is extensively found
in numerous tissues, such as the heart, skeletal muscle, kidney, and placenta. OCTN2 is
localized to the brush border of tubular epithelial cells in the kidney and is most active in
the proximal tubules of the nephron, which is the site of approximately 65% of reabsorption
and secretion [12]. The association of mutations in the OTCN2 gene with primary systemic
carnitine deficiency indicates its importance [13].

Carnitine/acylcarnitine translocase (CACT) and carnitine acyltransferases are known
as carnitine-dependent enzymes. CACT converts mitochondrial carnitine to cytoplasmic
acylcarnitine and allows the flow of both carnitine and short-chain acyl-carnitines into and
out of the mitochondria [14]. Carnitine acyltransferases exist in tissue-specific isoforms
with distinct kinetic characteristics and with significant modulatory targets involved in
fatty acid metabolism and coenzyme-A (CoA) release [15].

The proper function of OCTN2 and the various carnitine-dependent enzymes is
needed to maintain the carnitine system. Carnitine has an important role in energy
metabolism. It transports long-chain fatty acids across the inner mitochondrial membrane
and modulates β-oxidation and the resulting adenosine triphosphate (ATP) production [16].
Furthermore, carnitine participates in intermediary metabolism by regulating the ratio of
acyl-CoA/CoA in the cell. The main mechanisms underlying this function of carnitine are
the production of short-chain acylcarnitines, which are catalyzed by carnitine acetyltrans-
ferase, and the conversion of carnitine to acylcarnitine, which is catalyzed by CACT [14,17].
Carnitine has a buffer action for accumulated acyl-CoA. The accumulation of acyl-CoA
inhibits several enzymes, including acetyl CoA carboxylase, adenine nucleotide translocase,
citrate synthetase, pyruvate dehydrogenase, and pyruvate carboxylase, and it induces mito-
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chondrial dysfunction. Therefore, an accumulation of acyl groups within the mitochondria
inhibits the activity of energy-producing enzymes. Acyl-CoA is restricted to the mito-
chondrial matrix and cannot pass the membrane. However, its acyl group is transferred
from acyl-CoA to carnitine, and carnitine is metabolized into acylcarnitine. Acylcarnitine
translocates from mitochondria to the extracellular fluid and is finally excreted via the
urine. The detoxifying effects of carnitine are important for cell metabolism [18]. The fatty
acid metabolism and functions of carnitine are shown in Figure 1.

Figure 1. Fatty acid metabolism and metabolic functions of carnitine. CACT, carnitine acetyltransferase; CPT, carnitine

palmitoyl transferase; OCTN2, organic cation/carnitine transporter 2, PCS, palmitoyl CoA synthetase.

Serum carnitine concentrations are 50–60 µmol/L, which is calculated as the sum of
free carnitine and acylcarnitine. When serum-free carnitine drops below 20 µmol/L, the
clinical symptoms of carnitine deficiency can develop. In patients with severe hereditary
metabolic diseases, acylcarnitine is found in the serum and urine. In these patients, the
endogenous carnitine pool falls into a deficit to manage the crucial acyl transfer, which
increases the acyl/free carnitine ratio in serum. A ratio exceeding 0.4 has been used
to indicate carnitine insufficiency in clinical practice [19]. Daily urinary total carnitine
excretion typically consists of 50% acylcarnitine, resulting in a urinary acyl/free carnitine
ratio of about 1.0 [20]. Carnitine homeostasis is shown in Figure 2.
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Figure 2. Carnitine homeostasis. MW, molecular weight; OCTN2, organic cation/carnitine transporter 2.

3. Carnitine Deficiency in Patients Who Are Undergoing Dialysis Therapy

Carnitine homeostasis is profoundly perturbed in patients with end-stage kidney
disease, particularly patients on dialysis. Dietary intake of carnitine is decreased due to
falls in appetite, total energy levels, and protein intake. In addition, accumulating evidence
has linked inflammation to malnutrition, and chronic inflammation might also interrupt
carnitine transfer in the intestine [21]. Protein-energy wasting (PEW) and inflammation
are the most pivotal risk factors for morbidity and mortality in patients on dialysis [22–24].
Carnitine biosynthesis can also fall in patients on dialysis due to reduced biosynthesis in the
kidney and limited compensation by the liver [25]. Furthermore, the kidney disease may
itself modulate OCTN2 activity on the renal tubule [26]. Filtered carnitine in the glomerulus
cannot be reabsorbed in anuric patients undergoing hemodialysis. Therefore, chronic
hemodialysis treatment reduces serum and tissue levels of carnitine and can promote
acylcarnitine accumulation. As a result of the low molecular weight of carnitine and its
high hydrophilicity and absence of protein binding, carnitine is significantly removed by
the dialyzer [27,28].

According to Japanese guidelines [29], a free carnitine level < 20 µmol/L is defined
as carnitine deficiency, a high risk of carnitine deficiency is defined as a level in the
range of 20–36 µmol/L, and carnitine insufficiency is defined as a serum acyl/free carnitine
ratio > 0.4. Consequently, serum carnitine levels are significantly lower in patients receiving
hemodialysis than in healthy individuals at 22.0 ± 5.4 µmol/L and 43.3 ± 8.6 µmol/L,
respectively [30]. Serum endogenous carnitine levels are significantly negatively correlated
with dialysis therapy duration, with most of the reduction occurring within the first
few months of hemodialysis initiation [30]. Long-term hemodialysis (i.e., longer than
1 year) is also linked to a marked 38% reduction in muscle carnitine pools compared with
those before hemodialysis initiation [30]. Another investigation also reported that the total
carnitine and acylcarnitine levels in muscle were significantly decreased in patients on
dialysis [31]. We recently reported the prevalence of carnitine deficiency in 150 patients
on hemodialysis [32]. Of these, serum free carnitine levels were below the normal range
(36–74 µmol/L) in 90% of the patients, and 25.3% of the participants met the definition
of carnitine deficiency (<20 µmol/L). Furthermore, 64.7% were diagnosed as having high
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risk of carnitine deficiency (acyl/free carnitine ratio > 0.4). In addition, just 13.3% of the
participants (n = 20) had a normal ratio of ≤0.4 and 86.7% of the participants (n = 130)
were diagnosed with carnitine insufficiency. A longer duration of dialysis was significantly
associated with lower serum carnitine levels in multivariate analysis [32].

Acylcarnitine levels are significantly higher in patients on maintenance hemodialysis
than in healthy individuals. Acylcarnitine levels are significantly elevated in patients
who have been receiving hemodialysis for at least 12 months [4,28]. Indeed, acylcarnitine
levels account for about 50% of the total serum carnitine stores in these patients com-
pared with just 15% in healthy individuals [4,28]. Hemodialysis procedures decrease free,
short-chain, medium-chain, and dicarboxylic acylcarnitines but do not affect long-chain
acylcarnitines [33]. The dialytic removal of acylcarnitine during a single hemodialysis
session is significantly associated with the carbon chain length of the acyl groups, with no
major removal of the 18-carbon chain esters [34]. The removal rate of acylcarnitine clearly
decreases as the carbon chain length increases because it increases their molecular weight
and alters their lipophilicity. Furthermore, longer-chain acylcarnitines can bind to pro-
tein [35]. Therefore, the acyl/free carnitine ratio is positively correlated with the number of
months on hemodialysis treatment [30,36]. Acylcarnitines are classified according to carbon
chain length. Tandem mass spectrometry can determine the details of acylcarnitines, such
as whether they are short-chain, middle-chain, and long-chain acylcarnitines. Tandem mass
spectrometry has revealed that a lower ratio of acetylcarnitine (C2)/(palmitoylcarnitine +
octadecenoylcarnitine [C16+C18:1]), which indicates the ratio of short-chain/long-chain
acylcarnitines, in patients on hemodialysis is associated with all-cause mortality [37].

4. Removal of Carnitine by Dialysis Therapy

In 2018, 339,841 patients underwent maintenance dialysis in Japan. Of these, 37.0% were
receiving hemodiafiltration. Approximately 71% of patients who were receiving hemodi-
afiltration were treated with online hemodiafiltration and the pre-dilution method [38,39].
Compared with conventional high-flux hemodialysis, hemodiafiltration is a more effective
technique; it relies on high-flux membranes that can remove both small solutes, such as
urea, and low-molecular weight proteins, such as β2-microglobulin [40,41]. Serum car-
nitine is removed by hemodialysis. Previous work determined the percent reduction in
serum-free carnitine in patients on hemodialysis with or without diabetes and without lev-
ocarnitine treatment. The reductions in plasma free carnitine were −64.7% and −66.6% in
patients with or without diabetes, respectively [33]. However, the hemodialysis procedure
was not described in detail (i.e., blood and dialysate flow rates, treatment time, and Kt/V).
We previously investigated the reduction rate of the serum carnitine level after single ses-
sions of hemodialysis and hemodiafiltration [32]. Hemodialysis using high-flux dialyzers
was conducted at blood and dialysate flow rates of 200–240 mL/min and 500 mL/min,
respectively. Hemodiafiltration using high-flux hemodiafilters was performed at blood
flow, replacement fluid, and dialysate flow rates of 200–300, 200–250, and 250–300 mL/min,
respectively. Although no significant differences were evident in the patients’ baseline
characteristics or in the pre-dialysis serum total, free, or acylcarnitine concentrations be-
tween the hemodialysis and hemodiafiltration groups, the Kt/V values were 1.28 ± 0.27
and 1.45 ± 0.31 in the hemodialysis and hemodiafiltration groups, respectively (p = 0.042).
There was a significantly greater decrease in serum total, free, and acylcarnitine levels in
the hemodiafiltration group. Reduction rates of serum free carnitine of 64% ± 4% and
75% ± 7% were obtained under hemodialysis and hemodiafiltration conditions, respec-
tively (p < 0.0001). These findings indicate the greater clearance of small molecular weight
solutes by hemodiafiltration.

Patients on peritoneal dialysis exhibit a decreased serum free carnitine level and in-
creased acyl/free carnitine ratio compared with age- and sex-matched individuals with
normal kidney function [42,43]. In patients on peritoneal dialysis, the mechanism of car-
nitine deficiency is considered to be decreased dietary intake of carnitine-containing food,
decreased renal carnitine synthesis, and decreased renal excretion of acylcarnitine [27,30].
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Another contributor might be the loss of free carnitine into the peritoneal dialysis fluid [44].
The prevalences of carnitine deficiency, high risk of carnitine deficiency, and carnitine
insufficiency in peritoneal dialysis patients are comparable to those of age-, sex-, and
dialysis vintage-matched hemodialysis patients [45]. Lower serum-free carnitine levels are
associated with a longer duration of peritoneal dialysis and an older age.

5. Carnitine Supplementation in Dialysis Patients

The association between carnitine deficiency and a decreased serum-free carnitine
level may result in various cellular metabolic disorders, such as reduced mitochondrial β-
oxidation of fatty acids and consequent diminished energy production and storage of toxic
acylcarnitines and suppression of carnitine-related enzymes involved in metabolism [46].
These carnitine-related metabolic aberrations may induce the above-mentioned clinical
disorders frequently found in patients on dialysis, which include muscle weakness and
cardiomyopathy, PEW, plasma lipid abnormalities, and ESA-resistant anemia, as well as
hemodialysis-associated symptoms such as hypotension and muscle cramps [2–4].

Carnitine supplementation for the treatment of dialysis-related carnitine deficiency
can be performed orally or intravenously. Multiple investigations have evaluated the
benefits of carnitine supplementation in patients on dialysis. Intravenously administered
levocarnitine has a bioavailability of 100%. When a dose of 1–2 g levocarnitine is intra-
venously administered to healthy individuals, the serum carnitine levels rapidly increase
to 10 times that of the threshold for renal tubular reabsorption; 70–90% is consequently
excreted in an unchanged form in the urine 12–24 h after administration. Therefore, a
single dose of levocarnitine does not persist in the system for a sufficient length of time
for any significant amount to equilibrate into the skeletal and cardiac muscle. However,
for hemodialysis patients, an intravenous dose of levocarnitine remains in the blood for
a long enough time for it to be taken up into the organs or tissue compartments, with up
to about 90% of the administered levocarnitine possibly moved into tissues [4]. Chronic
intravenous levocarnitine administration elevates muscle carnitine levels by between 60%
and 200% [47–50].

In contrast, the bioavailability of oral levocarnitine administration is low, even in
healthy individuals. Only 15% of a standard 2-g dose is absorbed into the blood in healthy
individuals and just 5% of an oral 6-g dose [51,52]. The bioavailability of oral levocarnitine
in patients on dialysis has not yet been evaluated. The metabolism of dietary carnitine and
choline produces trimethylamine N-oxide (TMAO), which directly induces atherosclerosis
in rodents [53,54]. Intestinal bacteria metabolize carnitine and choline to trimethylamine,
which is absorbed in the intestine. Trimethylamine is itself oxidized by hepatic flavin
monooxygenase to make TMAO [55]. Under normal conditions, TMAO is rapidly removed
from the circulation, largely via excretion in the urine [56,57]. Accordingly, circulating
TMAO levels appear to be associated with coronary artery disease and may also be associ-
ated with mortality in patients on long-term hemodialysis [58,59]. However, no study has
shown whether oral levocarnitine treatment or TMAO levels would accelerate atherosclero-
sis in hemodialysis patients. Thus, additional work is required to evaluate the superiority,
efficacy, and safety of intravenous levocarnitine administration compared with oral ad-
ministration because there is no evidence of associations between the increased levels of
TMAO and atherosclerosis progression in dialysis patients.

The National Kidney Foundation has stated that the detection and diagnosis of
dialysis-related carnitine deficiency, as well as the decision to treat chronic dialysis patients
with levocarnitine, should be determined by clinical symptoms and signs [60]. Furthermore,
proof of decreased serum-free carnitine levels or an increased acyl/free carnitine ratio is
dispensable for the clinical diagnosis of dialysis-related carnitine deficiency. Serum-free
carnitine levels are helpful to rule out dialysis-related carnitine deficiency. However, low
concentrations of serum-free carnitine cannot be used as a predictive factor of a clinical
response to levocarnitine treatment.

136



Nutrients 2021, 13, 1219

In addition, the National Kidney Foundation has declared that the administration
of levocarnitine to dialysis patients should be considered for the following four clinical
conditions [60]: (1) patients with anemia who are unable to maintain optimal hemoglobin
or hematocrit levels with the use of ESA, despite adequate iron status, and with no other
identifiable cause of anemia or a hypo-response to ESA; (2) patients with intradialytic
hypotension and no other possible causes with repeated symptomatic intradialytic hy-
potensive events requiring treatment; (3) patients with cardiomyopathy who have heart
failure symptoms such as New York Heart Association class III–IV or symptomatic car-
diomyopathy with documented impaired left ventricular ejection fraction (LVEF) and a
poor response to standard medical therapy; and (4) selected patients who have symptoms
that diminish their quality of life, including skeletal muscle weakness and malaise.

6. Anemia

In patients with end-stage kidney disease, anemia is induced by decreased production
of erythropoietin by the kidney or fibrosis of the bone marrow. Renal anemia is commonly
treated with ESA in patients with impaired kidney function. Although renal anemia
strongly influences prognosis, higher-dose ESA may increase the risk of cardiovascular
events in the dialysis population [61,62]. Moreover, the dosage of ESAs to maintain target
hemoglobin levels varies widely among patients on dialysis [63]. A lower hematocrit level
has been associated with shorter survival [64]. However, a lower hematocrit level was not a
significant predictor of mortality in multivariate analysis adjusted for age, serum albumin,
and the presence of diabetes. ESA resistance, which is characterized by inflammation and
malnutrition, may be a significant novel predictor of mortality [64]. Patients with target
hematocrit levels (i.e., 33–36%) receiving a higher ESA dose exhibit a rate of mortality
double that of patients with hematocrit levels in the same range but receiving a low ESA
dose. Therefore, the use of ESAs should be minimized and ESA resistance is recognized as
an important marker for improving survival in the dialysis population.

Levocarnitine administration is suggested as a potential additional therapy to ESA
in the management of renal anemia. The Centers for Medicare and Medicaid Services
allow intravenous levocarnitine administration to patients on hemodialysis who have ESA-
resistant anemia and decreased serum carnitine levels [64]. Although the most common
cause of hyporesponsiveness to ESAs is iron deficiency, carnitine deficiency is proposed
to be one of the causes of ESA-resistant anemia in Japanese Society for Dialysis Therapy
guidelines [65]. Serum carnitine levels have been reported to be lower in patients with
severe anemia needing high-dose ESA than in patients with mild-to-moderate anemia or
no anemia [66]. In patients with a lower serum carnitine level and need for higher-dose
ESA, erythrocyte membranes develop osmotic fragility. This shortens the survival time
of erythrocytes and lowers hematocrit levels [67–70]. However, erythrocyte stability is
reported to be improved by levocarnitine therapy, and this treatment would be associated
with improved survival of erythrocytes through the following mechanism: levocarnitine
regulates the erythrocyte membrane lipid complex, modifies the fatty acid metabolism,
enhances the Na-K pump activity of erythrocytes, reduces membrane rigidity, and decreases
erythrocyte calcium levels [69,71–74].

A systematic review and recent meta-analysis found that levocarnitine treatment
ameliorates renal anemia and decreases ESA requirements in hemodialysis patients [75,76].
The efficacy of levocarnitine for treating renal anemia in patients on dialysis has been
investigated by multiple studies. This work is summarized in Table 1 [43,69–71,77–94].
The aim of these studies was to maintain hematocrit or hemoglobin levels in carnitine and
control groups by significantly decreasing the dosage of ESA in carnitine patients. ESA
resistance can be determined by measuring the erythropoietin resistance index (ERI), which
is calculated as the ESA dose divided by the hemoglobin level and body weight of each
patient. This index is useful for assessing the response of the body to levocarnitine. Any
decrease in ESA dosage or increase in the hemoglobin level during the observation period
would decrease this index. The ERI was reduced by levocarnitine treatment in several
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studies, suggesting that levocarnitine improves erythropoietin efficiency versus control
groups. However, the CARNIDIAL trial found no improvement in the ERI with levocarni-
tine administration in patients with a shorter duration of hemodialysis (<6 months) and no
documented carnitine deficiency. In addition, levocarnitine treatment increased calcium
and phosphate levels and was not associated with parathyroid hormone or fibroblast
growth factor 23 [94,95].

Further studies should be conducted to determine whether levocarnitine treatment is
effective in all dialysis patients with renal anemia and whether it improves long-term out-
comes. Moreover, its dose–response profile in renal anemia has not yet been investigated.

Table 1. Studies of the effects of levocarnitine on renal anemia in dialysis patients.

Ref Study Design Subjects Dose and Route
Treatment
Duration

Findings a

[77] Two-way, parallel,
double-blind

29 HD patients 20 mg/kg per Dx, IV 6 mo ↑ RBC survival T0: 39.1 days; T6: 42.7 days (p = 0.058)
29 HD patients Placebo, IV → RBC survival T0: 40.2 days; T6: 35.4 days (NS)

[78] One-way, open-label
14 HD patients
(ESA-resistant)

500 mg/day PO 3 mo ↑ Ht T0: 24.0% ± 2.0%; T3: 26.1% ± 2.0% (p = 0.003)

[71] One-way, open-label 15 HD patients 30 mg/kg per Dx, IV 3 mo
↑ Ht T0: 30.8% ± 1.9%; T3: 34.2% ± 2.4% (p < 0.0001),
↓ Deformability of RBCs (p < 0.004)

[43] One-way, open-label 12 PD patients 2 g/day PO 3 mo
↑ Ht T0: 35.4% ± 3.3%; T3: 38.1% ± 3.4% (p < 0.03),
↑ Hb T0: 11.0 ± 1.1 g/dL; T3: 11.9 ± 1.0 g/dL (p < 0.01)

[79]

Two-way, parallel,
double-blind

28 HD patients 20 mg/kg per Dx, IV
6 mo

→ Ht T0: 34.1% ± 3.2%; T6: 32.8% ± 4.0% (NS)
28 HD patients Placebo → Ht T0: 32.9% ± 3.3%; T6: 33.9% ± 2.9% (NS)

Four-way, parallel,
double-blind

32 HD patients 10 mg/kg per Dx, IV

6 mo

→ Ht T0: 33.9% ± 3.2%; T6: 35.1% ± 4.2% (NS)
30 HD patients 20 mg/kg per Dx, IV → Ht T0: 33.7% ± 3.5%; T6: 33.9% ± 3.4% (NS)
32 HD patients 30 mg/kg per Dx, IV → Ht T0: 33.6% ± 3.3%; T6: 33.5% ± 2.7% (NS)
33 HD patients Placebo → Ht T0: 34.2% ± 3.2%; T6: 35.1% ± 4.2% (NS)

[80] Two-way, parallel,
double-blind

48 HD patients 20 mg/kg per Dx, IV
6 mo

↑ Hb T0: 9.7 ± 1.1 g/dL; T6: 10.8 ± 1.2 g/dL (p < 0.0001)
65 HD patients Placebo, IV → Hb T0: 9.8 ± 1.2 g/dL; T6: 9.9 ± 1.3 g/dL (NS)

[81] Two-way, parallel, open
label

78 HD patients 1 g/Dx, IV
7 mo

↑ Hb T0: 7.5 ± 1.5 g/dL; T7: 11.4 ± 1.2 g/dL (p < 0.05)
↓ ERI T0: 183 ± 16 U/kg; T7: 142 ± 12 U/kg (p < 0.05)

78 HD patients No treatment
→ Hb T0: 7.5 ± 1.4 g/dL; T7: 9.2 ± 1.2 g/dL (NS)
→ ERI T0: 185 ± 15 U/kg; T7: 160 ± 12 U/kg (NS)

[82] Two-way, parallel,
double-blind

18 HD patients 15 mg/kg per Dx, IV
6 mo

↑ Ht T0: 24.2% ± 2.2%; T6: 32.5% ± 3.7% (p = 0.001)
↑ Hb T0: 7.9 ± 0.8 g/dL; T6: 10.3 ± 1.1 g/dL (p = 0.001)

13 HD patients Placebo, IV
→ Ht T0: 27.5% ± 4.5%; T6: 30.2% ± 4.0% (p = 0.1)
→ Hb T0: 8.0 ± 0.4 g/dL; T6: 8.7 ± 2.5 g/dL (p = 0.4)

[83]
Two-way, parallel,

single-blind
10 HD patients 20 mg/kg per Dx, IV

2 mo ↑ Hb +0.89 ± 0.56 g/dL vs. −0.47 ± 0.77 g/dL (p = 0.001)
10 HD patients Plaxevo, IV

[84]
Double-blind, crossover,

placebo-controlled
16 HD patients

20 mg/kg per Dx, IV
3 mo

→ ESA doses T0: 8562 ± 6762 U; T3: 8750 ± 7094 U (NS)
Placebo, IV → Hb T0: 11.3 ± 1.9 g/dL T3: 11.5 ± 1.5 g/dL (NS)

[85]
Two-way, parallel,

open-label
20 HD patients 1 g per Dx, twice a

week, IV 6 mo
↑ Hb T0: 6.8 ± 1.0 g/dL; T6: 7.7 ± 1.1 g/dL (p < 0.001)
↓ ERI values not reported (p < 0.001)

20 HD patients No treatment → Hb T0: 6.7 ± 1.0 g/dL; T6: 6.9 ± 1.0 g/dL (NS), → ERI (NS)

[86]
Two-way, parallel,

open-label
20 HD patients 1 g/Dx, IV

3 mo
↑ Hb T0: 7.8 ± 1.3 g/dL; T3: 9.9 ± 1.9 g/dL (p < 0.05)

20 HD patients No treatment → Hb T0: 7.8 ± 1.1 g/dL; T12: 8.5 ± 1.2 g/dL (NS)

[87] One-way, open-label
62 HD patients

600 mg/day, PO for
12 mo, then 1 g/Dx IV

for 12 mo
24 mo ↑ Hb T0: 10.2 ± 1.2 g/dL; T12: 10.9 ± 0.9 g/dL

18 PD patients 600 mg/day, PO 12 mo → Hb T0: 10.6 ± 1.1 g/dL; T12: 10.6 ± 1.3 g/dL

[88] Two-way, parallel,
double-blind

24 HD patients 1 g/day, PO

4 mo

→ Hb T0: 10.5 ± 2.5 g/dL; T4: 11.3 ± 2.1 g/dL (NS)
↓ ESA doses T0: 7250 ± 5202 U/week;
T4: 2500 ± 4180 U/week (p < 0.001)

27 HD patients Placebo, PO
→ Hb T0: 9.5 ± 2.2 g/dL; T4: 9.9 ± 2.5 g/dL (NS)
↓ ESA doses T0: 8000 ± 3186 U/week;
T4: 6000 ± 5083 U/week (p = 0.033)

[89]
Two-way, parallel,

open-label

25 HD patients
1 g/Dx, IV and
1 g/non-Dx, PO

36 mo

↓ ESA doses T0: 5976 ± 1732 U/week;
T36: 3391 ± 659 U/week (p < 0.001)

35 HD patients No treatment
→ ESA doses T0: 6100 ± 1587 U/week;
T36: 5519 ± 1360 U/week (NS)

[90] Two-way, parallel,
double-blind

13 HD patients 20 mg/kg per Dx, IV
4 mo

→ ESA doses T4: −769 ± 1739 U/week (NS),
→ Hb T4: −0.08 ± 0.90 g/dL (NS)

13 HD patients Placebo, PIV
→ ESA doses T4: +153 ± 177 U/week (NS),
→ Hb T4: −0.26 ± 0.56 g/dL (NS)

[91]
Two-way, parallel,

open-label
23 HD patients 15 mg/kg per Dx, IV

6 mo → ESA doses, → Ht (NS)
22 HD patients No treatment
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Table 1. Cont.

Ref Study Design Subjects Dose and Route
Treatment
Duration

Findings a

[92] Two-way, parallel,
double-blind

13 HD patients 1 g/Dx, IV
6 mo

↓ ERI T0: 102 ± 53 U/kg/week; T6: 63 ± 38 U/kg/week
(p < 0.02)

11 HD patients Placebo, IV → ERI T0: 79 ± 32 U/kg/week; T6: 80 ± 47 U/kg/week (NS)

[70] Two-way, parallel,
double-blind

10 HD patients 1 g/Dx, IV
6 mo

↓ ERI T0: 135 ± 79; T6: 118 ± 108 U/kg per week per %Ht
(p < 0.05)

11 HD patients Placebo, IV
↑ ERI T0: 136 ± 66; T6: 217 ± 204 U/kg per week per %Ht
(p < 0.05)

[69] Two-way, parallel,
double-blind

20 HD patients
5 mg/kg or 25 mg/kg

per Dx, IV 4 mo
↓ ERI T0: 16.0 ± 11.0; T4: 13.6 ± 10.5 U/kg per week per gHb
(p < 0.02)

20 HD patients Placebo, IV Values not reported

[96] Two-way, parallel,
double-blind

13 HD patients 20 mg/kg per Dx, IV
6 mo ↓ ERI -1.62 ± 0.91 vs. +1.33 ± 0.79 U/kg per gHb (p < 0.05)

14 HD patients Placebo, IV

[93]
Two-way, parallel,

open-label

30 HD patients 1 g/Dx, IV
12 mo

↓ ERI T0: 10.7 ± 7.3; T12: 6.4 ± 3.8 U/kg per gHb per week
(p < 0.0001)

30 HD patients No treatment
→ ERI T0: 10.0 ± 7.9; T12: 9.6 ± 6.5 U/kg per gHb per week
(NS)

[94] Two-way, parallel,
double-blind

46 HD patients 1 g/Dx, IV
12 mo

→ ERI T0: 20.6 ± 12.8; T12: 15.6 ± 15.9 IU/kg per gHb
(p = 0.10)

46 HD patients Placebo, IV → ERI T0: 15.8 ± 11.3; T12: 9.5 ± 5.8 IU/kg per gHb (p = 0.10)

Dx, dialysis session; HD, hemodialysis; ERI, erythropoietin resistance index; ESA, erythropoiesis-stimulating agent; Hb, hemoglobin; Ht,
hematocrit; IV, intravenous injection; mo, months; NS, not significant; PO, per oral; RBC, red blood cell; Ref, reference. a The findings show
no difference (→), a decrease (↓), or an increase (↑).

7. Cardiac Function

Cardiovascular disease is a leading cause of mortality in dialysis patients [93]. Ap-
proximately 75% of end-stage kidney disease patients commencing hemodialysis treatment
experience left ventricular dysfunction, represented by reduced LVEF, which is a significant
risk factor for congestive heart failure [97]. Furthermore, intradialytic hypotension has been
linked to mortality and is an independent predictor of mortality in this population [97–99].

The main energy source for cardiac myocytes is β-oxidation of fatty acids. Carnitine
concentrations in myocytes are some of the highest of all cell types. Furthermore, the pro-
duction of intracellular acylcarnitine and lactate is induced by myocardial ischemia. Thus,
levocarnitine treatment might be useful for cardiac symptoms. Numerous investigations
have reported the efficacy of levocarnitine treatment in terms of cardiac function; these are
summarized in Table 2 [49,50,89,100–108].

The relationship between hypotensive episodes and levocarnitine treatment has
also been investigated in dialysis patients. Patients who experience hypotension during
hemodialysis treatment have lower serum carnitine levels than normotensive individu-
als [109]. Levocarnitine treatment significantly reduces intradialytic hypotension versus
placebo [49,110]. Accordingly, intravenous levocarnitine supplementation is allowed for
the management of dialysis-related hypotension in hemodialysis patients who have lower
serum carnitine levels by the Centers for Medicare and Medicaid Services.

A strong correlation has been found between LVEF and serum carnitine levels in
patients on dialysis. In addition, 3-month administration of levocarnitine improves LVEF,
significantly so in patients with repeated hypotensive events [111]. It was suggested that
patients experiencing symptomatic hypotension had a significantly lower LVEF and a
higher mortality risk compared with asymptomatic patients [110]. Other studies have
obtained similar results [89,103,112]. Mounting evidence favors a role for levocarnitine in
the management of cardiac dysfunction. On the other hand, other studies have reported
the ineffectiveness of levocarnitine treatment [50,104]; however, these findings must be
interpreted with caution, because these studies included patients with normal LVEF. In our
previous reports, atherosclerosis assessed by brachial-ankle pulse wave velocity and cardiac
function assessed by LVEF and left ventricular mass index (LVMI) were improved by
levocarnitine treatment in patients on hemodialysis [107,113]. Levocarnitine administration
decreased N-terminal pro-brain natriuretic peptide (NT-proBNP) levels and ameliorated
the ERI. Furthermore, the responders to levocarnitine treatment were patients with left
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ventricular hypertrophy, as defined by the LVMI on echocardiography. These results
suggest that levocarnitine treatment might be effective for patients with a larger baseline
LVMI [107]. Therefore, these results indicate that levocarnitine treatment is beneficial for
patients with left ventricular hypertrophy, reduced LVEF, or dialysis-related hypotension.

Table 2. Studies of the effect of levocarnitine on cardiac function and hypotension in dialysis patients.

Ref Study Design Population Dose and Route
Treatment
Duration

Findings a

[101] Two-way, crossover,
double-blind

9 HD patients
990 mg/day PO then
placebo for 2 mo each

2 mo
↓ Hypotension (p < 0.001)

9 HD patients
Placebo then 990 mg/day

PO for 2 mo each
→ Hypotension (NS)

[50] Two-way, parallel,
double-blind

14 HD patients 2 g/Dx, IV
6 weeks No difference in cardiac function (NS)

14 HD patients Placebo

[49] Two-way, parallel,
double-blind

38 HD patients 20 mg/kg per Dx, IV 6 mo ↓ Hypotension (p < 0.02)
44 HD patients Placebo → Hypotension (NS)

[102] One-way, open-label 13 HD patients 1 g/Dx, IV 3 mo ↑ LVEF T0: 42.4 ± 19.4%; T3: 48.6 ± 17.6% (p < 0.05)

[89]
Two-way, parallel,

open-label
25 HD patients

1 g/Dx, IV and
1 g/non-Dx PO 36 mo

↑ LVEF (p < 0.05)

35 HD patients No treatment ↓ LV end-diastolic volume (p < 0.05)

[103] One-way, open-label 11 HD patients 1 g/day PO then 0.5 g/day
PO for 1 mo each

2 mo
→ LVEDD, LVFS (NS)
↑ Cardiac scintigraphy (p < 0.001)

[104] One-way, open-label
9 HD patients

(impaired LVEF)
500 mg/day, PO 6 mo

↑ LVEF T0: 44.9% ± 12.2%; T6: 53.8% ± 13.8% (p = 0.005)
↓ CTR T0: 56.4 ± 5.4; T6: 53.8 ± 4.0 (p = 0.042)

[100] One-way, open-label
11 HD patients

(impaired LVEF)
1 g/Dx, IV 8 mo ↑ LVEF T0: 32.0% T8: 41.8% (p < 0.05)

[105]
Two-way, parallel,

open-label
10 HD patients 10 mg/kg/day, PO

12 mo
↓ LVMI T0: 151.8 ± 21.2; T12: 134 ± 16 g/m2 (p < 0.01)

10 HD patients No treatment → LVMI T0: 153.3 ± 28.2; T12: 167.1 ± 43.1 g/m2 (NS)

[106] Two-way, parallel,
double-blind

20 HD patients 1500 mg/day, PO
6 mo

No difference in cardiac function (p = 0.67)
35 HD patients No treatment Cardiac function was not investigated.

[107] Two-way, parallel,
double-blind

10 HD patients 900 mg/day, PO
3 mo

↑ LVEF T0: 61.8% ± 16.0% T3: 64.4% ± 13.8% (p < 0.05)
↓ Hypotension T0: 4.0 ± 1.7; T3: 1.3 ± 0.9 times/mo (p < 0.05)

8 HD patients Placebo → LVEF (NS)

[108]
Two-way, parallel,

open-label
75 HD patients 20 mg/kg/day, PO

12 mo
↑ LVEF T0: 53.1% ± 5.3% T12: 58.6% ± 5.5% (p < 0.001)
↓ LVMI T0: 112 ± 26; T12: 107 ± 24 g/m2 (p < 0.001)

73 HD patients No treatment → LVEF, LVMI (NS)

[109] Two-way, parallel,
double-blind

18 HD patients 30 mg/kg/before Dx, IV
3 mo ↓ Hypotension 9.3% vs. 33.1% (p < 0.0001)

15 HD patients Placebo, IV

CTR, cardiothoracic ratio; Dx, dialysis session; HD, hemodialysis; IV, intravenous injection; LVEDD, left ventricular end-diastolic dimension;
LVFS, left ventricular fractional shortening; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; mo, months; NS, not
significant; PO, per oral; Ref, reference. a The findings show no difference (→), a decrease (↓), or an increase (↑).

Myocardial fatty acid metabolism, as assessed by 123-I–labeled β-methyl-p-iodophenyl-
pentadecanoic acid (BMIPP), has been reported to be reduced in patients on long-term
hemodialysis and recovered by levocarnitine therapy [102]. Tetradecyl glycidic acid
(TDGA) impairs mitochondrial carnitine acyltransferase 1, and its administration induces
left ventricular hypertrophy with enhanced lipid accumulation in the rat heart [111]. BMIPP
washout from the myocardium is also decreased after TDGA administration [114]. There-
fore, carnitine deficiency interrupts fatty acid metabolism in the myocardium and leads
to myocardial lipid storage in patients on hemodialysis. A decreased free carnitine con-
centration results in disrupted fatty acid transfer into mitochondria; subsequently, the
accumulation of acylcarnitine in the mitochondria disrupts carnitine-related enzymes
involved in ATP production and transportation. Accordingly, levocarnitine treatment-
induced amelioration of myocardial fatty acid metabolism and the acyl/free carnitine ratio
might help to improve LVEF and decrease the LVMI.

Although levocarnitine treatment may be beneficial in improving LVEF, it is important
to determine whether the treatment reduces cardiac events, hospitalizations, and mortality.
To clarify the association between levocarnitine treatment and the hospitalization rate and
number of hospital days, a large cohort study was conducted in patients on hemodialy-
sis [115]. This study enrolled 2967 patients who were treated with levocarnitine for at least
3 months and had a 3-month or longer pre-levocarnitine period. The adjusted relative risk
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of hospitalization significantly decreased during the levocarnitine treatment compared
with the rate before the initiation of levocarnitine treatment. Compared with the base-
line hospitalization rate before levocarnitine treatment initiation, levocarnitine decreased
the hospitalization rate by 34% and 58% at 6–9 months and 15–18 months, respectively.
Furthermore, patients with cardiovascular disease, anemia, and hypoalbuminemia prior
to levocarnitine treatment benefited most from levocarnitine treatment, in whom it was
associated with fewer hospitalizations [115].

Uremia alters both carnitine and fatty acid metabolism. The combination of uremia-
induced left ventricular hypertrophy and carnitine deficiency impairs myocardial metabolism
and cardiac function. Levocarnitine treatment might partly improve the uremic hypertro-
phy, besides augmenting the metabolism. Additional large-scale clinical studies must be
performed to clarify whether levocarnitine treatment ameliorates cardiovascular mortality
in patients on dialysis.

8. Muscle Symptoms and Quality of Life

Sarcopenia and muscle weakness are frequent in patients with chronic kidney disease.
Sarcopenia is caused by the aggravation of some physiological systems and is associated
with aging. Decreased muscle strength and skeletal muscle mass are related to physical
function [116,117]. In the general population, sarcopenia has been linked to adverse clinical
outcomes, such as mortality, disability, hospitalization, falls, decreased quality of life,
and need for long-term care [116,117]. Sarcopenia has also been associated with negative
outcomes in patients with end-stage kidney disease or on dialysis [118–121]. Generally,
physical activity falls with age in not only the general population, but also among patients
with chronic kidney disease [122]. Patients on dialysis with decreased physical function
have been found to have higher mortality than those with better physical function [123].
Although the clinical importance of sarcopenia is recognized, there are no clear intervention
methods for the dialysis population. The pathophysiology of this syndrome is believed to
be associated with amino acid deficiency, including that of carnitine.

In addition to sarcopenia, both inflammation and PEW are significant predictors of
mortality in patients receiving dialysis therapy [22–24]. A recent meta-analysis reported a
28–50% prevalence of PEW or frailty in patients receiving dialysis [124]. Another report
revealed that 30% of dialysis patients had mild or moderate malnutrition and that 6–8% of
patients had severe malnutrition [125–127]. Although three pathophysiologies—sarcopenia,
frailty, and PEW—are distinguished, they share some components that are associated
with hospitalization and mortality. In particular, malnutrition and chronic inflammation
complicated with sarcopenia are important predictors of clinical outcomes in patients on
hemodialysis [128,129]. In addition, elevated proinflammatory cytokine levels stimulate
protein catabolism through the ubiquitin–proteasome pathway, leading to muscle weakness
or wasting [130]. The production of inflammatory cytokines, such as interleukin (IL)-1, IL-6,
and tumor necrosis factor (TNF)-α, can be decreased by levocarnitine treatment [131–133].

Levocarnitine corrects insufficient energy supplies at the cellular level, alleviates long-
chain fatty acid transport into mitochondria, and accelerates the removal of short- and
medium-chain fatty acids stored during metabolism. Therefore, levocarnitine treatment
may have beneficial effects on muscle wasting because fatty acid is the main source of en-
ergy in skeletal muscle [134]. Levocarnitine may increase the β-oxidation rate of fatty acids
and maintain glycogen stores in skeletal muscle, thereby boosting ATP production [135].
Skeletal muscle function may be improved or maintained via levocarnitine-mediated
augmentation of energy metabolism. Levocarnitine supplementation improves not only
physical function but also mental and cognitive function in elderly individuals with normal
kidney function [136,137]. Although levocarnitine supplementation fails to increase arm
and leg muscle strength, it does increase the lean muscle mass of the arm and leg in elderly
individuals with normal kidney function [138].

In Japan, patients receiving hemodialysis who had muscular symptoms such as cramps
and asthenia have been found to have significantly lower endogenous serum carnitine
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levels compared with non-symptomatic patients [139]. Thirty patients on hemodialysis
with muscular weakness, fatigue, or cramps were treated with levocarnitine for 12 weeks.
Some muscle symptoms were improved in approximately 70% of the patients [139]. Four-
teen patients on hemodialysis were treated with levocarnitine in a double-blind crossover
manner to investigate carnitine levels in muscle and serum before and after 2 months of
levocarnitine treatment. Although levocarnitine treatment ameliorated symptoms such as
asthenia and cramps occurring during hemodialysis, these symptoms worsened during
the washout period (i.e., after levocarnitine treatment was ceased) [140]. In addition, to
evaluate the efficacy of levocarnitine for muscle function, a two-way parallel controlled
trial was conducted for 6 months [141]. Muscle strength was significantly improved in
four of the seven patients in the levocarnitine group at the study end, whereas none of the
seven controls showed a significant improvement. Thereafter, all 14 patients were treated
with levocarnitine for 10 months, with muscle strength increased in nine of the 14 pa-
tients. We previously conducted a randomized control trial of 91 hemodialysis patients
who had lower serum carnitine levels [142]. The participants were randomly assigned to
receive intravenous levocarnitine treatment (levocarnitine group) or no treatment (control
group) for 12 months. Clinical dry weight, body mass index, and serum albumin levels fell
significantly in the control group. However, there were no such results in the levocarni-
tine group. In addition, there were significant differences in the percent changes in arm
muscle area, hand grip strength, and lean body mass after 12 months between the two
groups [142]. Levocarnitine treatment was beneficial in patients on dialysis, particularly in
elderly patients or those with diabetes, because it was able to maintain lean body mass and
muscle function.

In addition to muscle and dialytic symptoms in patients on dialysis, a significant
association has been reported between the acyl/free carnitine ratio and the physical compo-
nent of the 36-Item Short Form Survey (SF-36) in men. Moreover, levocarnitine treatment
improves SF-36 scores compared with baseline [68]. Furthermore, to evaluate health-
related quality of life from the perspective of patients on dialysis, the SF-36 score was
measured. Symptoms during hemodialysis were evaluated at each dialysis session using
additional questionnaires. Six months of oral levocarnitine therapy boosted general health
and physical function [143]. The efficacy of levocarnitine treatment for dialysis patients
in terms of muscle symptoms, physical activities, and quality of life is summarized in
Table 3 [49,50,83,84,87,100,139–147].

A meta-analysis failed to identify the clinical significance of levocarnitine treatment of
intradialytic hypotension and muscle function [148]. However, some major limitations were
noted, such as the small number of patients in many of the studies and a low associated
statistical power. Furthermore, the definitions of dialysis-related hypotension and muscle
cramps were not unified. To confirm the clinical efficacy of levocarnitine treatment of
intradialytic hypotension and muscle cramps, additional adequately sized randomized
clinical studies are required in this population.

Table 3. Studies of the effect of levocarnitine on muscle symptoms and quality of life in dialysis patients.

Ref Study Design Subjects Dose and Route
Treatment
Duration

Findings a

[101]
Double-blind, cross-over,

placebo-controlled
18 HD patients

990 mg/day, PO
Placebo, PO

2 mo
↓ Cramps (p < 0.001), ↓ Asthenia (p < 0.001),
↓ Dyspnea (p < 0.001)

[140]
Double-blind, cross-over,

placebo-controlled
14 HD patients

2 g/day, PO
Placebo, PO

2 mo
↑ Exercise time (p = 0.01), ↓ Asthenia (p = 0.01),
↓ Muscle cramps (p = 0.01)

[50] Two-way, parallel,
double-blindl

14 HD patients 2 g/Dx, IV
1.5 mo No difference in muscular status (NS)

14 HD patients Placebo, IV

[144] One-way, open-label 6 HD patients 2 g/day, PO 1.5 mo No difference in muscular function (NS)

[49] Two-way, parallel,
double-blind

38 HD patients 20 mg/kg per Dx, IV
6 mo

↓ Cramps (p = 0.02), ↓ Asthenia postdialysis (p = 0.04),
↑ O2 consumption (p = 0.03)44 HD patients Placebo, IV

[145] One-way, open-label 26 HD patients
2 g/dialysate (n = 11),

2 g/day PO (n = 6),
2 g/Dx IV (n = 9)

6 mo
↓ Cramps (p = 0.04), ↓ Pain (p = 0.04),
↑ Isometric force (p = 0.001)
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Table 3. Cont.

Ref Study Design Subjects Dose and Route
Treatment
Duration

Findings a

[146] One-way, open-label 6 HD patients 2 g/day, PO 2 mo
↓ Cramps (p = 0.01), ↓ Weakness (p = 0.001),
↓ Fatigue (p = 0.05)

[139]
Two-way, parallel,

open-label
30 HD patients 500 mg/day, PO

3 mo
↓ Weakness (p < 0.005), ↓ Fatigue (p < 0.005),
↓ Cramps/aches (p < 0.05)21 HD patients No treatment

[147] Two-way, parallel,
double-blind

9 HD patients 10 mg/kg per Dx, IV
4 mo

No difference in muscle cramps, uremic pruritus,
physical strength, and general well-being8 HD patients Placebo, IV

[143] Two-way, parallel,
double-blind

101 HD patients
1 g/day, PO

6 mo
1.5 mo, ↑ QOL (p = 0.02); 3 mo, ↑ QOL (p = 0.015);
>4.5 mo, ↓ QOL (p = 0.013)Placebo, PO

[141] Two-way, parallel,
double-blind

7 HD patients
2 g/Dx, IV for 6 mo, then 1

g/Dx, IV for 10 mo
16 mo

→ Daily activity score T0: 3.5; T6: 2.0 (NS)

7 HD patients
No treatment for 6 mo,

then 1 g/Dx, IV for 10 mo
→ Daily activity score T0: 3.4; T6: 3.1 (NS)

[84]
Double-blind, cross-over,

placebo-controlled
16 HD patients

20 mg/kg per Dx, IV
3 mo No changes in muscle parameters and QOL scores

Placebo, IV

[96] Two-way, parallel,
double-blind

13 HD patients 20 mg/kg per Dx, IV
6 mo

↑ SF-36 scores T0: 33.9 ± 1.9; T6: 43.2 ± 3.0 (p < 0.05)
14 HD patients Placebo, IV → SF-36 scores T0: 40.6 ± 2.6; T6: 40.1 ± 3.0 (NS)

[83]
Two-way, parallel,

single-blind
10 HD patients 20 mg/kg per Dx, IV

2 mo ↑ SF-36 scores T2: +18.3 ± 12.7 vs. −6.4 ± 16.4 (p = 0.001)
10 HD patients Placebo, IV

[142]
Two-way, parallel,

open-label
42 HD patients 1 g/Dx, IV

12 mo
↑ AMA: +2.11% vs. −4.11% (p < 0.01); ↑ LBM 0.70% vs.
−2.22% (p < 0.001); ↑ HGS: +1.58% vs. −2.69% (p < 0.05)42 HD patients No treatment

[87] One-way, open-label
62 HD patients

600 mg/day, PO for 12 mo,
then 1 g/Dx IV for 12 mo

24 mo ↓ Muscle spasms in patients who had undergone HD for
>4 years (p-value not reported)

18 PD patients 600 mg/day, PO 12 mo

AMA, arm muscle area; Dx, dialysis session; HD, hemodialysis; HGS, hand grip strength; LBM, lean body mass; IV, intravenous injection;
mo, months; NS, not significant; PD, peritoneal dialysis; PO, per oral; QOL, quality of life; Ref, reference; SF-36, 36-Item Short Form Survey.
a The findings showed no difference (→), or decrease (↓) or increase (↑).

9. Plasma Lipid Profiles and Inflammation-Related Parameters

Patients on dialysis exhibit a higher risk of atherosclerotic cardiovascular disease. Ob-
servational studies of dialysis patients have revealed a close relationship of dyslipidemia
(e.g., elevated low-density lipoprotein (LDL) cholesterol, low high-density lipoprotein
(HDL) cholesterol, elevated triglyceride, and/or elevated non-HDL cholesterol) with both
atherosclerosis severity and risk of coronary artery disease [149,150]. Furthermore, dys-
lipidemia has a closer association with ischemic heart disease than with cerebrovascular
disease. Several factors, including decreased activities of lipoprotein lipase and lecithin
cholesterol acyltransferase (LCAT) and decreased hepatic lipase levels, promote dyslipi-
demia development in chronic kidney disease patients. The 2003 guidelines of the National
Kidney Foundation’s Kidney Disease Outcomes Quality Initiative recommended a triglyc-
eride level < 500 mg/dL in a fasting blood sample, an LDL cholesterol level < 100 mg/dL,
and a non-HDL cholesterol level < 130 mg/dL [151].

Levocarnitine treatment may be beneficial for dyslipidemia in dialysis patients be-
cause carnitine increases the transport of free fatty acids into mitochondria and decreases
the availability of free fatty acids for triglyceride synthesis. Decreased carnitine levels
may be a possible contributing factor to hyperlipidemia in the dialysis population. In
addition, carnitine treatment may improve dyslipidemia because carnitine stimulates the
β-oxidation of long-chain fatty acids and decreases the ester bound to glycerol, even in
dialysis patients [100].

Inflammation is highly prevalent in patients on hemodialysis, and elevated C-reactive
protein is a predictor of all-cause and cardiovascular mortality in this population [152–156].
Inflammation can induce hepcidin overexpression and thus cause or aggravate absolute
iron deficiency by inhibiting iron enteral absorption and functional iron deficiency through
decreased release of stored iron from the liver and reticuloendothelial system [157]. The
antioxidant and anti-inflammatory effects of levocarnitine have been described in vitro
and in vivo [158,159]. Levocarnitine has also been shown to impact insulin sensitivity
and protein catabolism; it has been proposed that increased levocarnitine is likely to im-
prove nutritional status by reducing insulin resistance [160]. In one study, when patients
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were divided into two groups according to albumin level (<3.5 g/dL or ≥3.5 g/dL) be-
fore levocarnitine treatment, the higher albumin group displayed a significant increase
in the prealbumin level and an improved malnutrition–inflammation score (MIS) [161].
Some clinical trials have indicated that levocarnitine supplementation can improve nu-
tritional status in hemodialysis patients. It has been reported that oral levocarnitine
supplementation tended to lower graft loss within 3 months after kidney transplanta-
tion, which might be related to the antioxidant effects of carnitine [162]. Several stud-
ies have examined the effects of levocarnitine treatment on plasma lipid levels and
inflammation-related parameters in patients on maintenance dialysis. These studies are
listed inTable 4 [48,80,85,86,88,90,92,131–133,161,163–173].

Multiple studies have shown that levocarnitine treatment has beneficial effects on
dyslipidemia. Nonetheless, conflicting results were reported in some studies. A meta-
analysis failed to identify beneficial effects of levocarnitine treatment on dyslipidemia in
patients on dialysis [75,174]. However, another meta-analysis reported that levocarnitine
administration decreased LDL-cholesterol levels in a subgroup of patients intravenously
administered levocarnitine and with a longer interventional duration, whereas it was not
associated with a reduction in total cholesterol and triglycerides levels or an increase in
HDL-cholesterol levels [175]. Furthermore, meta-analyses demonstrated that levocarnitine
administration decreased serum C-reactive protein levels in both statistically significant and
clinically relevant manners [176] and that it increased total protein, albumin, transferrin,
and prealbumin levels [177]. However, there were several limitations in previous studies,
including differences among studies in plasma lipid levels and serum carnitine levels,
levocarnitine dosage, administration methods, and study durations. Furthermore, research
is required into specific dialysis populations with dyslipidemia, such as patients with low
HDL cholesterol or high triglyceride levels.

Table 4. Studies of the effect of levocarnitine on lipid profiles and inflammatory-related parameters in dialysis patients.

Ref Study Design Subjects Dose and Route
Treatment
Duration

Findings a

[163]
Two-way, parallel,

open-label
8 HD patients

0.5 g/Dx IV for 2 mo, then
1.0 g/Dx IV for 1.5 mo

3.5 mo ↓ TG T0: 336 ± 56 mg/dL; T3.5: 244 ± 82 mg/dL (p < 0.05)

8 HD patients Placebo, IV 3.5 mo → TG T0: 329 ± 72 mg/dL; T3.5: 444 ± 82 mg/dL (NS)

[164]
Two-way, parallel,

open-label

11 HD patients
1 g/Dx, IV for 1 mo then 2

g/Dx dialysate for 3 mo
4 mo

↓ TG, ↑ HDL (p-values not reported)

11 HD patients
1 g/Dx, IV for 1 mo then
4 g/Dx dialysate for 3 mo

[165] Two-way, crossover,
double-blind

9 HD patients
1 g t.i.d. PO then placebo for

5 wk each
5 wk

No difference in plasma lipid levels (NS)
9 HD patients

Placebo then 1 g t.i.d. PO for
5 wk each

5 wk

[48] Two-way, parallel,
double-blind

38 HD patients 20 mg/kg per Dx, IV 6 mo
No difference in plasma lipid levels (NS)

44 HD patients Placebo, IV 6 mo

[166] Two-way, parallel,
double-blind

15 HD patients 1–1.5 g/Dx, IV 2 mo
No difference in plasma lipid levels (NS)

15 HD patients Placebo 2 mo

[167] Two-way, parallel,
double-blind

11 HD patients 100 µmol/L dialysate 6 mo
No difference in plasma lipid levels (NS)

10 HD patients Placebo 6 mo

[168]
Two-way, parallel,

open-label
6 HD patients 900 mg t.i.d. PO 1 mo ↑ TG T0: 180 ± 66 mg%; T1: 219 ± 88 mg% (p < 0.05)
4 HD patients Placebo 1 mo → TG T0: 222 ± 35 mg%; T1: 222 ± 35 mg% (NS)

[131]
Two-way, parallel,

open-label
21 HD patients 20 mg/kg per Dx, IV

6 mo

↓ TG T0: 1.6 ± 0.6; T6: 1.5 ±0.7 mmol/L (p = 0.001), ↑ TP T0:
6.4 ± 0.5; T6: 6.9 ± 0.5 g/dL (p < 0.001), ↑ Alb T0: 3.6 ± 0.3;
T6: 4.1 ± 0.3 g/dL (p < 0.001), ↑ Tf T0: 1.2 ± 0.2;
T6: 1.6 ± 0.4 g/L (p < 0.001), ↑ BMI T0: 23.4 ± 4.0;
T6: 23.7 ± 4.0 (p < 0.001)

21 HD patients No treatment → TG, TP, Alb, Tf, BMI (NS)

[132] Two-way, parallel,
double-blind

20 HD patients 1 g/Dx, IV
6 mo

↓ CRP: T0: 2.1 ± 0.6 mg/dL; T6: 0.67 ± 0.1 mg/dL
(p = 0.02), → TC, HDL, LDL, TG (NS)

15 HD patients No treatment → CRP, TC, HDL, LDL, TG (NS)

[88] Two-way, parallel,
double-blind

24 HD patients 1 g/day, PO
4 mo

↓ TG T0: 166 ± 71 mg/dL; T4: 138 ± 54 mg/dL (p = 0.001)
↑ HDL T0: 30 ± 7 mg/dL; T4: 34 ± 7 mg/dL (p < 0.001)

27 HD patients Placebo, PO
↑ TG T0: 142 ± 58 mg/dL; T4: 151 ± 48 mg/dL (p = 0.029)
→ HDL

[92] Two-way, parallel,
double-blind

13 HD patients 1 g/Dx, IV
6 mo

→ TC, HDL, TG (NS)
11 HD patients Placebo, IV → TC, HDL, TG (NS)
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Table 4. Cont.

Ref Study Design Subjects Dose and Route
Treatment
Duration

Findings a

[90] Two-way, parallel,
double-blind

13 HD patients 20 mg/kg per Dx, IV
4 mo

→ TC, TG (NS)
13 HD patients Placebo, PIV → TC, TG (NS)

[169] Two-way, parallel,
double-blind

32 HD patients 600 mg/Dx, IV

12 mo

↓ MDA T0: 2.2 ± 0.7 µmol/mL; T3: 1.5 ± 0.7 µmol/mL
(p < 0.001)
↑ ABI T0: 0.71 ± 0.06; T3: 0.78± 0.08 (p < 0.001)

32 HD patients Placebo, IV
↑ MDA T0: 1.94 ± 0.5 µmol/mL; T3: 1.9 ± 0.7 µmol/mL
(p < 0.01)
↓ ABI T0: 0.75 ± 0.08; T3: 0.72 ± 0.01 (p < 0.001)

[85]
Two-way, parallel,

open-label
20 HD patients 1 g/Dx, twice a week, IV 6 mo ↓ TC (p < 0.001),↑ HDL (p < 0.001), ↓ TG (p < 0.001)
20 HD patients No treatment ↑ TC (p < 0.001), ↓ HDL(p < 0.01), → TG (NS)

[86]
Two-way, parallel,

open-label
20 HD patients 1 g/Dx, IV

3 mo

↓ TG T0: 190 ± 69 mg/dL; T3: 179 ± 51 mg/dL (p < 0.05)
↓ LDL 119± 21 mg/dL; T3: 98 ± 19 mg/dL (p < 0.05)
↓ CRP T0: 20.8 ± 1.7 µM; T3: 16.5± 1.3 µM (p < 0.05)

20 HD patients No treatment → TG, LDL, CRP (NS)

[161] One-way, open-label 50 HD patients 1 g/Dx, IV 12 mo ↑ LDL (p = 0.005), ↓ HDL (p = 0.001), → TG (NS)

[133]
Two-way, parallel,

open-label
18 HD patients 1 g/day, PO

3 mo

↓ CRP T3: −1.6 ± 2.3 mg/L (p < 0.05), ↓ IL-6
T3: −5.5 ± 3.6 ng/L (p < 0.001), ↓ IL-1β T3: −0.6 ± 0.6 ng/L
(p < 0.001)

18 HD patients No treatment → CRP, IL-6, IL-1β (NS)

[170] Two-way, parallel,
double-blind

18 HD patients 1 g/day, PO
3 mo

↓ CRP T0: 7.5 ± 5.5 mg/L; T3: 4.4 ± 3.3 mg/L (p < 0.05)
18 HD patients Placebo, PO → CRP T0: 6.5 ± 5 mg/L; T3: 6.3 ± 3.1 mg/L (NS)

[171] Two-way, parallel,
double-blind

18 HD patients 1 g/day, PO
3 mo

↓ SAA T3: −32% (p < 0.001)
18 HD patients Placebo, PO → SAA (NS)

[172]
Two-way, parallel,

open-label
17 HD patients 1 g/day, PO

3 mo
→ BMI, Leptin, Adiponectin (NS)

25 HD patients No treatment → BMI, Leptin, Adiponectin (NS)

[173]
Two-way, parallel,

open-label
20 HD patients 1 g/day, PO

2 mo
→ Alb T0: 3.37 ± 0.40 g/dL; T2: 3.38 ± 0.43 g/dL (NS)

20 HD patients No treatment → Alb T0: 3.35 ± 0.34 g/dL; T2: 3.40 ± 0.38 g/dL (NS)

[80] Two-way, parallel,
double-blind

48 HD patients 20 mg/kg per Dx, IV
6 mo

↓ CRP T0: 1.8 ± 1.2 mg/dL; T6: 1.2 ± 0.2 (p < 0.002),
↑ Alb T0: 3.6 ± 0.3 g/dL; T6: 3.9 ± 0.4 g/dL (p < 0.0001),
↑ BMI T0: 20.5 ± 0.1; T6: 21.2 ± 0.5 (p < 0.0001)

65 HD patients Placebo, IV → CRP (NS), ↓ Alb (p < 0.0001), ↓ BMI (p < 0.05)

ABI, ankle brachial index; Alb, albumin; BMI, body mass index; CRP, C-reactive protein; Dx, dialysis session; HD, hemodialysis; HDL,
high-density lipoprotein; IL, interleukin; LDL, low-density lipoprotein; MDA, malondialdehyde; IV, intravenous injection; mo, months; NS,
not significant; PO, per oral; Ref, reference; SAA, serum amyloid A; TC, total cholesterol; Tf, transferrin; TG, triglyceride; TP, total protein.
a The findings showed no difference (→), or decrease (↓) or increase (↑).

10. Conclusions

The number of patients being treated with dialysis therapy is increasing worldwide.
Patients with end-stage kidney disease who are receiving dialysis therapy frequently
experience carnitine system dysfunction. Carnitine deficiency and uremic syndrome
complicate the already complex pathophysiology of patients on dialysis. Furthermore,
a dysfunctional fatty acid metabolism induces surplus production of free radicals and
undesired apoptosis. Regarding carnitine deficiency, levocarnitine treatment positively
affects pathologic processes in patients on dialysis. There are four principal indications
for levocarnitine treatment in dialysis patients with carnitine deficiency according to the
American National Kidney Foundation: (1) ESA-resistant anemia that has not responded
to the standard ESA dosage; (2) recurrent symptomatic hypotension during hemodialysis;
(3) symptomatic cardiomyopathy or confirmed cardiomyopathy with reduced LVEF; and
(4) fatigability and muscle weakness that undermine quality of life. However, there were
some limitations in the previous studies regarding levocarnitine treatment in the dialysis
population, including sample size, adequacy of study design, and definition of target
diseases. Furthermore, research has not been able to identify a dose–response relationship
and the optimal administration route for levocarnitine treatment. Therefore, additional
adequately sized clinical trials are required to determine whether levocarnitine treatment
improves survival in patients on dialysis.
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Abstract: Deficiency of the micronutrient zinc is common in patients with chronic kidney disease

(CKD). The aim of this review is to summarize evidence presented in literature for consolidation of

current knowledge regarding zinc status in CKD patients, including those undergoing hemodialysis.

Zinc deficiency is known to be associated with various risk factors for cardiovascular disease (CVD),

such as increased blood pressure, dyslipidemia, type 2 diabetes mellitus, inflammation, and oxidative

stress. Zinc may protect against phosphate-induced arterial calcification by suppressing activation

of nuclear factor kappa light chain enhancer of activated B. Serum zinc levels have been shown to

be positively correlated with T50 (shorter T50 indicates higher calcification propensity) in patients

with type 2 diabetes mellitus as well as those with CKD. Additionally, higher intake of dietary zinc

was associated with a lower risk of severe abdominal aortic calcification. In hemodialysis patients,

the beneficial effects of zinc supplementation in relation to serum zinc and oxidative stress levels

was demonstrated in a meta-analysis of 15 randomized controlled trials. Thus, evidence presented

supports important roles of zinc regarding antioxidative stress and suppression of calcification and

indicates that zinc intake/supplementation may help to ameliorate CVD risk factors in CKD patients.

Keywords: zinc; hemodialysis; chronic kidney disease; cardiovascular disease

1. Introduction

The micronutrient zinc is an essential trace element and the second most abundant
divalent cation in the body (2–4 g), with approximately 57% existing in skeletal muscle and
29% in bone [1]. Inadequate intake, decreased absorption, and/or increased loss of zinc
can result in a deficiency. Zinc deficiency is common throughout the world and affects over
two billion people [2]. In patients with chronic kidney disease (CKD), several previous
studies have demonstrated lower blood zinc levels, with the prevalence of zinc deficiency
ranging from 40% to 78% in those undergoing hemodialysis [3,4].

Zinc plays important roles in various biochemical pathways, including as a cofactor
with >300 enzymes. Additionally, zinc is involved in structural integrity maintenance,
basic cellular functions such as proliferation, DNA and RNA synthesis, control of the
expression of several genes, and regulation of the immune functions of many types of
cells [5,6]. In previous reports, zinc deficiency has been shown to be associated with growth
disturbance [7,8], taste impairment [9], anorexia and loss of appetite [10], dermatitis [11],
delayed wound healing [12], and infection [13]. Zinc is also essential in an active site of
superoxide dismutase (SOD), an important antioxidant enzyme that catalyzes the dismu-
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tation of superoxide [14]. Furthermore, treatment with zinc has been found to attenuate
reactive oxygen species (ROS) production [15].

In a recent in vitro study, zinc attenuated phosphate-induced osteochondrogenic
phenotypic switch of vasculature smooth muscle cells (VSMCs) leading to development of
vascular calcification [16]. Additionally, an in vivo study demonstrated that zinc can protect
against phosphate-induced arterial calcification by inducing production of a zinc-finger
protein, tumor necrosis factor (TNF)-a-induced protein 3 (TNFAIP3), and suppressing
activation of nuclear factor kappa-light-chain-enhancer of activated B (NF-k B) [17].

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality through-
out the world [18–20]. Furthermore, vascular calcification is a striking feature of chronic
inflammatory diseases including CKD and has been shown to be associated with increased
risk of CVD events [18,20]. An in vitro test (T50-test) for determination of serum calcifica-
tion propensity has been developed [21], as that has been shown to be a novel surrogate
marker of CVD events [22]. A shorter T50 means a higher calcification propensity [21]. In
other studies, serum zinc levels were found to be positively correlated with T50 in patients
with type 2 diabetes mellitus [23] and CKD [17], and higher intake of dietary zinc was
independently associated with lower risk of severe abdominal aortic calcification (AAC) in
noninstitutionalized adults in the United States [24]. Indeed, several cohort studies have
shown that low zinc intake is associated with cardiovascular mortality [25,26].

Given the importance of zinc regarding both attenuating antioxidative stress and sup-
pressing calcification, it is not surprising that accumulated evidence suggests an association
of zinc deficiency with the development of CVD events in patients with CKD, especially
those undergoing hemodialysis. The aim of this review is to summarize results presented
in literature so as to consolidate current knowledge regarding zinc status, including zinc
status in patients affected by CKD and receiving hemodialysis treatments.

2. Zinc and Nutrition

The daily requirement of zinc for adults throughout the world ranges from 7 to 11 mg [27].
In Japan, the recommended dietary intake (RDI) of zinc for adults is 9–10 mg/day for males
and 7–8 mg/day for females [28], although intake is insufficient in 60–70% of both genders
aged over 20 years [29]. Additionally, zinc intake was found to be lower in patients
with advanced stage CKD as compared with those without advanced stage CKD who
participated in the National Health and Nutrition Examination Survey conducted in the
United States [24].

Meats as well as oysters and scallops contain abundant zinc [30], while some cereals
and Japanese foods, including tofu, rice, and fermented soybeans (natto), also have large
amounts [29]. Generally, red meat contains more zinc than white meat and fish [30]. It is
also known that leaf vegetables and fruits have low zinc concentrations, along with high
water and potassium content [31]; thus, patients undergoing hemodialysis must be careful
regarding their overconsumption so as to avoid hyperkalemia and volume overload.

It is important to recognize that the content of zinc in food (nutrients) is not necessarily
identical with its availability [30,32]. For example, the availability of zinc present in peas,
lentils, and beans is limited because it is released during milling [30]. In addition, food
components, such as phytate [27], casein [27,31], and fiber, as well as higher calcium con-
centrations are known to impair zinc absorption [33]. Phytate forms insoluble complexes
with zinc in the intestines [27,34], which then hinder its absorption and bioavailability;
consequently, zinc absorption is reduced in intestinal cells [35]. It is very likely that the
absorption-inhibiting effects of fiber and higher calcium concentrations are also due to
the phytate they contain [33]. Methods used for processing, such as grinding, soaking,
germination, malting, and/or fermentation, can reduce the phytate content of foods and
thus its protective effect in regard to absorption of zinc [31]. Furthermore, various organic
acids including citric acid (citrus fruits) and lactic acid (sour milk) as well as fruit acid bind
to zinc and increase its absorption [31].
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3. Zinc Deficiency in CKD

Reduced levels of zinc in serum or plasma of patients with CKD have been demon-
strated (Table 1). Several factors may contribute to and explain zinc deficiency seen in
association with CKD. Some studies have demonstrated a negative zinc balance in CKD
patients [36,37]. This may be due to decreased intestinal absorption, decreased food intake,
uremic toxicity, bioavailability, and/or increased loss, such as through the face, urine, or
hemodialysis. It is also important to note that many CKD patients are elderly and using
multiple medications that can affect taste sensation and increase zinc deficiency [38]. In a
recent study by Chen et al., 5/6 nephrectomized rats as well as phenylhydrazine-induced
anemic mice were found to have zinc redistributed to bone marrow from bone and plasma,
causing the zinc level in plasma to decrease, which produced reticulocytes [39]. Their novel
findings of pools of zinc in plasma and bone redistributed to bone marrow in the majority
of those nephrectomized rats indicate the mechanism of zinc deficiency in CKD.

Table 1. Summary of observational studies regarding zinc deficiency in patients with CKD.

Author, Year
[30]

Country
Number of

CKD/HD Patients
Number of

Healthy Subjects
Sample Zinc level, CKD vs. Control †

CKD

Tavares et al. 2020 [40] Brazil 21 22 Plasma 70.1 ± 19.2 vs. 123.2 ± 24.6 (µg/dL)
Shen et al. 2020 [41] China 193 173 Plasma 188 vs. 229 (µg/dL)

Damianaki et al. 2020 [42] Switzerland 108 42 Plasma 60.6 ± 10.6 vs. 66.4 ± 10.1 (µg/dL)
Pan et al. 2019 [43] Taiwan 204 2853 Serum 76.9 ± 1.29 vs. 82.8 ± 0.67 (µg/dL)
Aziz et al. 2016 [44] Iraq 49 42 Plasma 83 ± 10 vs. 112 ± 19 (µg/dL)

Mafra et al. 2002 [45] Brazil 29 19 Plasma 74 ± 17.7 vs. 82.1 ± 15.5 (µg/dL)

HD

Hasanato 2014 [46] Saudi Arabia 42 18 Plasma 9.5 vs. 13.2 (nmol/L)
Lobo et al. 2013 [47] Brazil 45 20 Plasma 54.9 ± 16.1 vs. 78.8 ± 9.4 (µg/dL)
Guo et al. 2011 [48] Taiwan 20 20 Plasma 68 ± 3 vs. 76 ± 8 (µg/L)

Dashti-Khavidaki et al. 2010 [49] Iran 94 47 Serum 69.2 ± 17.3 vs. 82.9 ± 14.8 (µg/dL)
Kiziltas et al. 2008 [50] Turkey 30 30 Serum 15.7 ± 1.25 vs. 21.2 ± 1.44 (µmol/L)
Batista et al. 2006 [51] Brazil 30 20 Plasma 81.2 ± 19.8 vs. 93.3 ± 12.1 (µg/dL)

† Zinc level values are shown as the mean ± standard deviation. Abbreviations: CKD, chronic kidney disease; HD, hemodialysis.

3.1. Urinary Zinc Excretion in CKD

Due to the fact that zinc is bound to proteins in plasma [52], it is generally believed
that glomerular filtration of zinc and consecutive urinary zinc excretion are limited [1].
However, Damianaki et al. recently found that urinary zinc excretion was significantly
higher in CKD patients (612.4 ± 425.9 µg/24 h) (n = 108) as compared with non-CKD
patients with preserved kidney function (479.2 ± 293.0 µg/24 h) (n = 81) (p = 0.02) [42].
That study also noted that zinc fractional excretion was stable in the early stage of CKD,
then a sudden and strong increase was seen in stage 3 patients, while that was correlated
negatively and linearly with estimated glomerular filtration rate (eGFR). Although the
mechanism related to increased fractional excretion of zinc in CKD patients remains unclear,
increased urinary zinc excretion has been shown to be linked to tubular dysfunction in
patients with cancer [53], type 1 diabetes mellitus [54], and type 2 diabetes mellitus [55],
possibly due to impaired tubular activity. In the study presented by Damianaki et al., zinc
fractional excretion was correlated negatively with 24 h urinary uromodulin excretion
(r = 0.29; p < 0.01) [42]. Uromodulin, a protein produced by tubular cells of the ascending
loops of Henle, was recently identified as a marker of tubular mass and function in the
general population [56]. The negative correlation between urinary uromodulin excretion
and fractional excretion of zinc suggests that urinary zinc loss may be linked to the low
number of functional tubules associated with CKD.

3.2. Taste Change Associated with CKD

Many CKD patients are elderly and using multiple medications that can affect taste
sensations and increase zinc deficiency [38]. Taste change has been reported by 40–60% of
pre-dialysis CKD [57] and hemodialysis [58,59] patients, with taste changes of “bland” and
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“bitter” found to be associated with upper gastrointestinal symptoms, including nausea,
vomiting, anorexia, and malnutrition [59].

In addition, taste change is one of the major symptoms of zinc deficiency [29]. There
are roughly 7000 taste buds, peripheral receptors of taste, present in the oral cavity, pharynx,
and larynx, with a particularly high concentration in lingual papillae on the tongue sur-
face [29]. In findings obtained with an in vivo zinc-deficient model, microstructural abnor-
malities including microvilli rupture and vacuolation were shown in taste cells [60]. Taste
cell differentiation from basal cells is also impaired when zinc deficiency is present [61],
and an in vitro study demonstrated that reduced expression of bitter taste receptors was
the result of that deficiency [62]. Furthermore, several reports have noted recovery of
taste change by treatment with various forms of zinc, such as zinc gluconate [63,64], zinc
picolinate [65], and polaprezinc [66]. Additional studies are needed to investigate whether
recovery of taste change by use of these medications has effects on clinical hard endpoints
such as CVD events or mortality.

3.3. Albumin and Zinc in CKD

Zinc is actively absorbed throughout the small intestine, and in circulation, zinc is
present predominantly as being bound to proteins such as albumin, α-macroglobulin,
and transferrin, with approximately 60–80% of zinc in serum bound to albumin [67,68].
Patients undergoing hemodialysis often show low serum albumin along with chronic
malnutrition. Because albumin is the primary carrier protein for circulating zinc [69],
hypoalbuminemia should be considered as another confounding factor in interpreting
plasma zinc concentration.

3.4. Other Factors of Zinc Deficiency in CKD

Several hypotheses related to low zinc levels in CKD patients have been proposed,
such as low dietary intake due to protein restriction and decreased gastrointestinal absorp-
tion of dietary zinc due to impairment of formation of 1.25-dihydroxycholecalciferol or
drug interactions [70,71]. Indeed, zinc intake has been shown to be lower in patients with
advanced stage CKD [24]. In addition, phosphate binding decreases zinc absorption [72].
Physicians should pay careful attention to possible effects on plasma zinc levels when
they start protein restriction and use phosphate binder medication in the management of
patients with CKD.

4. Vascular Calcification and CVD in CKD

One of the most characteristic features of vascular change seen in dialysis patients
is vascular calcification, which is associated with several types of target organ damage,
including stroke, ischemic heart disease, and peripheral arterial disease. Gorriz et al.
demonstrated that vascular calcification is a predictor of cardiovascular death in patients
with varying CKD stages before starting dialysis [19].

CVD events are well known to increase as kidney function declines. The largest
population-based study, conducted by Go et al. with 1,120,295 adult subjects, revealed that
the adjusted hazard ratio (HR) for CVD events was inversely associated with eGFR, with
an HR of 1.4 for subjects with an eGFR of 45–59 mL/min/1.73 m2, 2.0 for those with an
eGFR of 30–44 mL/min/1.73 m2, 2.8 for those with an eGFR of 15–29 mL/min/per1.73 m2,
and 3.4 for those with an eGFR <15 mL/min/1.73 m2 [73]. Additionally, adjusted risk of
hospitalization and mortality followed a similar pattern. A collaborative meta-analysis of
10 cohorts with a total of 266,975 patients performed by van der Velde et al. revealed a
similar trend showing a relationship of CVD mortality with eGFR [74].

5. Vascular Calcification and Vascular Smooth Muscle Cells

The pathophysiology of vascular calcification in CKD patients involves several factors,
including changes related to oxidative stress, inflammation, imbalance between calcification
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promoters and inhibitors, and extracellular matrix metabolism, as well as calcium and
phosphate metabolism imbalances [75,76].

5.1. Vascular Smooth Muscle Cells

Excess CVD morbidity and mortality in CKD patients might be explained by redistri-
bution and/or overload of calcium and phosphorus. The primary mechanism of vascular
calcification is considered to be related to ectopic deposition of hydroxyapatite [77] in-
duced by an increase in calcium–phosphorus product (Ca × P) in serum [78]. VSMCs
play a pivotal tool for investigation of vascular calcification [79]. Previous studies have re-
ported transdifferentiation of VSMCs into osteoblast-like cells [80,81]. Bone morphogenetic
protein-2 (BMP-2), oxidized lipids, and inflammation are known to accelerate vascular
calcification [82], whereas matrix Gla protein (MGP), osteoprotegerin, and osteopontin act
on the vascular wall as calcification inhibitors [83]. A recent work focused on runt-related
transcription factor 2 (Runx2), an essential transcriptional factor for osteogenesis, and re-
ported that Runx2 appears to be involved in repression of the primary VSMC phenotype, in
addition to acceleration of the osteogenic phenotype [84]. Phenotypical transdifferentiation
of VSMCs is regulated by complex signaling pathways [85] that are linked to generalized
inflammation and dependent, at least in part, on the transcription factor NF-kB, which has
emerged as a key regulator of vascular calcification [86].

5.2. Zinc Inhibits Phosphate-Induced VSMC Calcification

Some recently presented studies reported that zinc plays an important role in inhibi-
tion of calcification using VSMCs. Zinc sulfate blunted phosphate-induced calcification and
decreased messenger RNA expression by osteogenic markers including TNFAIP3 expres-
sion, which subsequently was shown to inhibit NF-kB activation and osteo-/chondrogenic
reprograming, resulting in suppression of phosphate-induced calcification of VSMCs [17]
(Figure 1).

Hypoxia-inducible factor (HIF) stabilizers, also known as HIF prolyl hydroxylase
inhibitors (PHI), are promising candidates for treatment of CKD-associated anemia as they
increase erythropoietin synthesis [87,88]. Moreover, recent findings suggest that HIFs also
play a pivotal role in vascular calcification [89,90]. Indeed, FG4592, an orally bioavailable
PHI, promoted phosphate-induced loss of smooth muscle cell markers (ACTA-2, MYH11,
SM22a) and enhanced osteochondrogenic gene expression (Msx-2, BMP-2, Sp7), thus
triggering an osteochondrogenic phenotypic switch by VSMCs [16]. These effects of PHI
occurred in parallel with increased pyruvate dehydrogenase kinase 4 (PDK4) expression.
Additionally, zinc was shown to inhibit an osteochondrogenic phenotypic switch of VSMCs,
reflected by lowered phosphate uptake, which resulted in decreased expressions of Msx-2,
BMP-2, and Sp7, as well as loss of smooth muscle cell specific markers. That previous
study [16] also found that zinc preserved the phosphorylation state of Runx2, decreased
PDK4 level, and restored cell viability, suggesting that it inhibits PHI aggravated by VSMC
calcification induced by a high phosphate level (Figure 1). Clinical trials are needed to
examine whether zinc supplementation attenuates aortic calcification and CVD events in
CKD patients with high phosphate overload or treated with PHI.
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Figure 1. Schematic illustration of zinc and calcification. CKD induces hypozincemia and hyperphos-

phatemia. Zinc supplementation may increase zinc finger protein TNFAIP3 levels by upregulating

zinc-sensing receptor ZnR/GPR39-dependent TNFAIP3 gene expression. Increased TNFAIP3 inhibits

NF-kB activation and osteo-/chondrogenic reprograming, resulting in suppression of phosphate-

induced VSMC calcification [17]. FG4592, an orally bioavailable PHI, promotes phosphate uptake

in VSMCs and phosphate-induced loss of smooth muscle cell markers (ACTA-2, MYH11, SM22a)

and also enhances osteochondrogenic gene expression (Msx-2, BMP-2, Sp7). Zinc inhibits FG4592-

aggravated calcification caused by high phosphate by maintaining the VSMC phenotype, decreasing

phosphate uptake, and lowering osteochondrogenic gene expression and levels of PDK4, as well as

preserving Runx2 phosphorylation and cell variability [16]. Abbreviations: ACTA-2, smooth muscle

a-2 actin; BMP-2, bone morphogenic protein-2; CKD, chronic kidney disease; NF-kB, nuclear factor

kappa light chain enhancer of activated B; Msx-2, Msh Homeobox 2; MYH11, smooth muscle myosin

heavy chain 11; PDK4, pyruvate dehydrogenase kinase 4, PHI, prolyl hydroxylase inhibitors; Runx2,

runt-related transcription factor 2; TNFAIP3, TNFa-induced protein 3; VSMCs; vasculature smooth

muscle cells.

6. Zinc and Calcification Propensity in Serum

6.1. Serum Calcification Propensity (T50)

In serum, precipitation of supersaturated calcium and phosphate is prevented by for-
mation of amorphous primary calciprotein particles [91,92]. Primary calciprotein particles
spontaneously convert into secondary calciprotein particles that contain crystalline hydrox-
yapatite [91,92]. The propensity for transformation to secondary calciprotein particles can
be assessed by determining the time required to transform into secondary calciprotein par-
ticles, termed serum calcification propensity or T50, and an in vitro test (T50-test) has been
developed for determination of serum calcification propensity [21]. This assay determines
the time required for primary calciprotein particles to transform into secondary calciprotein
particles in the presence of supersaturating doses of calcium and phosphate, resulting in
increased turbidity of the samples. Serum T50 can be examined by laser light scatter in
turbid samples using nephelometry and a shorter T50 time means a higher calcification
propensity. Studies have shown that lower T50 predicts vascular stiffness progression and
all-cause mortality in patients with stage 3 or 4 CKD [22], as well as all-cause mortality
and cardiovascular composite endpoint in hemodialysis patients [93]. A lower T50 level
was also shown to predict cardiovascular and all-cause mortality in renal transplant re-
cipients [94,95]. While it remains unclear how well in vitro T50 assay results represent the
mineralization process in vivo, the mineralization process has been shown to be associated
with arterial calcification, arterial stiffness, cardiovascular outcomes, and mortality in at
least 18 observational and 11 interventional studies [96]. Thus, T50 may be useful as a
surrogate marker of calcification stress which is closely associated with CVD risk in CKD.
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6.2. Association of Zinc and Serum Calcification Propensity

A cross-sectional study of 132 type 2 diabetes mellitus patients with various levels
of kidney function showed a weak but positive correlation of serum zinc with T50 [23],
while another study that included healthy subjects and patients with CKD also reported a
positive correlation [17]. Furthermore, in vitro experiments demonstrated that addition of
a physiological concentration of exogenous zinc chloride significantly increased serum T50.
Together, these findings indicate that serum zinc is an independent factor with a potential
role in suppression of calcification propensity in serum [23].

7. Zinc and Vascular Change

7.1. Zinc and Abdominal Aortic Calcification

AAC is common in CKD cases and is known to be an independent predictor of
cardiovascular mortality in both the general population and CKD patients [97,98]. Recently,
Chen et al. showed that high dietary zinc intake was independently associated with lower
risk of severe AAC in non-institutionalized adults in the United States (n = 2535) [24]. In
that study, 18.1% of the subjects were CKD patients, and higher zinc intake in those was
associated with reduced risk of severe AAC after adjustment for age, gender, and ethnicity,
while no association between zinc intake and AAC was found in the fully adjusted model.
However, that lack of association might have been due to the low statistical power due to
the small sample size.

7.2. Zinc and Carotid Intima-Media Thickness

Carotid intima-media thickness (CIMT) is a valuable marker of subclinical atheroscle-
rosis [99]. In a study that included middle-aged and elderly subjects, the low zinc intake
group showed a greater CIMT than the high zinc intake group [100]. A reduced serum zinc
level is also associated with increased CIMT in patients receiving hemodialysis [101]. To
clarify the effects of zinc intake and/or supplementation for AAC and/or CIMT, further
studies focused on advanced CKD stage are necessary.

8. Zinc Deficiency and Risk Factors for CVD

Zinc deficiency is also associated with various risk factors related to CVD events, such
as high blood pressure, dyslipidemia, type 2 diabetes mellitus, inflammation, and oxidative
stress (Figure 2).

Figure 2. Association of zinc deficiency. Zinc deficiency is associated with major risk factors for CVD,

including higher blood pressure, dyslipidemia, type 2 diabetes mellitus, inflammation, and oxidative

stress. Zinc deficiency is associated with CVD events in CKD patients, including those undergoing

hemodialysis. Abbreviations: CKD, chronic kidney disease; CVD, cardio vascular disease.

8.1. Zinc Deficiency and Blood Pressure

Zinc is also known to be involved in arterial pressure regulation. In salt-sensitive
hypertensive model rats, plasma zinc levels were found to be reduced [102]. Additionally,
in spontaneous hypertension-prone rats, dietary zinc restriction exacerbated systolic blood
pressure [102], whereas zinc supplementation attenuated blood pressure response [103].
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Of interest, Williams et al. revealed a possible mechanism of zinc related to blood pressure
regulation, as an Na+-Cl− cotransporter (NCC) was found to be a zinc-regulated transporter
upregulated in mice with zinc deficiency, and NCC upregulation contributed to increased
blood pressure by stimulating renal sodium reabsorption [104]. In human studies, it has
been reported that populations with low dietary zinc intake have a high prevalence of
hypertension, and a possible inverse correlation between zinc levels and blood pressure
has also been noted [105,106].

8.2. Zinc Deficiency and Dyslipidemia

Animal studies have demonstrated profound effects of zinc deficiency on the cell
structure of the aorta, as well as fatty acids and carbohydrate metabolism, which are
disadvantageous for maintaining vascular health [107]. In low-density lipoprotein (LDL)
receptor knock-out mice, acute zinc deficiency elicited changes in key transcription factors
and adhesion molecules found to be pro-atherogenic [108]. In addition, zinc is a cofactor for
desaturases and elongases involved in endogenous fatty acid synthesis [109,110]; thus, an
alteration in its plasma level may influence the activities of these enzymes and consequently
regulation of fatty acid metabolism.

A systematic review and meta-analysis of 24 studies that included 14,515 subjects
showed favorable effects of zinc supplementation on lipid parameters [111]. It was found
that zinc supplementation (average 39.3 mg/day) achieved a significant reduction in LDL
cholesterol (−4.78 mg/dL) and total cholesterol (−10.72 mg/dL), as well as triglycerides
(−8.73 mg/dL). Hypercholesterolemia and hypertriglyceridemia have been reported in
previous studies that used a zinc-deficient diet, which might induce CVD events and
insulin resistance in CKD patients [112,113], while others have suggested that zinc sup-
plementation improves blood lipid metabolism in hemodialysis patients [114,115]. More
evidence is needed to better understand the effects of zinc supplementation on the lipid
profile of patients undergoing hemodialysis.

8.3. Zinc Deficiency and Type 2 Diabetes

Zinc deficiency is also an important risk factor in regard to type 2 diabetes
mellitus [116,117]. Although the mechanism by which zinc may have an impact on
risk of type 2 diabetes mellitus development has not been completely elucidated, zinc is
known to participate in adequate insulin synthesis, storage, crystallization, and secretion
in pancreatic β-cells, as well as be involved in the action and translocation of insulin into
cells [118,119]. In addition, zinc apparently has a role in insulin sensitivity via activation of
the phosphoinositol-3-kinase/protein kinase B cascade [119]. Due to its insulin–mimetic
action, zinc also stimulates glucose uptake in insulin-dependent tissues [120].

Regarding zinc intake, a systematic review and meta-analysis of prior cohort showed
that a moderately high dietary zinc intake in relation to the dietary recommended in-
take values was associated with a lower risk of type 2 diabetes mellitus by 13%, and it
was associated with 41% lower risk in subjects living in rural areas [121]. A random-
ized controlled trial (RCT) also showed that zinc supplementation improved glucose
metabolism and insulin sensitivity in diabetic patients [122]. Nevertheless, additional
evidence is needed to clarify the effects of zinc intake and/or supplementation on glucose
metabolism, as well as the association between blood zinc status and glycemic status in
patients undergoing hemodialysis.

8.4. Zinc Deficiency and Inflammation

Inflammation is another major risk factor that contributes to the pathological process
of CVD. Zinc is well known to be essential for normal functions of the immune system in
both innate and adaptive immunity responses to pathogens or tissue damage [123]. NF-κB,
a transcription factor and key modulator in inflammatory response pathways [124], has
an ability to enter the nucleus and induce expression of targeted genes. NF-κB-regulated
genes include a variety of inflammatory cytokines, such as interleukin-1 (IL-1), IL-6, TNF-α,
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lymphotoxin, and interferon-γ (IFN-γ) [123]. Dietary zinc deficiency and intracellular
zinc deprivation have been shown to result in increased activation of NF-κB, as well
as inflammatory cytokine expression in cultured cells and animal models regulated by
NF-κB [125,126]. Supplementation with zinc might also suppress NF-κB activation and
NF-κB-regulated inflammatory cytokine release [127].

Furthermore, in a calcification model with klotho-hypomorphic, subtotal nephrectomy,
and cholecalciferol overload mice, zinc sulfate supplementation was found to increase
aortic expression of the zinc finger proteinTNFAIP3, which is a suppressor of the NF-kB
transcription factor pathway and which is reused when NF-κB is suppressed [17]. Supple-
mentation with zinc may suppress NF-κB activation and NF-κB-regulated inflammatory
cytokine release, as well as aortic calcification, likely by inhibiting phosphorylation and
degradation of IκB and increasing TNFAIP3.

Mousavi et al. (2018) showed a significant reduction in circulating C-reactive protein
(CRP) level after zinc supplementation and concluded that such supplementation might
have a beneficial effect on serum CRP, especially at a dose of 50 mg/day, in adult kidney
failure patients [128].

8.5. Zinc Deficiency and Oxidative Stress

Oxidative stress is also a key risk factor that contributes to the development and
progression of CVD [129]. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master
transcriptional regulator of genes related to redox status and antioxidant effects [130].
Zinc has been shown to be involved in modulation of Nrf2 [14]. In endothelial cells, zinc
positively regulates glutamate cysteine ligase expression by activating and promoting
translocation of the transcription factor Nrf2 to the nucleus [131], while it also activates
the antioxidant responsive element–Nrf2 pathway in epithelial cells [132]. In human
renal tubular cells under diabetic conditions, treatment with zinc significantly increased
nuclear expression of Nrf2 [133]. Human studies also showed that CKD patients have
downregulation of Nrf2 mRNA expression [134]. In addition, bardoxolone methyl, a potent
activator of Nrf2 was shown to increase eGFR in patients with type 2 diabetes mellitus and
CKD stage 3 when administered over a 52-week period [135]. Thus, additional RCTs are
needed to investigate whether zinc supplementation, such as with bardoxolone methyl,
has protective effects on kidney function in CKD patients.

ROS production is increased by zinc deficiency in various cells, such as in mouse 3T3
cells, in human fibroblasts, and in neuronal and epithelial cells [136]. Zinc is also essential
in the active site of SOD, an important antioxidant enzyme that catalyzes the dismutation
of superoxide. In addition, zinc treatment of human peritoneal mesothelial cells was
found to inhibit activation of the nucleotide-binding domain and leucine-rich repeat-
containing family, pyrin domain-containing-3 (NLRP3) inflammasome, by attenuating
ROS production [15]. Thus, zinc has an important role as an antioxidant agent [14,137].
Together, these results indicate that zinc supplementation may contribute to an increase in
Nrf2 expression and SOD synthesis, as well as to an improvement in antioxidant defense,
resulting in reduced CVD risk in CKD patients. Further studies are anticipated.

9. Zinc Levels and CVD Events

In a systematic review of prospective cohort studies regarding zinc status and CVD
events, Chu et al. found that higher serum zinc level was associated with lower risk of a
CVD event [138], especially in vulnerable populations, including individuals with type
2 diabetes mellitus [139] and patients referred for coronary angiography [140]. Only a few
studies of hemodialysis patients have been conducted. Recently, Toda et al. prospectively
investigated the association of zinc status and CVD events in 142 incident hemodialysis
patients [141]. Although all patients undergoing hemodialysis are at risk for a CVD event,
this longitudinal study (mean follow-up 2.5 years, 20 cases with CVD events) showed an
insignificant association of a lower zinc level with a higher risk of CVD. The relatively small
sample size is a limitation of that investigation. To clarify the relationship between serum
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zinc levels and cardiovascular events in patients with CKD and hemodialysis, studies with
a greater number of cases will be necessary.

10. Zinc and CVD Mortality

10.1. Blood Zinc Level and CVD Mortality

We identified and summarized four cohort studies [25,129,131,132] that investigated
the association between the level of zinc in blood and CVD mortality (Table 2). Results
obtained in two of those showed increased risk in association with lower zinc level [25,140],
while the other studies found no such association [142,143]. The subjects examined in the
studies that showed increased risk with lower zinc level had increased CVD risk factors at
the baseline, such as having been referred for coronary angiography. Thus, future studies
that investigate blood zinc levels and CVD-related mortality in populations with increased
risk for CVD, including CKD, hemodialysis, and type 2 diabetes mellitus, may provide
additional important information. These four studies were conducted in Europe; thus, it
will also be necessary to examine other subjects in other regions, as the sources of dietary
zinc differ throughout the world.

Table 2. Summary of cohort studies regarding blood zinc levels and CVD mortality.

Author, Year,
(Reference)

Country Number of Subjects Age (Years) †
Follow-Up

Period (years) ‡
Number of

CVD Deaths

Association of Lower Blood
Zinc Levels with Higher

CVD Mortality

Bates et al. 2011 [25] UK
1054

(general population)

≥65 years old
Male: 75.8 ± 6.9

Female: 77.3 ± 7.9
n/a 189

Yes
(HR 0.79; 95% CI 0.72–0.87)

Pilz et al. 2009 [140] Germany
3316

(patients referred for
coronary angiopathy)

Male: 62 ± 11
Female: 65 ± 10

7.75 484

Yes
(HR 1.10; 95% CI 1.01–1.21)
(Reference: high serum zinc

group)

Leone et al. 2006 [142] France
4035 males

(general population)

30–60 years old
43 ± 5 (alive)
44 ± 4 (dead)

18 ± 2.9 56
No

(RR 0.7; 95% CI 0.3–1.5)

Marniemi et al.
1998 [143]

Finland
344

(general population)

≥65 years old
65–69 (n = 99),
70–74 (n = 98)
75–80 (n = 84),
≥80−(n = 63)

13 142
No

(HR 0.77; 95% CI 0.42–1.41)

† Age shown as mean ± standard deviation or range (lower limit, upper limit). ‡ Follow-up period shown as mean or mean ± standard
deviation. Abbreviations: CVD, cardiovascular disease; HR, hazard ratio; NA, not available; RR, relatively risk.

10.2. Dietary Zinc Intake and CVD Mortality

General population studies have found that zinc intake is correlated with serum zinc
level [144,145]. We investigated and summarized five cohort studies [25,26,146–148] that
investigated the association between dietary zinc intake and CVD mortality (Table 3).
Four studies showed a decreased risk of mortality in association with greater dietary zinc
intake [25,26,135,137]. However, findings in the study showing no such association [147]
could be explained, at least in part, by the relatively lower incidence of CVD mortality
and adequate dietary zinc intake in those subjects. Higher dietary zinc intake likely has
positive effects on CVD mortality. Nevertheless, results showing dietary zinc intake by
CKD patients are few; thus, further observational and interventional studies that include
those patients are needed.
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Table 3. Summary of observational studies regarding zinc intake and CVD mortality.

Author, Year
(Reference)

Country Number of
Subjects

Age (Years) † Follow-Up
Period (years)

Number of
CVD Deaths

Outcomes

Chen et al. 2019
[146]

USA 30,899 46.9 6.1 945

Adequate nutrient intake of
zinc associated with lower

CVD mortality
(RR = 0.50; 95% CI 0.36–0.71).

Shi et al. 2018
[147] China 2832 47.1 9.8 70

Dietary zinc intake not related
to CVD mortality.

Eshak et al. 2018
[26]

Japan 58,646 40–79 19.3 3388

Higher intake of zinc inversely
associated with mortality from

coronary heart disease
(n = 702) in males; 0.68

(0.58–1.03; p-trend = 0.05) but
not females; 1.13 (0.71–1.49;

p-trend = 0.61).

Bates et al. 2011
[25]

UK 1054 75.8 ± 6.9 (males)
77.3 ± 7.9 (females) n/a 189

Plasma zinc associated with
vascular disease mortality

(HR 0.73; 95% CI 0.61–0.88).
Lee et al. 2005

[148]
USA 34,492 (55–69) >15 1767

Inverse association of dietary
zinc with CVD mortality.

† Age shown as mean ± standard deviation or range (lower limit, upper limit). ‡ Follow-up period shown as mean. Abbreviations: CVD:
cardiovascular disease; NA, not available; RR: relatively risk.

To properly interpret previous studies of zinc intake, the various sources must be
considered. In Japan, the main dietary source of zinc is rice [149], and higher dietary
zinc intake was shown to be associated with lower mortality due to lower incidence of
coronary heart disease [26]. In contrast, red meat is the main source of zinc in the United
States [24], and a high level of consumption has been reported to be associated with
vascular mortality [150], while increased iron load due to meat-derived heme iron intake
has been discussed as a potential underlying mechanism [151,152].

11. Zinc and Progression of CKD

Damimanaki et al. assessed the relationship between baseline plasma zinc level and
yearly kidney function decline in a cohort with 3-year follow-up data and found a signifi-
cant association of a lower baseline zinc level with a large decline of kidney function [42].
Furthermore, the association remained statistically significant in multivariable models ad-
justed for age, gender, diabetes, and arterial hypertension, while it was no longer significant
when baseline eGFR or proteinuria were introduced into the model [42]. Unfortunately, the
number of subjects was relatively small (n = 108); thus, additional large scale longitudinal
observational studies are necessary to clarify the association between blood zinc level
and progression of CKD. Additionally, RCTs are needed to determine the effect of zinc
supplementation on kidney function in pre-dialysis CKD patients.

12. Zinc Supplementation in Patients with CKD

Table 4 summarizes 17 RCTs [153–155] among which 15 trials were included in a
previous systematic review and meta-analysis by Wang et al. [155]. Although the median
intervention period was 60 days and the daily dose ~45 mg, zinc supplementation resulted
in higher serum zinc, SOD, and dietary protein intake levels and lower levels of CRP
and malondialdehyde [155]. In consideration of previously presented RCTs, zinc supple-
mentation greater than 45 mg/day may be necessary to increase the serum zinc level in
hemodialysis patients.
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Table 4. Summary of RCTs of zinc supplementation in patients with hemodialysis.

Author, Year
(Reference)

Country Number of
Subjects

Age (Years) † Elemental Zinc
Dose (mg/day)

Administration
Duration (Days)

Outcomes

Escobedo-Monge et al.
2019 [153]

Peru 48 (children) 12.8 ± 4 15/30 365
Increase: BMI (30 mg/day

group only)

Kobayashi et al. 2015
[156]

Japan 70 69 ± 10 34 90/180/270/360
Increase: serum zinc

Decrease: serum copper,
ferritin

El-Shazly et al. 2015
[157]

Egypt 30 13.2 ± 2.1 16.5 90 Increase: serum zinc, BMI
Decrease: serum leptin

Tonelli et al. 2015
[154] Canada 150 62 25 and 50 90 and 180 None

Argani et al. 2014
[114]

Iran 60 (50,60) 90 60

Increase: serum zinc,
albumin, hemoglobin,

BMI
Decrease: serum leptin

Pakfetrat et al. 2013
[158]

Iran 97 51.6 ± 16.8 50 43 Increase: serum zinc
Decrease: homocysteine

Mazani et al. 2013
[159]

Iran 65 52.7 ± 12.6 100 60
Increase: serum zinc,

GSH, MDA, SOD,
TAC

Guo and Wang. 2013
[160]

Taiwan 65 59.7 ± 9.2 11 56

Increase: plasma zinc,
albumin, hemoglobin,

hematocrit, nPNA, SOD,
vitamin C, vitamin E,

CD4, D19
Decrease: plasma copper,
CRP, MDA INF-b, TNF-α,

Rahimi-Ardabili et al.
2012 [161]

Iran 60 52.7 ± 12.7 100 60 Increase: Apo-AI, HDL-C,
PON

Roozbeh et al. 2009
[115]

Iran 53 55.7 45 42 Increase: serum zinc, TC,
HDL-C, LDL-C, TG

Rashidi et al. 2009
[162]

Iran 55 57.6 45 42 Increase: serum zinc

Nava-Hernandez and
Amato 2005 [163]

Mexico 25 16.6 100 90 n/a

Matson et al. 2003
[164]

UK 15 60
(31–76) 45 42 Not significant

Chevalier et al. 2002
[165]

USA 27 51.9 50 40/90/90
Increase: serum zinc,

LDL-C

Candan et al. 2002
[166] Turkey 34 45.6

(28,64) 20 90

Increase: serum zinc
Decrease: lipid

peroxidation osmotic
fragility

Jern et al. 2000
[167]

USA 14 56.5
(23,80) 45 40/90

Increase: serum zinc,
nPNA

Brodersen et al. 1995
[168]

Germany 40 60 60 112 Increase: serum zinc

Note. † Age is shown as mean, mean ± standard deviation, or mean (lower limit, upper limit). Abbreviations: Apo-AI, apolipoprotein
AI; BMI, body mass index; Ccr, creatinine clearance rate; CRP, C-reactive protein; ESA, erythropoiesis-stimulating agent; ERI, ESA
resistance index; GFR, glomerular filtration rate; GSH, whole blood glutathione peroxidase; HDL-C, high-density lipoprotein cholesterol;
IL, interleukin; LDL-C, low-density lipoprotein cholesterol; MDA, malondialdehyde; NA, not available; nPNA, normalized protein
equivalent of nitrogen appearance; PON, paraoxonase; SOD, superoxide dismutase; TAC, total antioxidant capacity; TC, total cholesterol;
TG, triglyceride; TNF, tumor necrosis factor.

In children with CKD, adequate nutritional status is important for normal growth
and development; thus, careful monitoring is essential [169]. The Chronic Kidney Disease
in Children study revealed that 7–20% of pediatric CKD patients showed protein-energy
wasting [170]. Recently, an RCT was conducted with 48 CKD patients including 33 under-
going hemodialysis to compare the effects of two different doses of zinc supplementation
(15 and 30 mg/day) given for 12 months [153]. There was no significant change in mean
serum zinc level in children in either group. On the other hand, a small but positive and
significant change in body mass as well as normalization of body mass index (BMI) Z-score,
hypoalbuminemia, hypozincemia, and high CRP was noted, especially with a dose of
30 mg/day, which suggested that zinc supplementation could be beneficial for nutritional
status in children with CKD. Another interventional study of 40 hemodialysis patients aged
between 5 and 18 years old and given daily zinc supplementation of 50–100 mg for 90 days
found that serum zinc was significantly increased from 53.2 ± 8.15 to 90.75 ± 12.2 µg/dL
(p = 0.001) [157].
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13. Optimal Serum Zinc Level

The optimal level of zinc in serum remains controversial. The American Society for
Parenteral and Enteral Nutrition guidelines suggests that trace minerals, including zinc,
should be provided to critically ill patients [171]. Additionally, according to the European
Society for Clinical Nutrition and Metabolism guidelines, zinc levels should be measured
as a part of nutrition screening [172]. The Japanese Practical Guidelines have generally
proposed a level > 80 µg/dL as normal zinc status in all individuals [29]. However, a recent
nationally representative cross-sectional study that enrolled subjects from participants
in the National Health and Nutrition Examination Survey [173] showed that a higher
zinc level per every 10 µg/dL was associated with a 1.12-times higher risk for diabetes
mellitus and a 1.23-times higher risk for CVD in those with a serum zinc level ≥ 100 µg/dL.
Furthermore, each 10 µg/dL increase was also associated with a 1.40-fold increase in stroke
in participants with a serum zinc level ≥120 µg/dL [173]. The mechanisms underlying
these relationships are unclear, though it may be important to avoid hyperzincemia in
regard to CVD events in the general population. Regarding hemodialysis patients, a recent
study recommended a lower level of serum zinc (78.3 µg/dL) because of the potential for
copper deficiency [174]. Additional studies are needed to determine the optimal zinc blood
level in the general population, as well as in pre-dialysis CKD patients and those receiving
hemodialysis treatments.

14. Conclusions

In patients with CKD, zinc deficiency is common and shown by taste change, de-
creased food intake, and/or increased urinary excretion. Zinc deficiency is also known
to be associated with various risk factors for CVD, including increased blood pressure,
dyslipidemia, type 2 diabetes mellitus, inflammation, and oxidative stress. Various clinical
studies have revealed that zinc intake/supplementation can increase blood zinc levels in
patients with CKD. In addition, zinc may prevent phosphate-induced arterial calcifica-
tion by inducing the production of TNFIAP3 as well as suppressing activation of NF-kB.
High-quality prospective cohort studies and RCTs are needed to provide evidence for zinc
intake/supplementation as an effective therapeutic tool for preventing CVD events in
patients with CKD, including those undergoing hemodialysis.
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Abbreviations

AAC abdominal aortic calcification

ACTA-2 smooth muscle a-2 actin

BMI body mass index

BMP2 bone morphogenetic protein-2

CIMT carotid intima-media thickness

CKD chronic kidney disease

CRP C-reactive protein

CVD cardiovascular disease

eGFR estimated glomerular rate

HIF hypoxia-inducible factor

LDL low-density lipoprotein

MGP matrix Gla protein

Msx-2 Msh homeobox 2

MYH11 smooth muscle myosin heavy chain 11;

NCC Na+-Cl− cotransporter

NF-k B nuclear factor kappa light chain enhancer of activated B

NLRP3
nucleotide-binding domain and leucine-rich repeat-containing family,

pyrin domain-containing-3

Nrf2 nuclear factor erythroid 2-related factor 2

PDK4 pyruvate dehydrogenase kinase 4

PHI prolyl hydroxylase inhibitors

RCT randomized controlled trial

RDI recommended dietary intake

ROS reactive oxygen species

Runx2 runt-related transcription factor 2

SOD chronic kidney disease

T50 serum calcification propensity

TNF tumor necrosis factor

TNFAIP3 TNFa-induced protein 3

VSMC vasculature smooth muscle cell
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Abstract: Sodium intake theoretically has dual effects on both non-dialysis chronic kidney disease

(CKD) patients and dialysis patients. One negatively affects mortality by increasing proteinuria and

blood pressure. The other positively affects mortality by ameliorating nutritional status through

appetite induced by salt intake and the amount of food itself, which is proportional to the amount

of salt under the same salty taste. Sodium restriction with enough water intake easily causes

hyponatremia in CKD and dialysis patients. Moreover, the balance of these dual effects in dialysis

patients is likely different from their balance in non-dialysis CKD patients because dialysis patients

lose kidney function. Sodium intake is strongly related to water intake via the thirst center. Therefore,

sodium intake is strongly related to extracellular fluid volume, blood pressure, appetite, nutritional

status, and mortality. To decrease mortality in both non-dialysis and dialysis CKD patients, sodium

restriction is an essential and important factor that can be changed by the patients themselves.

However, under sodium restriction, it is important to maintain the balance of negative and positive

effects from sodium intake not only in dialysis and non-dialysis CKD patients but also in the

general population.

Keywords: hypertension; body weight; mortality; sodium; dialysis

1. Introduction

Sodium intake is related to extracellular fluid volume. Increased fluid volume in-
creases blood pressure, resulting in hypertension. Moreover, excretion of sodium is also
related to blood pressure. Increased sodium excretion in the kidneys requires elevated
blood pressure in the glomeruli, also resulting in hypertension. Guyton described this
phenomenon as a pressure–natriuresis relationship [1]. Therefore, sodium intake is strongly
related to fluid volume (body weight) and hypertension. Hypertension is an important key
factor in determining mortality. On the other hand, sodium intake is also related to nutri-
tion. If someone eats more food, that person is usually ingesting more sodium. Moreover,
sodium intake is correlated with appetite. Therefore, sodium intake is strongly related to
nutrition, which is another important key factor determining mortality. There are two con-
tradictory aspects of the effect of sodium intake: hypertension and nutrition (see Figure 1).
This review describes the interaction between sodium intake, body weight, hypertension,
nutrition, and mortality in chronic kidney disease patients, including dialysis patients.
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Figure 1. The influence of salt intake on mortality. Salt intake increases extracellular volume, resulting

in increased blood pressure in both the general population and chronic kidney disease (CKD) patients,

including dialysis patients. Hypertension is considered to worsen prognosis. This salt sensation

higher in CKD patients than in the general population. In contrast, salt intake increase appetite.

Under the same salt taste, salt intake is basically proportional to the amount of food intake. Good

nutritional conditions improve prognosis. Therefore, salt intake has dual effects on prognosis, both

negative and positive effects.

2. Interaction between Sodium Intake and Body Weight (Extracellular Volume) in
Non-Dialysis CKD Patients

In extracellular fluid volume, osmotic presser is derived from sodium, glucose, and
blood urea nitrogen concentrations. Among these osmolytes, sodium is the strongest
determinate of osmotic pressure because sodium occupies a major portion of osmolytes in
extracellular volume. After sodium intake, osmotic pressure should increase, resulting in
strong thirst via the thirst center in the brain (see Figure 2). Water intake continues until
osmotic pressure became normal, similar to physiological saline. After drinking water,
extracellular volume increases to the same osmotic pressure as normal osmotic pressure
in the extracellular fluid. After ingesting 9 g of salt, a person needs to drink 1000 mL of
water to reach 0.9% physiological saline in the extracellular fluid (This person is ideal
and fictional for this review). Edema is often observed after intake of excess sodium. In
the general population, excretion of sodium in the kidneys increases just after consuming
sodium [1]. Sodium excretion rapidly equalizes to sodium intake. However, in non-dialysis
chronic kidney disease (CKD) patients, decreased kidney function prolongs the effect
of sodium intake because the ability to excrete excess sodium is decreased, resulting in
elevated blood pressure.

 

Figure 2. The balance between salt intake and water intake. Salt intake is balanced with water

intake via the thirst center. After 9 g of salt intake, a person wants to drink 1000 mL water, resulting

in 0.9% physiological saline in extracellular fluid. If the person does not drink enough water, the

concentration of sodium will increase, resulting in strong thirst.
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3. Interaction between Sodium Intake and Hypertension in Non-Dialysis CKD Patients

After sodium intake, the kidney increases sodium excretion via inducing elevated
blood pressure. Known as Guyton’s pressure–natriuresis curve [1], salt excretion is basically
proportional to blood pressure. From renal aspects, blood pressure depends upon arterial
resistance to glomeruli, such as renal artery stenosis, the coefficient of glomerular excess
filtration and sodium reabsorption in distal tubules, regulated primarily by aldosterone
(see Figure 3). The coefficient of glomerular excess filtration depends on the effective
glomerular filtration surface and coefficient of penetration. In CKD patients, the effective
glomerular filtration surface decreases, resulting in enhanced salt sensation. Indeed, CKD
patients are reported to have strong salt sensation in response to food [2–5]. In the setting
of increased salt sensitivity, excess sodium intake easily elevates blood pressure. Excess
salt intake increases proteinuria via elevated internal glomerular pressure. Hypertension
and proteinuria are important factors in determining the rate of worsening renal function.
Decreasing blood pressure and proteinuria are important therapeutic targets. Excess
sodium intake worsens both blood pressure and proteinuria, and inhibition of sodium
intake decreases blood pressure and proteinuria at the same time (see Figure 4). Restriction
of sodium intake is an important therapy in CKD patients.

 

Figure 3. Determinates of blood pressure in the glomeruli. There are three elements that can

determine blood pressure. One is arterial resistance to glomeruli, such as renovascular hypertension.

The second is the coefficient of penetration, such as hypertension, in CKD patients. The third element

is reabsorption of sodium in distal tubules, regulated primarily by aldosterone, such as primary

aldosteronism. In CKD patients, the coefficient of penetration is not normal because this coefficient

depends on the effective surface of the glomeruli.

4. Interaction among Sodium Intake, Appetite, and Nutrition in Non-Dialysis CKD Patients

The sensation of taste components consists of five factors: salt, sweet, sour, bitter,
and umami. Salt is an important taste component and influences other components. Salt
restriction also causes taste restriction. Moreover, salt and bitter taste acuity declines with
age, while sweet and sour perception does not [6]. The prevalence of CKD in elderly
patients is much higher than in the young population [7,8]. Therefore, most CKD patients
suffer from low salt sensation. Moreover, CKD itself worsens the accuracy of salt and
sour taste sensations [9,10], while the mechanism this abnormality of tastes induced by
CKD remained unclear. Weakening salt sensation theoretically leads to more salt intake
during free food intake. Typically, salt restriction worsens taste, and therefore causes loss
of appetite. In CKD patients, this effect becomes larger due to decreased salt sensation.
Under the same salt concentrations, salt restriction also means diet restriction. Salt intake
in CKD patients is strongly correlated with phosphate intake, which is equal to protein
intake [11]. Sodium restriction easily causes appetite loss and worsens nutrition status.
However, salt restriction improves salt sensation [10,12]. Kusaba-K et al. reported that one
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week of sodium restriction dramatically improved salt sensation. Several reports have also
supported that education on sodium intake improves salt sensation itself [9,10]. It was
reported that educational hospitalization with enhanced salt reduction guidance reduced
the risk of end-stage renal disease [13]. Sodium restriction seems to be effective under the
control of nutritional status.

5. Interaction between Sodium Intake and Mortality in Non-Dialysis CKD Patients

Generally, excess sodium intake is considered an important life-threatening risk factor
that can be improved by personal efforts. Excess salt intake necessitates induction of high
blood pressure to increase salt excretion in the kidney according to the pressure-diuresis
curve [1]. Excess sodium is believed to increase blood pressure, resulting in worsening
mortality. According to this theory, the World Health Organization recommended restric-
tions on salt intake for the general population [14,15]. However, Martin O’Donnell et al.
reported a U-curve effect of sodium intake on morality in the general population [16]
(see Figure 5). This article reported that among 103,570 international subjects in eigh-
teen countries, the relationship between sodium and potassium intake was evaluated by
morning fasting urine with respect to mortality during a median follow-up of 8.2 years.
Among the joint sodium and potassium excretion categories, the lowest risk of death
and cardiovascular events occurred in the group with moderate sodium excretion and
higher potassium excretion (3–5 g sodium/day = 7.6–12.7 g salt/day; 21.9% of cohort).
Compared to this reference group, the combinations of low potassium with low sodium
excretion (<3 g sodium/day ≤ 7.6 g salt/day) (hazard ratio 1.23 (1.11–1.37); 7.4% of co-
hort) and low potassium with high sodium excretion (>5 g sodium/day ≥ 12.7 g salt/day)
(1.21 (1.11–1.32); 13.8% of cohort) were associated with the highest risk, followed by low
sodium excretion and higher potassium excretion (<3 g sodium/day ≤ 7.6 g salt/day) (1.19
(1.02–1.38); 3.3% of cohort), and high sodium excretion and higher potassium excretion
(1.10 (1.02–1.180); 29.6% of cohort). Higher potassium excretion attenuated the increased
cardiovascular risk associated with high sodium excretion (P for interaction = 0.007). This
report concluded that moderate sodium intake combined with high potassium intake is
associated with the lowest risk of mortality and cardiovascular events. This J-shaped
effect of sodium intake on mortality has also been reported in patients with cardiovascular
events [17]. Martin O’Donnell et al. reported this phenomenon in the general population in
several studies [18–20]. The finding that potassium intake attenuated the effect of sodium
intake suggested that the low food intake induced by sodium restriction worsened mortal-
ity. However, after adjustment for nutritional factors, the effect of low sodium intake was
still observed. The effect of sodium restriction, except for nutritional factors, ultimately
remains unknown. However, one considerable mechanism is that imbalance of sodium
intake and water intake may cause hyponatremia. Water intake is usually encouraged
to avoid dehydration [21], especially in elderly subjects. Excess water intake, along with
restricted sodium intake requires water diuresis with salt reabsorption in the kidney. In
patients with several diseases, such as heart failure, chronic kidney disease, and liver
failure, the kidney cannot provide sufficient water diuresis because high vasopressin levels
induced by these disease conditions perturb proper water diuresis, resulting in hypona-
tremia. Hyponatremia is well known as a risk factor for worse mortality [22–26]. Of course,
overload of sodium intake worsens mortality not only in heart failure patients but also in
the general populations. Moreover, the effect of an overload of excess sodium intake in
heart failure patients was markedly higher than in the general population [17]. Sodium
restriction is essential in patients with many kinds of diseases, but in the case of sodium
restriction, regular monitoring of serum sodium concentrations is also essential. Based on
this evidence, sodium restriction in the general population has become controversial [27].
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In non-dialysis CKD patients, the effect of excess sodium intake is more important
than in the general population. Excess sodium intake increases blood pressure, especially
glomerular blood pressure. Elevated permeable pressure in the glomeruli induced by
excess sodium intake increases proteinuria [28], which is an important and classical risk
factor for kidney disease progression. Moreover, excess sodium intake suppresses the renin–
angiotensin system, resulting in cancelling the reno-protective effect of renin–angiotensin
system blockers. Renin–angiotensin system blockers in conjunction with sodium restric-
tion can decrease proteinuria more effectively than renin–angiotensin system blockers
alone [28,29] (see Figure 4). Even in the case of diuretic use, which may decrease the
amount of sodium in the body, sodium restriction could decrease proteinuria [28]. Theoreti-
cally, sodium restriction in chronic kidney disease patients should decrease proteinuria and
blood pressure and therefore improve renal progression, resulting in improved mortality.
The CRIC study, comprising an important chronic kidney disease cohort, reported the
relationship between sodium intake evaluated by urinary sodium excretion and kidney
disease progression or mortality [30]. Non-dialysis CKD patients with high sodium intake
(more than 194.6 mmol sodium/day = 11.4 g salt/day) exhibited significantly worse renal
prognosis. However, CKD patients with several categories of sodium intakes less than 194.6
mmol sodium/day (11.4 g salt/day) had almost the same kidney prognosis. Moreover,
those CKD patients had the same mortality (see Figure 5). Apparently, non-dialysis CKD
patients were more vulnerable to high salt intake than the general population (see Figure
5), but there were no significant differences between CKD patients with low salt intake and
those with moderate salt intake, most likely because CKD patients are a high-risk group
of hyponatremia who were encouraged to drink water to avoid dehydration, and sodium
restriction may easily cause hyponatremia, resulting in a worsening prognosis. In CKD
patients, mild sodium restriction (less than 194.6 mmol = 11.4 salt/day) is essential with
regular sodium concentration monitoring.

 
Figure 4. Changes in proteinuria and blood pressure induced by salt intake and angiotensin-receptor

blocker administration. High salt intake increases both blood pressure and proteinuria. Although

angiotensin-receptor blockers are well known to reduce blood pressure and proteinuria, resulting in

reno-protective effects, high salt intake reduces these renoprotective effects. This image was made

from data reported by Vogt et al. [28], but this phenomenon is common in CKD patients.
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Figure 5. The relationship between salt intake and mortality in the general population, non-dialysis

CKD patients and dialysis patients. The right line shows the relationship between salt intake and

mortality in the general population, which was made from data reported by O’Donnell et al. [16].

Intake of more than 17.8 g salt/day made the prognosis significantly worse after diet adjustments,

while intake of less than 7.6 g salt/day also made the prognosis worse. The center bold line shows

the relationship between salt intake and mortality in dialysis patients, which was made from the

relationship between intradialysis body weight gain and mortality reported by the Japan Society

of Dialysis Therapy. Intake of more than 12.6 g salt/day made the prognosis significantly worse

after diet adjustments, while intake of less than 5.4 g salt/day also made the prognosis worse. The

left line shows the relationship between salt intake and mortality in non-dialysis CKD patients,

which was made from data reported by the CRIC cohort study [30]. Non-dialysis CKD patients were

more vulnerable to salt intake than the other groups, likely because excess sodium intake increases

blood pressure and proteinuria, resulting in worsening prognosis. Simple comparisons should be

considered because these three lines refer to different cohorts that originate in different countries,

with different observation periods and numbers.

6. Summary of Interaction between Sodium Intake, Body Weight, Hypertension,
Nutrition, and Mortality in Non-Dialysis CKD Patients

Sodium intake theoretically has dual effects on prognosis, including both harmful
effects and beneficial effects (see Figure 1). Sodium intake is believed to induce hyperten-
sion, resulting in poor prognosis. In contrast, sodium intake increases appetite, resulting in
improved nutrition and good prognosis. In fact, a U-shaped relationship between sodium
intake and mortality support these dual effects in the general population (see Figure 5).

In CKD patients, sodium intake exerts more important effects on prognosis. Sodium
intake increases not only blood pressure but also proteinuria, resulting in both poor renal
prognosis and life expectancy. In contrast, sodium intake increases appetite, resulting in
good nutritional status. In dialysis patients, the obesity paradox is well known [31,32].
This paradox involves a higher body mass index (BMI) causing a better prognosis in
dialysis patients, while in the general population, a higher BMI causes a poor prognosis
by increasing cardiovascular events [33]. This obesity paradox is also observed in non-
dialysis CKD patients [34] (see Figure 6). Another Japanese non-dialysis CKD cohort
also reported that low BMI (18.4–20.3) was associated with significant risk of all-cause
mortality and infection-related death [35]. Therefore, nutritional factors are very important
for CKD patients. Obesity is considered to have negative effects on the progression of
kidney disease through elevation of eGFR, hypertension, and proteinuria. Exercise has
reno-protective effects [36,37]. However, obesity seemed to cancel out these renoprotective
effects [38]. It is important to maintain a balance between nutritionally good conditions
and bad conditions induced by obesity. Sodium restriction is necessary for CKD patients
to decrease proteinuria and preserve kidney function, but in cases of sodium restriction,
nutritional factors, and hyponatremia should be considered.
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Figure 6. The relationship between body mass index and mortality in the general population, non-

dialysis CKD patients and dialysis patients. The upper U-shaped line shows the relationship between

body mass index (BMI) and mortality in the general population, which was made from data reported

based on 900,000 subjects [33]. The line indicates the average mortality in men and in women. The

effect of BMI on mortality in women was smaller than in men in all BMI categories. High BMI

was associated with high mortality in the general population, while low BMI was also associated

with high mortality. The middle line shows the relationship between BMI and mortality in dialysis

patients reported by Kalantar-Zadeh et al. [31]. Higher BMI in dialysis patients consistently improves

prognosis in dialysis patients. This divergence from the relationship in the general population was

named the “obesity paradox”. The bottom line shows the relationship between BMI and mortality

in non-dialysis CKD patients reported by Navaneethan-SD et al. [34]. The obesity paradox was

observed in non-dialysis patients. Simple comparisons should be considered because these three lines

refer to different cohorts that have different countries of origin, observation periods, and numbers.

7. Interaction between Sodium Intake and Body Weight (Intradialysis Increase in
Body Weight) in Dialysis CKD Patients

In dialysis patients, salt and water intake should be balanced (see Figure 2). When
dialysis patients ingest salt for additional taste during meals, the sodium concentration
increases. In such cases, sodium concentrations tend to increase and cause strong thirst via
the thirst center in the brain. This thirst continues until the sodium concentration becomes
normal, similar to physiological saline solution (isotonic sodium chloride solution). Sodium
intake should be completely balanced with water intake via the thirst center. Nine grams
of sodium chloride intake requires subsequent intake of 1000 mL water, resulting in
physiological saline (0.9% sodium chloride solution). In non-dialysis CKD patients, urine
attenuates this volume increase induced by sodium, but in dialysis patients, sodium intake
induces exactly this volume retention because the kidneys are not functioning properly.

In dialysis patients, salt removal should also be balanced with water removal (see In
dialysis patients, salt removal should also be balanced with water removal (see Figure 7).
The sodium concentration in dialysate is usually the same as the serum sodium concen-
tration (140 mEq/L), meaning that during dialysis, sodium cannot move to the dialysate.
During dialysis, water is usually removed. This water includes sodium, whose concentra-
tion should be equal to the serum sodium concentration. Water and salt are removed at
the same time during the dialysis process as physiological saline is removed. Therefore, in
dialysis patients the intake of sodium and water is basically equal to the removal of sodium
and water during the dialysis session because these patients have lost kidney function (see
Figures 2 and 7).

183



Nutrients 2021, 13, 951

 

Figure 7. Removal of sodium during dialysis sessions. Small molecular substances, such as blood

urea nitrogen and phosphate creatinine, are moved to the dialysate according to the concentration

gradient. Bicarbonate also moves to the blood from the dialysate according to the concentration

gradient. The sodium concentration in the dialysate is 140 mEq/L. The serum sodium concentration

is also approximately 140 mEq/L. Therefore, sodium cannot move from the blood to the dialysate

through the semipermeable membrane in the dialyzer. However, water removal during dialysis

sessions includes 140 mEq/L sodium. Water removal during dialysis sessions means sodium removal

at the same time.

Generally, estimation of sodium intake is very difficult because the precise intake and
sodium concentration of each meal are usually unknown. However, estimation of water
intake, including water in food, is far easier because intradialysis body weight gain is equal
to the water intake. The amount of salt intake can be estimated using water intake because
salt intake is basically balanced with water intake. Reports of the Japanese dialysis patient
registry, which are provided by the Japanese Society of Dialysis Therapy, published the
relationship between the increase in body weight during the dialysis interval and mortality
one year later. A 3% body weight increase to a 7% body weight increase reportedly resulted
in a good prognosis, according to the relationship between body weight increase and
mortality after adjustment for fundamental factors, the amount of dialysis therapy and
nutritional factors (see Figure 8). If the body weight of the dialysis patient was 60 kg, a 3%
body weight increase meant 1800 g. Therefore, 1800 g divided by 3 days equals to 600 g,
and 600 g divided by 1000 mL physiological saline, including 9 g salt, yields 5.4 g salt. This
calculation means that approximately 6 g salt (=2.36 g sodium) per day is essential for a
60 kg dialysis patient. In contrast, in 60 kg dialysis patients, a 7% body weight increase
was 4200 g. 4200 g divided by 3 days equals 1400 g, and 1400 g divided by 1000 mL
physiological saline, including 9 g sodium chloride, yields 12.6 g salt. This calculation
means that 60 kg dialysis patients can ingest 12.6 g salt (=4.96 g sodium) per day safely.
(These 60 kg dialysis patients are ideal and fictional for this review).

There is a pitfall in the method to determine the recommended salt intake. The reason
the standard salt intake can be calculated by intradialysis body weight gain depends on
thirst. If people drink water when they are not thirsty, the estimation of sodium intake
based on intradialysis body weight gain would not make sense. Drinking without thirst
typically involves alcohol drinks. If a patient drinks a 350 g can of beer every day, these
patients drank a total of 1050 g of water during the interval of dialysis (3 days), resulting in
a total salt intake of 9.4 g during those periods. If a patient drank two bottles of beer every
day, these patients ingested 3798 g of water during hemodialysis intervals, resulting in a salt
intake of 11.3 g a day, which means that this patient could not eat anything with salt, except
for the beer. (These drunken dialysis patients are ideal and fictional for this review). If the
patient truly wants to drink alcohol, the patient should choose an alcohol drink including
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a high concentration of alcohol, such as whisky without water. If dialysis patients drink
a small amount of alcohol, their thirst after eating food with salt should be suppressed,
and their serum sodium concentration with stay within normal ranges. In the case of sick
individuals, patients tend to ingest food, including much water, such as soup, rice porridge
(Okayu), and oatmeal. These kinds of food also reduce the capacity of salt intake.

Figure 8. The relationship between intradialysis body weight gain and mortality in dialysis patients.

Sodium intake is balanced with water intake via the thirst center. Sodium removal is balanced with

water removal during dialysis session. Therefore, intradialysis salt intake can be estimated from

intradialysis body weight gain. The Japanese Society of Dialysis Therapy reported the relationship

between intradialysis body weight gain and mortality at 1 year as surveillance of dialysis patients by

the Japan Society of Dialysis Therapy 2009.12.31. From 3% to 7% of intradialysis body weight gain, the

mortality of dialysis patients remained good. From estimations from this intradialysis body weight

gain, dialysis patients can maintain good conditions from 5.4 g salt/day (=2.1 g sodium/day) intake

to 12.6 g salt/day (=5.0 g sodium/day) intake, if the body weight of the dialysis patient is 60 kg.

In the case of hypernatremia, strong thirst induces water consumption, resulting
in normalization of hypernatremia. This system can work in both normal subjects and
hemodialysis patients. In contrast, in the case of hyponatremia, activation of the renin–
angiotensin–aldosterone system along with inhibition of vasopressin induces upregulation
of salt retention in the kidney without water retention, resulting in normalization of hypona-
tremia. This system works in subjects without kidney disease, but in dialysis patients, this
system does not work because patients have lost kidney function. Moreover, salt removal in
dialysis patients is performed by salt with the removal of water during dialysis therapy. The
balance between the removal of salt and water is basically constant to ensure serum sodium
concentrations similar to physiological saline. Under hyponatremic conditions, thirst cannot
correct the balance between water intake and salt intake. Therefore, dialysis patients are
prone to developing hyponatremia. The Japan Society of Dialysis Therapy reported that
predialysis hyponatremia was associated with worse mortality after one year (see Figure 9).
Moreover, hyponatremia in dialysis patients can be corrected by dialysis therapy because
sodium moves from the dialysate to serum according to the sodium concentration gradient.
This means that dialysis patients with hyponatremia receive salt through dialysis therapy,
while those patients restrict salt in food. Rapid correction of serum sodium by dialysis
therapy increases serum osmolality, possibly resulting in several ill reactions, such as gen-
eral fatigue, headache, osmotic demyelination syndrome, and so on. Hyponatremia itself
has been reported to have a strong relationship with worse prognosis in several disease
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conditions [22–26]. If hyponatremia is observed in dialysis patients, the balance between
water intake and salt intake should be checked. Overdose of water intake or overrestriction
of salt intake along with relative overdose of water results in hyponatremia.

Figure 9. The relationship between serum sodium concentration before dialysis sessions and mortal-

ity in dialysis patients. The Japanese Society of Dialysis Therapy reported the relationship between

serum sodium concentration before dialysis sessions and mortality at 1 year as surveillance of dial-

ysis patients by the Japan Society of Dialysis Therapy 2009.12.31. Dialysis patients with less than

137 mEq/L sodium concentrations exhibited poor prognosis, but this negative effect induced by low

sodium concentration could be adjusted by nutritional factors, meaning that the low sodium concen-

tration in dialysis patients usually indicates poor nutritional intake. Water intake without proper salt

easily induces hyponatremia in dialysis patients. In the case of hyponatremia in dialysis patients, the

balance between sodium and water intake should be monitored to improve nutritional status.

8. Interaction between Sodium Intake and Hypertension in Dialysis CKD Patients

Sodium intake is directly related to extracellular fluid volume in dialysis patients via
the thirst center, as shown in Figure 2. Increased fluid volume caused the elevation of
blood pressure. Indeed, blood pressure just before dialysis session tended to be higher
than after dialysis session. Elasticity of blood vessels can buffer this volume effect, but
atherosclerosis, which is very common in dialysis patents, prevents this buffering effect.
Therefore, hypertension before dialysis session is very common, but in terms of this
hypertension in dialysis patients, there is another paradox regarding hypertension in the
general population [39,40]. A reverse effect of blood pressure on mortality in dialysis
patients was reported in 56,388 incident dialysis patients [41]. In this report, dialysis
patients whose blood pressure was less than 120 mmHg had the worst prognosis, those
with 120–140 mmHg blood pressure had the second worst prognosis, and there were no
differences in prognosis in those with 140–160, 160–180, 180–200, and more than 200 mmHg
blood pressure. Another study also reported that in 37,069 dialysis patients, those with
less than 115 mmHg systolic blood pressure had the worst mortality, while those with
more than 135 mmHg systolic pressure had a good prognosis [42]. Another study in
5433 dialysis patients reported that systolic pressure greater than 180 mmHg improved
prognosis [43]. While hypertension itself has been classically considered a risk factor for
cardiovascular events [44–48], the role of hypertension as a risk factor for mortality has been
controversial [43,49–53] The reverse effect of blood pressure on mortality in dialysis patients
is similar to the reverse effect of BMI on mortality, which is well known as the obesity
paradox and is discussed above. One of the possible mechanisms is that after initiation
of dialysis, nutritional factors, which can be related to BMI and hypertension induced by
intradialysis food and sodium intake, are more important than classical cardiovascular
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event risk factors [54]. Another possible mechanism is that hypertension before dialysis
session makes dialysis therapy safe and comfortable until end of scheduled dialysis session
time because hypotension during dialysis session sometimes required the termination
of dialysis session. KDOQI comments on the 2017 ACC/AHA hypertension guidelines
described that the treatment of targets of hypertension in dialysis patients cannot be
proposed due to the lack of clinical trial evidence [55]. The Japanese Society of Hypertension
described that the Japanese guidelines for hypertension cannot be applied to dialysis
patients due to the specific and distinct conditions of dialysis patients.

9. Interaction among Sodium Intake, Appetite and Nutrition in Dialysis CKD Patients

Salt sensation in dialysis patients is reported to be worse than that in non-dialysis
CKD patients [56]. Theoretically, dialysis patients with salt taste dysfunction ingest more
salt than is appropriate to gain sufficient salty taste, possibly resulting in an increase in
intradialytic body weight gain. However, there were no changes in intradialytic body
weight gain between dialysis patients with or without salt sensation dysfunction [57].
This report indicates that food intake, including salt intake, depends not only on salt
sensation dysfunction but also on other factors. One possible factor related to appetite is
zinc. Zinc deficiency is common in dialysis patients, and zinc deficiency causes a decrease
in the sensation of taste, including salt taste. Moreover, zinc is related to many enzymatic
activities related to protein synthesis; therefore, zinc deficiency is reportedly related to
nutritional status. In fact, zinc supplementation ameliorated nutritional status [58] in a
randomized control study. If dialysis patients suffer from appetite loss and a small increase
in intradialysis body weight gain, there is the possibility that too much salt restriction
retards food intake through appetite loss, which may also be caused by zinc deficiency.

10. Interaction between Sodium Intake and Body Weight (Nutritional Status) and
Mortality in Dialysis CKD Patients

Estimation of the amount of sodium intake is difficult; therefore, reports on the
relationship between sodium intake in the diet and mortality are limited. Post hoc analysis
of the HEMO study reported that increased dietary sodium intake, which was estimated
using a history of food intake by dietitians, was independently associated with greater
mortality among hemodialysis subjects [59]. Although there were no descriptions of
sodium intake in quartiles, only the fourth category of dialysis patients who might ingest
more than 4 g sodium a day (=10 g salt intake a day) exhibited significantly higher risk.
Moreover, this article reported that sodium intake was strongly associated with caloric
intake, but the adjustment of nutritional status was not sufficient. In this study, only weight
was reported rather than BMI, while albumin was selected.

Sodium intake is strongly correlated with food intake. Under the same salt sensation,
sodium intake is proportional to food intake. Sufficient food intake ameliorates nutritional
status. The question is whether a better nutritional status can overcome the negative
effects caused by excess sodium intake, such as an increase in intradialytic body weight
and hypertension. As well-known as the obesity paradox, high BMI in dialysis patients
attenuates mortality (see Figure 6). This obesity paradox was first reported in heart failure
patients [60]. Recently, the obesity paradox was observed in many energy wasting diseases,
such as COPD and cancers, especially esophageal cancer [33]. The reason the obesity
paradox is observed in many energy-wasting diseases is that a stock of energy can sustain
energy-wasting conditions and make it possible to overcome several illness conditions,
such as infectious diseases and cardiovascular diseases [54]. In dialysis patients, body
weight gain ameliorated mortality. Surprisingly, in obesity dialysis patients whose BMI
was greater than 30, body weight gain indicated better prognosis [61], and body weight
loss indicated poor prognosis. The improvement of prognosis induced by body weight
was attenuated by BMI, but good nutritional status could overcome the negative effects
induced by obesity, even in obese dialysis patients with a BMI greater than 30. Unless
excess sodium intake ameliorates the nutritional condition, sodium intake itself should
be acceptable.
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11. Summary of Interactions between Sodium Intake, Body Weight, Hypertension,
Nutrition, and Mortality in Dialysis CKD Patients

In dialysis CKD patients, sodium intake is directly related to intradialytic body weight
gain via the thirst center, resulting in hypertension before hemodialysis sessions. However,
this hypertension does not worsen the prognosis of dialysis patients. Sodium intake is
also directly related to nutrition status via the appetite center. Moreover, the amount of
sodium intake is basically proportional to food intake under the same salt taste conditions.
Therefore, sodium intake may improve nutritional status. In dialysis patients, both obesity
and body weight gain improve prognosis through good nutritional conditions. Sodium
intake has both good and bad effects in dialysis CKD patients, as well as in non-CKD
patients. However, in dialysis patients, the good effect of sodium basically overcomes the
bad effect from the perspective of mortality.

A comfortable dialysis session and safe control of life-limiting biochemical parameters
may exert opposite effects from the good nutritional status induced by food intake. Salt
intake causes an increase in intradialytic body weight gain, requiring prolonged dialysis
time because the time-averaged removal of water is limited. Protein intake, including
phosphate intake, may cause hyperphosphoremia, increasing the risk of cardiovascular
events. Fruit and vegetable intake may cause hyperkalemia [62], which is famously a
risk factor for sudden death (see Figure 10). The standard nutritional intake has not been
changed for a long time (see Table 1). This standard is similar to the nutritional guidelines
in many countries [63–65]. The reason for the unchanged nutritional guidelines was that
these guidelines were based on comfortable and safe control of dialysis session and the lives
of dialysis patients, which were physiologically unchanged. However, recent advances
in drug- and technology-related dialysis therapy may change the physiological limitation
of nutritional intake. New phosphate binders and calcium-sensing receptor agonists
have become available, which increase protein intake [66,67]. Indeed, protein intake with
phosphate binders could improve nutritional factors in the short term [68]. New potassium
binders have also become available, making safe fruit and vegetable intake possible [69].
Moreover, it was recently reported that a high frequency of fruit and vegetable intake in
dialysis patients improved prognosis [70]. Fruits and vegetables are considered to have
good effects on mortality [71]. Potassium intake was not related to hyperkalemia in either
non-dialysis CKD patients or dialysis patients [72]. The upper limit of sodium is much
higher than the target of sodium intake in the nutritional standard, as discussed in the
above section. Food intake, including sodium intake, should be encouraged in dialysis
CKD patients to improve nutritional status, resulting in a better prognosis.

 

Figure 10. The balance of food and salt intake between comfortable dialysis and better nutrition.

Comfortable dialysis therapy is sometimes contrary to better nutritional intake. Sufficient food intake

with proper salt taste increases intradialytic body weight gain, resulting in prolonged dialysis session

time. A high-protein diet easily induces hyperphosphatemia, resulting in vascular calcification and

cardiovascular events. Healthy fruit and vegetable intake induces hyperkalemia.
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Table 1. Standard nutritional intake in hemodialysis patients in Japan.

Energy 30–35 kcal/kg (*)(**)

Protein 0.9–1.2 g/kg (*)

Salt less than 6 g (***)

Water Minimum requirement
Potassium less than 2000 mg
Phosphate less than Protein (g) × 15 mg

* Standard Body Weight (BMI = 22) ** Depending on sex, age, physical activity *** Depending on urine volume,
physical activity, body weight, nutritional status, increase of body weight between HD sessions. This recommen-
dation was published by a committee for nutritional factors in the Japanese Society of Dialysis Therapy, including
the authors. The original recommendation was written by Nakao, T., Kanno, Y., Nagasawa, Y., Kanazawa, Y.,
Akib, T., Sanaka, K., Standard nutritional intake in maintained dialysis patients. J. Jpn. Soc. Dial. Ther. 2014, 47,
287–291. (In Japanese) [65].

12. Conclusions: Important Gaps in Awareness of Sodium Intake between
Non-Dialysis and Dialysis CKD Patients

Sodium intake has both a good effect on improving nutritional effects and a bad
effect on increasing fluid volume, which causes hypertension and increases proteinuria.
In non-dialysis CKD patients, doctors should pay attention to the balance between the
positive and negative effects of sodium restriction, while in dialysis patients, the good effect
of sodium intake basically overcomes the bad effect of sodium intake because nutritional
status is an important issue in dialysis patients.

Recently, frailty and protein-energy wasting have been recognized as serious problems
in dialysis patients [73,74]. Frailty worsens prognosis in dialysis and non-dialysis CKD
patients [75]. Nutritional intervention in frail dialysis patients is an important and practical
therapy [76,77]. However, restriction of sodium intake sometimes prevents sufficient food
intake. In dialysis CKD patients, a good effect of sodium intake basically overcomes
the bad effect because nutritional status limits the prognosis of dialysis patients, while
in non-CKD patients, the balance between the positive and negative effects of sodium
intake is important because restriction of sodium decreases blood pressure and proteinuria,
resulting in preserving kidney function. There was no evidence of the beginning of
the change in sodium intake between non-dialysis CKD patients and dialysis patients.
However, the report that weight loss in non-dialysis patients worsened prognosis after
initiation of dialysis therapy [78] indicated that sodium restriction in non-dialysis CKD
patients should sometimes be re-evaluated and relaxed at the time of weight loss as well as
during hyponatremia. There are important gaps in awareness of sodium intake between
non-dialysis and dialysis CKD patients. Sodium restriction may be allowed in cases of
maintaining good nutritional status and normal serum sodium levels in CKD patients,
including dialysis patients.
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Abstract: Magnetic resonance imaging (MRI) is indispensable in clinical medicine for the morphologi-

cal and tomographic evaluation of many parenchymal organs. With varied imaging methods, diverse

biological information, such as the perfusion volume and measurements of metabolic products, can

be obtained. In addition to conventional MRI for morphological assessment, diffusion-weighted

MRI/diffusion tensor imaging is used to evaluate white matter structures in the brain; arterial spin

labeling is used for cerebral blood flow evaluation; magnetic resonance elastography for fatty liver

and cirrhosis evaluation; magnetic resonance spectroscopy for evaluation of metabolites in specific

regions of the brain; and blood oxygenation level-dependent imaging for neurological exploration of

eating behavior, obesity, and food perception. This range of applications will continue to expand

in the future. Nutritional science is a multidisciplinary and all-inclusive field of research; therefore,

there are many different applications of MRI. We present a literature review of MRI techniques that

can be used to evaluate the nutritional status, particularly in patients on dialysis. We used MEDLINE

as the information source, conducted a keyword search in PubMed, and found that, as a nutritional

evaluation method, MRI has been used frequently to comprehensively and quantitatively evaluate

muscle mass for the determination of body composition.

Keywords: magnetic resonance imaging; diffusion tensor imaging; arterial spin labeling; blood

oxygenation level-dependent; nutritional status; dialysis patients

1. Introduction

1.1. The Origins of Medical Magnetic Resonance Imaging (MRI)

Medical magnetic resonance imaging (MRI) was established in the 1970s as a tomo-
graphic imaging method for the human body, and its full-scale clinical implementation
began in the 1980s. Since then, the technology of medical imaging hardware has progressed
by leaps and bounds; the development of versatile imaging methods has likewise been
actively pursued. Currently, MRI has become an indispensable diagnostic imaging method
in the medical field.

1.2. Principles and History of MRI

MRI is based on the physical phenomenon of nuclear magnetic resonance (NMR). In
some types of nuclei, such as the hydrogen nucleus (referred to as “proton” or “1H” as it is
a nucleus that consists solely of a proton; the number “1” indicates the mass number and
the atomic number is often omitted), which rotates along the axis of rotation, the + charge of
the nucleus generates a magnetic field. When a strong magnetic field in a certain direction
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is applied to the nucleus, it starts to rotate with an angular momentum called “Larmor
precession”, that is, a cone about the direction of the magnetic field, and each nucleus
has its own frequency. When radio waves of the same frequency as the precession are
applied to the nucleus, a resonance phenomenon called NMR causes radio waves to absorb
energy. Once the radio waves are turned off after the resonance phenomenon, the nucleus
returns to its original state while releasing energy. By capturing this energy released as
an electrical signal, an NMR signal is obtained. NMR is a technique used to investigate
molecular structures, various intermolecular interactions, and molecular motion states and
is used in a wide range of fields, such as polymer chemistry, biochemistry, and medicine.

In comparison to NMR, which has zero-dimensional information with no positional
identification, MRI can be defined as a positionally-identified NMR measurement method.
There is a law that states that the resonant frequency of an atom is proportional to the
strength of the magnetic field. By combining a strong magnetic field with magnetic fields of
different strengths, depending on the position (a gradient magnetic field), it was discovered
that any position in space could be accurately determined using the strength of the magnetic
field, and this NMR phenomenon became the principle of tomography. This discovery
occurred 30 years after that of NMR. Although it uses the resonance phenomenon of
atomic nuclei, it has nothing to do with radioactivity; thus, the term MRI came to be used
idiomatically without the N in NMR.

The MRI technology has progressed dramatically since its introduction into clinical
practice, and the number of clinical applications has increased accordingly, driving the
development of the technology further. The principles and imaging methods of medical
MRI have been documented previously [1]. The advantages of MRI include the absence of
ionizing radiation, good soft-tissue contrast with multiple imaging methods, and the ability
to reconstruct any cross-section with similar image quality, based on the imaging principle.
This is limited to not only two-dimensional but also three-dimensional reconstruction. In
addition, because the basic principle, the magnetic resonance (MR) signal, depends on
various physical parameters, MRI can display morphological and structural information,
as well as provide a wide range of functional information using diffusion, perfusion, and
frequency decomposition techniques. Currently, clinical MRI observes water molecules
(mainly consisting of hydrogen atoms), which is the most abundant constituent of living
organisms, although it is also possible to collect signals from carbon and sodium atoms.
Due to this diversity of imaging methods, the clinical applications of MRI are not just
limited to use in neurology or psychiatry, but rather extend to the examination of the
abdominal organs, heart, musculoskeletal system, and body fat.

1.3. MRI and Nutrition Research

The role of MRI in nutrition includes the measurement of organ volumes, analysis of
constituent components (hard tissues, such as bones; soft tissues, such as fat and muscles),
and acquisition of location information, such as the distribution of these components,
through its function as a tomographic imaging method. Because of the objective, quantita-
tive, and predominantly non-invasive nature of MRI, repeated evaluations are possible, and
changes after interventions can be assessed. In the past, nutritional assessments using MRI
were focused mainly on the fat and muscle mass; thus, there was no significant difference
in the subject of assessment between an MRI and an X-ray computed tomography (CT)
scan, except for the fact that no ionizing radiation was used in MRI.

However, with the introduction of high magnetic fields in clinical MR machines and
advances in analytical technology, imaging methods exclusive to MRI technology are now
being used in the field of nutrition, such as functional MRI (fMRI), e.g., blood oxygenation
level-dependent (BOLD) MRI, diffusion-weighted imaging (DWI) methods, including
diffusion tensor imaging (DTI), and MR spectroscopy (MRS). In view of this technical
and historical background about the advances in MRI technology, this article presents a
literature review of the clinical applications of fMRI in nutrition research.
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2. Materials and Methods

A literature search was conducted using PubMed for the medical database MEDLINE,
produced by the National Library of Medicine (NLM). The search was conducted on
28 December 2020. Articles published before the year 2000 were not included in the study.

First, we searched for studies in which MRI was used to assess the nutritional status
of patients on dialysis. To prevent missing out on relevant articles, we used a free word
search using the following search terms in all the fields: “magnetic resonance imaging,”
“nutrition,” and “dialysis”. Thirty-two published papers were identified from the search.
Of these, only nine reported the use of MRI for nutritional assessment (the others reported
its use for the diagnosis of comorbidities or complications) and were suitable for our review;
thus, there were limitations of the evidence, and we opined that if we were to conduct a
systematic review, the scarce number of studies limited only to patients on dialysis would
severely underestimate the relevance of MRI as a tool for the evaluation of nutritional
status. Contrastingly, there were many research papers on the use of MRI in the assessment
of nutritional indices if we did not limit the search only to patients on dialysis, and we
opted for a literature review study design.

Therefore, we conducted a search for articles, in which MRI was the main topic of the
study, as “magnetic resonance imaging [MeSH Major Topic]”. We then searched for articles
that included “nutrition” as a free word in the abstract or title to narrow down the target
articles. Furthermore, we searched only for research papers targeting humans (“nutrition”
[Title/Abstract] AND “magnetic resonance imaging” [MeSH Major Topic] AND “humans”
[Filter]). Case reports were excluded from the study. Consequently, 68 articles were found,
and their titles and abstracts were reviewed. We excluded papers where MRI was used to
detect diseases, that is, where MRI was performed for a purpose different from nutritional
evaluation. However, research reports with MRIs of the brain or organs were incorporated
if they were intended for nutritional evaluation. For the review, we also searched for
relevant articles in the reference lists of the included articles. Only articles in English were
included in the study.

3. Results and Discussion

3.1. Summary of Search Results

MRI is mainly used in clinical medicine for tomographic imaging of living organisms;
however, in nutritional research, its most common use was found to be the analysis of
body composition, such as muscle and adipose tissue. In a nutritional assessment, the
excellent soft-tissue contrast of an MRI was used to evaluate the body composition of
the human body. In addition to soft-tissue imaging, MRI was performed to evaluate the
volume of abdominal organs and the brain. This method takes advantage of the MRI as an
imaging test; however, a MRI, in addition to tomography, is capable of extracting a variety
of biological information by devising an imaging sequence. BOLD MRI, diffusion-weighted
MRI, DTI, arterial spin labeling (ASL), magnetic resonance elastography (MRE), and MRS
were considered to be either non-morphological MRI or fMRI based on the content of the
articles and reviews included in this literature review (Table 1). The following are some
observations drawn from specific examples from the search results.
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Table 1. A summary of the various MRI methods used in nutrition-related clinical studies reviewed in this article.

Imaging Procedure
Primary Evaluation

Objective
Example of Use

Nutrition-Related Clinical Study
Included

Conventional MRI Structural Evaluation based
on proton distribution.

• Measurement of the
location and volume of
adipose tissue and
muscle tissue.

• Assessment of the
volume of the brain and
other parenchymal
organs.

Addeman, B.T. et al. [2]
Molfino, A. et al. [3]
Fischer, K. et al. [4]

Maskarinec, G. et al. [5]
Ishihara, S. et al. [6]

Abe, T. et al. [7]
Spinnato, P. et al. [8]
Carrero, J.J. et al. [9]

Johansen, K.L. et al. [10]
Morrell, G.R. et al. [11]
Gamboa, J.L. et al. [12]

Martinson, M. et al. [13]
Delgado, C. et al. [14]
Wells, C.I. et al. [15]
Salinari, S. et al. [16]
Carter, M. et al. [17]
Yang, Y.X. et al. [18]

de van der Schueren, M.A. et al. [19]
Bourdel-Marchasson, I. et al. [20]

Diffusion Tensor
Imaging

Evaluation of microstructure
in the tissue based on the

anisotropy of thermal
diffusion of protons.

• Assessment of the degree
of degeneration and
development of cerebral
white matter based on
nerve fiber structure.

Drew, D.A. et al. [21]
Witte, A.V. et al. [22]

Ottolini, K.M. et al. [23]
Blesa, M. et al. [24]

Coviello, C. et al. [25]
Shen, Q. et al. [26]

Arterial Spin
Labeling

Evaluation of tissue perfusion
using magnetically labeled
protons as an endogenous

tracer

• Assessment of the
changes in regional
blood flow in the brain

de Rooij, S.R. et al. [27]
Lamport, D.J. et al. [28]
Presley, T.D. et al. [29]

Vidyasagar, R. et al. [30]
Rickenbacher, E. et al. [31]

Khalili-Mahani, N. et al. [32]
Strang, N.M. et al. [33]
Marxen, M. et al. [34]

Magnetic Resonance
Elastography

Evaluation of organ elasticity
based on strain when the

organ is vibrated.

• Evaluation of
progression of liver
diseases, such as
cirrhosis, fatty liver, etc.
It mainly evaluates
changes due to fibrosis
of organs.

Furlan, A. et al. [35]

Magnetic Resonance
Spectroscopy

Evaluation of the amount and
spatial distribution of various
molecular compounds, based

on the principles of NMR.

• Evaluation of various
metabolites in the brain,
including N-acetyl
aspartate,
γ-aminobutyric acid,
glutamine, and lactate,
by 1H-MRS.

Artzi, M. et al. [36]
Park, Y. et al. [37]

Choi, I.Y. et al. [38]
Cheng, Y. et al. [39]

Blood Oxygenation
Level Dependent-MRI

Assessment of brain activation
sites via increased regional
cerebral blood flow from

changes in deoxyhemoglobin
concentration.

• Identification of changes
in activity and functional
areas of the brain
associated with appetite,
nutritional intake, and
eating behavior.

Belaich, R. et al. [40]
van Opstal, A.M. et al. [41]

Hawton, K. et al. [42]
Dong, D. et al. [43]

3.2. MRI for Structural Evaluation: MRI-Based Assessment of Body Fat Distribution

Assessment of body fat composition could be performed using imaging techniques,
including radiography, CT, and MRI (Figure 1) [44,45]. MRI was reported to accurately
and reliably assess body fat distribution and characteristics [46,47]. T1-weighted imaging
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was reported to differentiate between the proton signals from water and fat owing to their
different T1 relaxation times. Adipose tissue appeared bright on T1-weighted images, and
this feature was used for the quantification of subcutaneous adipose tissue, visceral adipose
tissue, bone marrow fat, and intermuscular adipose tissue. In addition, T1-weighted
imaging was used to assess muscular fat infiltration in neuromuscular disorders [2,48]. The
use of MRI for the evaluation of adipose tissue was reviewed and reported [49].

Figure 1. Separated fat (A) and water (B) MRI of an obese individual. Panel (C) depicts the fat

overlayed in color on the water grayscale image. From Seabolt et al. (2015), with permission.

In patients on dialysis, albumin and prealbumin were reported to be associated with
nutritional and inflammatory statuses. Molfino et al. [3] evaluated the contribution of
adiposity to prealbumin levels in patients receiving dialysis. Of 48 patients receiving
hemodialysis, the total skeletal muscle mass and visceral and subcutaneous adipose tissues
were measured using MRI. Prealbumin was positively associated with visceral adipose tis-
sue and negatively associated with interleukin-6 (IL-6). In contrast, albumin was positively
associated with the normalized protein catabolic rate (nPCR) and negatively associated
with IL-6, but not with any measure of adiposity. Prealbumin, similar to albumin, was
associated with markers of nutrition (nPCR) and inflammation, although, unlike albumin,
prealbumin levels were positively associated with visceral adiposity [3].

Regarding other reports not limited to patients on dialysis, two studies were reviewed
that investigated the relationship between diet and the volume of adipose tissue in various
locations (for example: visceral, subcutaneous abdominal, and trunk adipose tissues), and
MRI was used to quantify the adipose tissue [4,5]. There has also been a report of fatty
deposits in the liver that were assessed by MRI on the basis of the liver signal intensity [50].
These reports aimed to compare the associations of dietary patterns with liver fat contents.
Moreover, there is an interesting report about fat tissue in the epidural space (epidural fat
(EF), Figure 2) [6]. Overt accumulation of EF, referred to as spinal epidural lipomatosis
(SEL), can compress the spinal cord, leading to the development of neurological symptoms,
such as lower back pain. MRI is useful for the evaluation of EF; studies in which MRI was
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used have shown that it is statistically significantly associated with metabolic syndrome
(Table 2) [6] and visceral and liver fat deposition [6–8].

Figure 2. Cross-sectional area of epidural fat (EF) * and the spinal canal **. From Ishihara et al. (2019),

with permission.

Table 2. Association of metabolic syndrome with SEL.

Prevalence of
SEL

p Value with
Chi-Square Test

Odds Ratio * 95% CI p Value *

Metabolic
syndrome

No (N = 267) 7.1% (N = 19) <0.01 Ref. 0.01
Yes (N = 57) 19.3% (N = 11) 3.9 1.5–9.8

CI, confidence interval; SEL, spinal epidural lipomatosis; Ref., reference value. * Adjusted for age, gender, smoking habit, and drinking
history. From Ishihara et al. (2019), with permission.

3.3. MRI for Structural Evaluation: Evaluation of Muscle Mass by MRI

Because the resonance frequency of protons in water and in fat is different, MRI can
distinguish between the two; therefore, MRIs can provide high contrast between fat and
water, which allows for an accurate assessment of muscle mass. Skeletal muscle mass
and function were reported to be negatively affected by a variety of conditions inherent
to chronic kidney disease (CKD) and dialysis treatment in a study. Skeletal muscle mass
and function served as indicators of the nutritional and clinical state of patients with
CKD, and low values or derangements over time were strong predictors of poor patient
outcomes [9]. However, muscle size and function can be affected by different factors,
may decline at different rates, and may have different patient implications. Therefore,
operational definitions of frailty and sarcopenia have emerged to encompass these two
dimensions of muscle health, that is, size and functionality.

Johansen et al. [10] investigated 38 patients on dialysis and 19 healthy sedentary
controls and used an MRI of the lower leg to determine the total cross-sectional area and
the area of contractile and non-contractile tissues of the ankle dorsiflexor muscles. Patients
on dialysis were less active and walked more slowly than the control subjects. The total
muscle compartment cross-sectional area was not significantly different between patients
on dialysis and the healthy controls; however, the contractile cross-sectional area was
smaller in the dialysis patients even after adjustment for age, sex, and physical activity.
Significant atrophy and increased non-contractile tissue were present in the muscles of
patients undergoing dialysis [10].

Another research group used MRI to accurately assess muscle mass [11]. They re-
cruited 105 adult participants on maintenance hemodialysis. The psoas, paraspinous,
and mid-thigh muscle areas were measured using an MRI, and the lean body mass was
measured using a dual-energy absorptiometry scan. The results showed that the psoas,
paraspinous, and mid-thigh muscle areas were associated with an increase in lean body
mass. The psoas muscle area provided a better measure of whole-body muscle mass than
the paraspinous muscle area but was a slightly inferior measurement to the mid-thigh
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measurement. This study showed that, in body composition studies, a single axial MRI at
the L4–L5 level can be used to provide information on both fat and muscle.

Gamboa et al. [12] used MRI to investigate whether the combination of nutritional
supplementation and resistance exercise would have additive effects on muscle mass. They
found that six months of nutritional supplementation during hemodialysis increased the
muscle protein net balance and mid-thigh fat area. Three months of nutritional supplemen-
tation also increased the markers of mitochondrial content in the muscle. They concluded
that the study was underpowered for the detection of differences; the combination of
nutritional supplementation and exercise failed to show further benefit in protein accretion
or muscle cross-sectional area [12]. Other studies have used MRI as a method to measure
muscle mass in patients on dialysis [13,14].

Wells et al. [15] studied the relationship between total body protein and the cross-
sectional skeletal muscle area in liver cirrhosis using MRI and found that overhydration
influenced the skeletal muscle area. Although this report was not a study on dialysis
patients, it provided interesting suggestions that need to be taken into consideration when
measuring muscle mass in dialysis patients with excess fluid volume.

3.4. MRI for Structural Evaluation: Simultaneous Evaluation of Multiple Tissues by MRI

As mentioned above, because MRI depicts water and fat separately with good contrast,
it is also possible to assess muscle mass and fat components simultaneously. Similar body
compositions were obtained in a comparative evaluation using MRI and the bioimpedance
method [16].

A similar study was reported in patients on dialysis [17]. This study used multi-
frequency bioimpedance spectroscopy (BIS) of the arm and whole body to estimate muscle
mass and subcutaneous adipose tissue in patients receiving hemodialysis by comparing
these results with those of MRI. Total body and arm muscle mass and subcutaneous adipose
tissue were measured using MRI. Correlations between MRI and the BIS model were high
for the arm and whole body subcutaneous adipose tissues and arm and whole-body muscle
mass. The results of this study indicated that total body muscle mass and subcutaneous
adipose tissue can be predicted accurately, using arm BIS models with the advantages of
convenience and portability, and it could be useful in assessing the nutritional status of
hemodialysis patients.

MRI can also quantify the fatty components in the bone marrow [51], liver, and
muscle. A study used quantitative MRI to assess yearly disease progression in patients
with facioscapulohumeral muscular dystrophy type 1 [52]. The MRI Dixon technique (a T1-
weighted imaging method for fat suppression with capabilities of enhancing the contrast
between water and fat) was used to evaluate muscle fat replacement. The result showed
that MRI detected the progression of the disease, often before changes could be appreciated
in strength and functional tests. Considering the ability of MRI to measure fat and muscle
simultaneously, the authors expected that MRI will also be useful in accurately classifying
sarcopenia. It is noteworthy that the results of the MRI evaluation significantly correlated
with a clinical diagnosis of normal obesity, sarcopenia, and sarcopenic obesity [18].

3.5. MRI for Structural Evaluation: Measurement of the Size of Organs by MRI

There have been reports of MRI being used to measure the volume of various organs
accurately, including the brain. Conventional brain MRI can also be a useful method to
study the relationship between the nutritional status and the degree of brain degeneration
and atrophy.

A study, not conducted on patients with CKD, reported that malnutrition and lower
vitamin B1 and B12 levels were independently associated with a risk of white matter
hyperintensities in brain MRI [19]. There are studies that have performed simultaneous
assessment of the brain and skeletal muscle or brain and fat. Bourdel-Marchasson et al. [20]
evaluated both the brain and muscles of participants using a T1-weighted MRI. Sarcopenia
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features were more frequent in frail subjects than in prefrail subjects and were associated
with a decrease in gray matter volumes involved in motor control [20].

3.6. Diffusion-Weighted MRI and Diffusion Tensor Imaging

DWI is an MRI technique that utilizes the diffusion phenomenon caused by the
Brownian motion of water molecules in tissues. It was first reported by Le Bihan in 1986 [53].
It is now an indispensable imaging method for the diagnosis of acute cerebral infarction.
Cellular edema is induced in acute cerebral infarction, and the extracellular fluid space
becomes narrow. Therefore, the movement of water molecules in the extracellular fluid
space is restricted, and the signal is higher than that of the surrounding brain parenchyma.
Similarly, in cancerous tissues, the cell density is high, and the intercellular space is
narrowed, resulting in a strong high-intensity signal. The apparent diffusion coefficient can
be calculated from the results of imaging with two or more different b-values; although this
coefficient is a quantitative value of DWI, it is relative to the image and not standardized.

While the apparent diffusion coefficient map of DWI is useful for assessing acute
strokes and malignancies, its use in the field of nutritional science is less common. DTI,
an extension of DWI technology, is a means of assessing nerve fiber structure in the white
matter and spinal cord [54] and is often used to investigate the relationship between
nutrition and the cranial nerves.

The DWI is an imaging method that documents the degree of diffusion of water
molecules due to thermal motion. Diffusion usually occurs in a disordered manner, that is,
if there is no structure that hinders diffusion, the diffusion direction of a certain proton is
three-dimensionally equivalent in all directions and is spherical. This is called isotropic
diffusion. However, when there is a structure that restricts the movement of protons, the
direction of diffusion is biased, which is called anisotropic diffusion. Taking the central
nervous system as an example, nerve fibers are regularly arranged in the same direction in
the white matter. In such a structure, it can be considered that protons diffuse easily along
the axons but not in the direction across the thick lipid-covered nerve fibers. The anisotropic
diffusion index is called the fractional anisotropy (FA) value. Using this principle, a method
called DTI was devised for imaging the course of nerve fibers in the brain and spinal cord.

In a study that compared brain structures using DTI in patients on hemodialysis
to individuals without known kidney disease, using FA and mean diffusivity, patients
on hemodialysis had a significantly lower FA across multiple white matter fiber tracts.
Similarly, patients on hemodialysis had significantly higher mean diffusivity in multiple
anterior brain regions. In patients on hemodialysis, white matter disease in the anterior
parts of the brain is more common than in the posterior parts compared to that in controls
without kidney disease. This pattern of injury is similar to that observed in aging, suggest-
ing that developing CKD, and finally, kidney failure, may result in a phenotype consistent
with accelerated aging [21].

A research report, not limited to only patients on dialysis, evaluated the beneficial
effects of long-chain omega-3 polyunsaturated fatty acids (LC-n3-FA) on white matter mi-
crostructural integrity based on the FA value [22]. Other similar studies reported that breast
milk feeding in low-birth-weight infants was associated with increased FA values in the
white matter, which implied an improved structural connectivity of developing networks
in the white matter [23,24]. This means that feeding of breast milk is linked to improved
neurodevelopmental outcomes. In addition to breast milk, MRI studies have shown that
adequate caloric intake, including fat, during infancy is important for the volume of cortical
gray matter and the degree of white matter development, which was evaluated by DTI [25].
Using DTI, the influence of alcohol use during adolescence on white matter microstructure
was investigated [26]. Decreased FA was found in moderate-to-heavy drinking men, which
suggested the association between alcohol use and neural development.

As described above, DTI can be used to assess nutrition, brain development, and atro-
phy through the evaluation of brain microstructure and is considered to be a particularly
useful tool for obtaining information on white matter.
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3.7. Arterial Spin Labeling

Perfusion is the tissue blood flow at the capillary level and plays an important role
in transporting gases, such as oxygen and carbon dioxide, and supplying local energy. It
can be evaluated by the contrast effect of the organs and tissues by the contrast medium.
MRI is performed using a gadolinium contrast medium. Instead of these extrinsic tracers,
the ASL method magnetically labels the blood flowing into the organs and uses it as an
intrinsic tracer [55]. The “contrast effect” is low; hence, the signal-to-noise ratio is low.
Based on this principle, it uses the difference between the magnetically-labeled state and
un-magnetically-labeled state; thus, ASL is a subtraction image in principle. With the
spread of MR equipment and a static magnetic field of 3.0 Tesla, this imaging method
has become clinically feasible. It is a completely non-invasive method because perfusion
images can be obtained without using a contrast medium, and it can be said that it is an
excellent diagnostic imaging method that takes advantage of MRI.

Although the following studies were not conducted on patients with CKD, their
findings suggested an association between nutrition and cerebral blood flow. A study found
that prenatal undernutrition was associated with differences in brain perfusion during older
age evaluated using ASL [27]. Early nutritional deprivation may cause irreversible damage
to the brain and may affect cognitive function in older adults. The effects of flavonoids,
dietary nitrate, and caffeine on brain perfusion have also been evaluated using ASL [28–30].
ASL also demonstrated clearly that alcohol increased cerebral perfusion [31,32]. It has
also been confirmed that the degree of increase in cerebral blood flow varies from region
to region [45,46]. In interventional studies, the same subject can be evaluated repeatedly
because ASL does not require the use of contrast media.

3.8. Magnetic Resonance Elastography

MRE is an imaging method used to evaluate the elasticity and viscosity of living
organisms using MRI. The basic principle was reported in the journal Science in 1995 [56],
as follows: protons, which are the basis of MR signals, are rotating, and the signals obtained
from protons by MR equipment are vector quantities. Usually, the “magnitude” is imaged.
This is why they are called “T1-weighted images” or “proton-weighted images.” However,
MRE can be said to use the phase information, that is, the “phase contrast-based” MRI
technique. In practice, MRE requires ordinary MR equipment, a vibration generator
(a speaker that generates air vibrations, a tube that transmits the vibrations, and a pad that
attached to the thorax), and software for image analysis. It is mostly used to evaluate the
liver. It is used to evaluate fibrosis in liver cirrhosis because vibrations are transmitted
faster in hard materials. In nutritional research, MRE is mostly used to evaluate fatty liver
and assess the degree of progression of cirrhosis [35].

3.9. Magnetic Resonance Spectroscopy

MRS is a non-invasive method for measuring the composition and quantity of com-
pounds in tissues and detecting the amount and spatial distribution of various molecular
compounds, which are involved in metabolism [57]. It has already been mentioned that
atoms, such as 1H (protons), have a Larmor precession at a specific frequency when placed
in a static magnetic field. This frequency depends on the magnitude of the static magnetic
field. Even for the same proton, the magnitude of the static magnetic field acting on the
proton will differ owing to differences in electron distribution caused by the influence
of surrounding atoms and substituents (this is called the “shielding effect”). As a result,
protons in water and those in lactic acid, for example, have different resonance frequencies,
even if the static magnetic field added by the apparatus is the same. This difference in
frequency is called a chemical shift. When MR signals are collected for protons, the signals
from protons in water molecules overwhelmingly dominate the entire signal. However,
by precisely resolving the frequency, signals from protons in other compounds can be
captured. This is the basic principle of MRS. Unlike NMR systems that analyze compounds,
medical MR equipment has a small static magnetic field; thus, 1H-MRS is mainly used
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for protons. In proton MRS (1H-MRS), the targets of measurement are creatine, choline,
N-acetyl-acetate, citrate, lactate, and lipids [58]. In addition, when using a high-magnetic
field device, it is expected that it will be possible to measure substances related to energy
metabolism, such as ATP, based on signals from 31P (phosphorus).

Several studies, not limited to patients with chronic kidney disease, utilizing the MRS,
have reported about the relationship between brain metabolism and nutrition. Normal
brain cells depend on glucose metabolism, yet they have the flexibility to switch to the
usage of ketone bodies during caloric restriction. In contrast, tumor cells lack genomic and
metabolic flexibility and are largely dependent on glucose levels. Hence, a ketogenic diet
(KD) has been suggested as a therapeutic option for malignant brain cancer. A 1H-MRS
was, in fact, able to visualize the effects of treatment in patients with brain tumors who
adhered to a KD [36]. Moreover, a 1H-MRS detected metabolic effects in different brain
regions caused by food consumption [37]. It was also reported that dairy food consumption
was associated with cerebral glutathione concentrations in older adults [38]. These data
showed that the 1H-MRS is a non-invasive tool suitable for nutritional assessment. Cheng
et al. used a 1H-MRS and a dual-echo in-phase and out-phase MRI (dual-echo MRI) to
assess the effects of dietary nutrient intake on hepatic lipid content [39]. In their conclusion,
hepatic fat content was associated with high-energy, high-fat, and high-saturated fatty
acid intake, quantified by 1H-MRS and dual-echo MRI. The method of simultaneously
evaluating the same organ under multiple conditions is also called “multiparametric MRI”
and is currently attracting attention as a multifaceted evaluation method unique to MRI
that is not possible with X-ray CT.

3.10. Blood Oxygenation Level-Dependent–MRI

BOLD MRI is an MRI technique originally used to study the active areas of the
brain [59]. Many studies have been reported on areas of brain activity related to taste,
smell, and food perception, and many of the papers are closer to neuroscience research
than nutrition research. As for reports related to nutritional science, there are many
studies examining the relationship between dietary content, overeating, obesity, and central
nervous system, especially brain function.

In a study, functional BOLD-MRI maps of the motor area were obtained from a patient
receiving hemodialysis before and after a hemodialysis session. This report demonstrated
a decrease in the maximum intensity of BOLD response, while the BOLD area increased in
the primary motor cortex after hemodialysis. These changes were involved with oxidative
stress levels. It is known that oxidative stress is systematically increased in patients
on hemodialysis after the hemodialysis process. The BOLD-fMRI shows a remarkable
sensitivity to brain plasticity and reorganization of the functional control of the studied
cortical area. The results also confirmed the superiority of the BOLD-MRI compared with
the biological method used for assessing oxidative stress generated by hemodialysis [40].

A report, not about patients receiving dialysis, was based on the fact that the human
brain is essential for regulating the intake of food and beverages by balancing energy
homeostasis with reward perception. Using BOLD MRI, the effects of ingestion of glucose,
fructose, sucrose, and sucralose (a non-caloric artificial sweetener) on the magnitude of
brain responses was investigated. The results demonstrated that, while the brain responded
directly and readily to glucose as a preferred source of energy in the brain, it may not have
responded as efficiently to other sugars [41]. Other research results on the relationship
between eating behavior and brain activity using BOLD MRI have also been reported [42,43]
and are considered to be important basic research results for effective diet planning from
the aspects of brain science and behavior.

4. Conclusions

Relevant observations from multiple published reports on the plethora of uses of
MRI in nutritional science research have been summarized in this article, along with an
overview of the principles of each imaging method. For morphological assessment, MRI
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has been widely reported to be useful for body composition analysis and can provide
comprehensive and quantitative assessment values. Since it is a completely non-invasive
method that does not use ionizing radiation, it is expected to have an increasingly wider
application than X-ray CT. DTI was frequently used in conjunction with conventional MRI
to evaluate the structure of cerebral white matter. ASL was reported to be an important
evaluation method for cerebral blood flow because it does not use contrast media and has
a relatively wide evaluation range. Although the constituents that can be evaluated with
MRS are limited, the evaluation of metabolic products has been demonstrated to provide
important information that cannot be obtained using urine or blood tests, because MRS
involves location information. BOLD MRI, referred to as an fMRI of the brain, has been
found to provide information on the neuroscience of eating behavior and cognition related
to eating, olfaction, vision, and appetite. Nutritional science is a multidisciplinary and
comprehensive field of research; therefore, there are many different applications of MRI.
The use of MRI as a candidate evaluation tool is recommended for future research.
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