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Abstract

Creatine is one of the most widely used nutritional supplements and has a well-established
role in cellular energy metabolism, skeletal muscle performance, and exercise capacity.
More recently, growing evidence suggests that its biological effects extend beyond
ergogenic benefits to include the preservation of muscle mass and strength,
neuroprotection, modulation of inflammation and oxidative stress, and maintenance of
cellular homeostasis. These properties are particularly relevant in clinical conditions
characterized by sarcopenia, frailty, and neurocognitive impairment, including chronic
kidney disease (CKD) and aging. At the same time, concerns persist about the renal safety
of creatine supplementation, especially in individuals with impaired kidney function.
Emerging data also indicate that creatine may influence gut physiology by modulating
intestinal barrier integrity, immune responses, and inflammatory pathways. Given the
widespread and growing use of creatine among athletes, older adults, and patients with
chronic diseases, a comprehensive evaluation of its pleiotropic effects is timelys This
narrative review aims to critically examine the current evidence regarding the renal safety
of creatine supplementation, its effects in patients with CKD, and its potential-benefits for
sarcopenia, cognitive function, and the gut microbiota. Mechanistic, experimental, and
clinical evidence is integrated to provide a comprehensive overview, of creatine as a
promising nutritional strategy for CKD management.

Keywords: cognition, creatine, gut microbiota, intestinal health, kidney, sarcopenia
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Introduction

Creatine, derived from the Greek word Kreas (meat), was first identified in 1835
by the French scholar Michel Chevreul as a component of skeletal muscle. However, it was
only in 1847 that this was confirmed by the researcher Justus Liebig, who also noted that
wild foxes had higher levels of creatine than captive foxes (1).

Creatine is a naturally occurring guanidino compound, a member of a family of
nitrogen-containing metabolites involved in arginine and energy metabolism. It is
synthesized endogenously (~1 g/day) from the amino acids arginine, glycine, and
methionine through a two-step process involving the kidneys, pancreas, and liver. In
addition to endogenous synthesis, humans obtain approximately 1-2 g/day of creatine from
dietary sources (2).

Despite endogenous production and dietary intake, creatine supplementation ‘has
gained considerable attention because it can further increase intramuscular ¢teatine.stores
beyond basal levels. Indeed, creatine supplementation is one of the,most extensively
studied and widely used ergogenic strategies, particularly among athletestand physically
active individuals, due to its well-established ability to enhance muscle mass, strength, and
exercise performance. These effects are primarily attributed to ‘its central role in cellular
energy metabolism, which increases phosphocreatine“availability and facilitates rapid
adenosine triphosphate (ATP) resynthesis, thereby attenuating fatigue and reducing protein
degradation, branched-chain amino acid catabolismyand muscle proteolysis (3).

In addition to its well-establishéd ergogenic effects, accumulating evidence
indicates that creatine exerts multiple.pleiotropic actions, including cytoprotective effects,
attenuation of oxidative stress and inflammation, preservation of mitochondrial function,
regulation of apoptosis, and neuroprotective properties. These mechanisms may contribute
to the beneficial effects of creatine supplementation in conditions characterized by muscle
wasting and sarcopenia, particularly when combined with resistance exercise, supporting
the rationale fordnvestigating its potential therapeutic applications beyond sports nutrition
(4-7).

Therefore, creatine supplementation has been increasingly investigated as a
possible. adjuvant intervention in chronic conditions where energy metabolism is
compromised and there is skeletal muscle dysfunction. This growing interest has recently
extended to chronic kidney disease (CKD), a condition characterized by profound
metabolic, nutritional, and functional disturbances that progressively impair skeletal

muscle health and energy metabolism. Patients with CKD frequently experience
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sarcopenia, muscle weakness, fatigue, reduced physical performance, cognitive
impairment, chronic inflammation, and poor quality of life. Among these complications,
sarcopenia is particularly prevalent and clinically relevant, as it is associated with impaired
functional status, increased risk of hospitalization, progression to frailty, and higher
mortality. Given the central role of creatine in cellular energy homeostasis, muscle
metabolism, and mitochondrial function, these pathophysiological alterations provide a
plausible biological rationale for investigating creatine supplementation as a potential
adjunctive strategy in CKD (8-11).

Despite these promising biological properties, the use of creatine in CKD remains
controversial because of longstanding concerns regarding its renal safety. This concern
largely stems from the fact that creatine metabolism increases serum creatifiine
concentrations and from the misconception that creatine itself may be nephrotoxie. Curtent
evidence from healthy individuals and several non-CKD clinical populationsshas not
demonstrated consistent adverse effects on kidney function when creatine-is used at
recommended doses. However, evidence regarding its renal safety in patients with CKD,
particularly those not receiving dialysis, remains limited. Furthermore, the optimal dosage,
long-term safety profile, and potential effects of creatine supplementation on CKD
progression have not yet been established (12,13).

This narrative review aims to critically examine the available evidence on the
effects of creatine supplementation on kidney‘health, sarcopenia, and emerging evidence
regarding cognition and gut microbiota,, with/particular emphasis on its potential
application in CKD. We discuss mechanistic’pathways, preclinical and clinical findings,
renal safety considerations, methodological limitations of the available literature, and
critical knowledge gaps that(should'be addressed in future studies to better define the
efficacy, safety, and potential role of creatine supplementation in the management of
patients with CKD.

Methods

This narrative review was conducted using a structured literature search to identify
and synthesize the available evidence regarding creatine supplementation and its potential
implications for CKD. Electronic searches were performed in the PubMed/MEDLINE,
Scopus, and Web of Science databases for articles published in English up to June 2026.
The search strategy included combinations of the following keywords and Medical Subject
Headings (MeSH), when applicable: creatine, creatine supplementation, chronic kidney

disease, renal function, kidney health, hemodialysis, sarcopenia, skeletal muscle, physical
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performance, cognition, gut microbiota, oxidative stress, and inflammation. Additional
relevant publications were identified through manual screening of the reference lists of
eligible articles.

The review prioritized systematic reviews, meta-analyses, randomized controlled
trials, and observational studies involving patients with CKD whenever available. Because
clinical evidence in CKD remains limited for several topics addressed in this review,
mechanistic studies, animal experiments, and investigations conducted in healthy
individuals or other clinical populations were also included to provide biological context
and support the discussion of potential mechanisms. Findings from these studies are
presented with appropriate consideration of their level of evidence and are not intended to
establish clinical efficacy or safety in patients with CKD.

Studies were selected based on their relevance to one or more of the following
topics: creatine metabolism, renal safety, skeletal muscle health, sarcopenia, physical
function, cognition, gut microbiota, and potential therapeutic applications ‘of-ereatine in
CKD. Editorials, conference abstracts without sufficient methodological” information,
duplicate publications, and studies not directly related to the scope of this review were not
considered.

As this is a narrative review, no formal assessment of methodological quality or
risk of bias was performed, and no quantitative evidence’synthesis (meta-analysis) was
undertaken. The objective was to critically appraise'the current body of evidence, identify
areas supported by clinical data, distinguish these from findings derived primarily from
experimental research, and highlight “important knowledge gaps to guide future
investigations.

Creatine

Creatine (methylguanidinoacetic acid) is a naturally occurring nitrogen-containing
guanidino compound‘synthesized from the amino acids glycine, arginine, and methionine.
Although derived from amino acids, creatine is classified as a non-proteinogenic amino
acid derivative.rather than a peptide because it lacks peptide bonds (4).

Creatine homeostasis depends on the balance between endogenous synthesis,
dietary “intake, tissue uptake, and intracellular utilization. Creatine is synthesized
endogenously (predominantly in the kidneys) through a two-step pathway. First, L-
arginine: glycine amidinotransferase (AGAT) catalyzes the transfer of the amidino group
from arginine to glycine, generating guanidinoacetate (GAA). Subsequently, in the liver,

guanidinoacetate  N-methyltransferase =~ (GAMT) methylates GAA using S-
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adenosylmethionine, derived from methionine, to produce creatine. After entering the
circulation, creatine is transported into target tissues by the sodium- and chloride-
dependent creatine transporter (SLC6AS), with approximately 95% stored in skeletal
muscle and the remainder distributed mainly to the brain and other tissues. Within cells,
creatine is reversibly phosphorylated by creatine kinase to phosphocreatine, which serves
as a rapidly available high-energy phosphate reservoir for ATP regeneration during periods
of increased energy demand (4,14)(Figure 1). Approximately 1-2% of total body creatine
is spontaneously converted into creatinine each day and excreted by the kidneys (13).

Because endogenous creatine synthesis partially occurs in the kidneys, CKD may
influence creatine homeostasis through reduced renal synthetic capacity, dietary
restrictions, impaired nutritional status, and progressive skeletal muscle wasting. However,
the clinical relevance of these alterations and the extent to which they contribute to creatine
deficiency in CKD remain incompletely understood.

In addition to endogenous production, dietary intake contributes-an additional 1-2
g of creatine per day, mainly from fish and fresh meats (Figure 2):. Fish, particularly
herring, show the highest creatine concentrations, followed by pork, salmon, and beef.
Moderate levels are observed in tuna and chicken, while lower concentrations are found in
cod and flounder. Milk contains negligible amounts of ¢reatine (15).

Given its fundamental role in ATP regeneration and cellular energy homeostasis,
creatine supplementation has been extensively, investigated as a strategy to improve
skeletal muscle performance and preserve'lean body mass. Evidence from experimental
studies and clinical trials suggests that.the reported effects of creatine supplementation on
skeletal muscle are mediated by three interconnected mechanisms: (1) osmotic regulation
of cellular signaling, (2) stimulation of myogenic and anti-catabolic pathways, and (3)
enhanced energy availability, Sifice it increases intramuscular phosphocreatine (PCr) stores
by approximately 20%, thereby expanding the readily available high-energy phosphate
pool used to regenerate ATP during high-intensity exercise. This enhanced ATP buffering
capacity delays_fatigue, improves recovery between repeated exercise bouts, and enables
greater training volume and intensity, ultimately contributing to increases in muscle mass
and‘strength (16,17).

Experimental studies suggest that creatine supplementation increases intracellular
osmotic pressure and muscle water content, which may act as anabolic stimuli promoting
cell growth. Creatine has also been shown in experimental models to modulate several

signaling pathways involved in muscle hypertrophy and regeneration, including PI3K—
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Akt-mTOR, SPHKI1/MAPK/p38/MRFs, actin polymerization, and myoblast fusion,
thereby enhancing muscle protein synthesis. Experimental evidence also suggests that
creatine supplementation may attenuate muscle protein breakdown by reducing leucine
oxidation, thereby preserving this essential amino acid for anabolic signaling rather than
its utilization as an energy substrate (17,18) (Figure 3). Although these mechanisms
provide a plausible biological rationale for creatine supplementation, their clinical
relevance in patients with CKD has not yet been fully established owing to the limited
number of adequately powered clinical trials.

Creatine monohydrate is the most extensively studied form of creatine
supplementation. The traditional protocol consists of a loading phase of approximately 20
g/day (0.3 g/kg/day) for 5-7 days, followed by a maintenance dose of 3—5 g/day (0:03
g/kg/day). Although the loading strategy rapidly saturates muscle creatine stores, similar
saturation can be achieved after 3—4 weeks with daily doses of 3—5 g alone”(19)..Recent
estimates suggest an adequate intake of approximately 400 mg/day for men’and 240
mg/day for women to maintain creatine homeostasis (15).

Regulatory recommendations for creatine supplementation differ across countries.
EFSA (Europe) recognizes efficacy at intakes >3 g/day, whereasiAnvisa (Brazil) considers
up to 5 g/day safe. In contrast, the FDA (USA) -does\not establish specific dose
recommendations, regulating creatine as a dietary supplement, while ANSES (France)
adopts a more conservative limit of 3 g/day (20-23)./These recommendations, however,
are intended for the general population and\should not be interpreted as specific guidance
for patients with CKD, for whom evidence regarding the optimal dose and long-term safety
of creatine supplementation remainsiinsufficient.

Systematic reviews .and¥meta-analyses consistently demonstrate that creatine
supplementation improves-muscle strength, lean body mass, and physical performance in
healthy individuals, particularly when combined with resistance exercise (Table 1). These
findings providea strong biological rationale for investigating creatine supplementation as
an adjunctivesstrategy to counteract sarcopenia and functional decline in CKD. Indeed,
studies have ‘consistently reported no increased risk of adverse events or clinically
meaningful evidence of renal toxicity associated with creatine monohydrate
supplementation across a broad range of doses and supplementation protocols. For
example, a recent meta-analysis including 684 randomized controlled trials and more than
12,800 participants confirmed the favorable overall safety profile of creatine monohydrate

(24).
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However, whether these benefits translate to patients with kidney disease remains
uncertain because the available CKD-specific evidence is limited, being derived primarily
from small, short-term studies and should be interpreted with caution until confirmed by
adequately powered randomized clinical trials (24). These uncertainties highlight the need
for well-designed randomized controlled trials incorporating robust assessments of kidney
function and clinically relevant renal outcomes before creatine supplementation can be
routinely recommended for patients with CKD.

Creatine Supplementation and Renal Function

Despite longstanding concerns regarding renal safety, current evidence has not
demonstrated consistent adverse effects of creatine monohydrate supplementation on
kidney function when consumed at recommended doses in healthy individuals and other
non-CKD clinical populations. Creatine supplementation may transiently increase serum
creatinine concentrations as a consequence of increased creatine turngver vand the
spontaneous conversion of creatine to creatinine rather than as a result of impaired kidney
function (13,25,26). Consequently, creatinine-based estimates of glomerular'filtration rate
(eGFR) should be interpreted cautiously during creatine supplementation, as changes in
serum creatinine may not accurately reflect changes in kidney function (12).

Clinical studies and systematic reviews condueted predominantly in healthy
individuals have generally reported no adverse effects, on estimated glomerular filtration
rate (¢éGFR), proteinuria, albuminuria, or otherroutinely assessed markers of kidney injury.
Lugaresi et al. (2013) evaluated healthy resistance-trained individuals who were
supplemented with creatine monohydrate,using a loading phase of 20 g/day for 5 days,
followed by 5 g/day for 3 months, and found no impairment in renal function(26).
Complementary observational analyses also found no association between creatine
supplementation and impaired kidney function, further supporting its apparent renal safety
in individuals withoutpre-existing kidney disease (27). Nevertheless, these findings cannot
be directly extrapolated to patients with CKD because the underlying renal physiology and
susceptibilitysto kidney injury differ substantially between these populations.

A ‘systematic review and meta-analysis evaluating the renal safety of creatine
supplementation found no evidence that creatine induces kidney damage within the doses
and-ntervention periods investigated (28). Another systematic review of 21 studies and a
meta-analysis of 12 studies found that creatine supplementation was associated with a small
increase in serum creatinine, particularly during the first week, but no significant change

in eGFR (12). More recently, Tsiaras et al. (2026) conducted another systematic review

920z 1snbny ¢ uo Jasn issueydmny 18]I [uexequnywnd Aq $5z20G/8/691BeIBAPU/SE0L 0 L/10p/a]o1e-80uBADPE/PU/WOD dNODlWSpeIE.//:SdlY WOl papeojumoq



248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

and meta-analysis of 19 RCTs and 1 double-blind crossover study and observed that
creatine supplementation was associated with a modest increase in serum creatinine, but
no significant changes in blood urea concentrations or eGFR compared with placebo (13).

Importantly, the majority of participants included in these meta-analyses were
healthy individuals or patients without CKD. Consequently, although these findings
support the absence of consistent nephrotoxicity in these populations, they do not establish
the renal safety of creatine supplementation in patients with CKD, particularly those not
receiving dialysis or those undergoing long-term supplementation.

Although serum creatinine is the most commonly reported marker in studies
evaluating creatine supplementation, interpretation of this biomarker requires caution:
Creatinine-based estimates of GFR may underestimate renal function duting
supplementation. Therefore, future clinical trials evaluating the renal safety of creatine
supplementation in CKD should incorporate renal outcomes that are not influenced by
creatine metabolism, including cystatin C-based eGFR, directly measured GFR-whenever
feasible, albuminuria or proteinuria, biomarkers of tubular injury, *ahd -clinically
meaningful renal outcomes such as CKD progression, acute kidney_ injury, initiation of
kidney replacement therapy, and mortality. Such measure§ are particularly relevant for
studies involving patients with CKD, in whom accurat€rassessment of kidney function is
essential (13,29).

Although evidence remains limited, randomized clinical trials conducted in selected
chronic disease populations without advaneed CKD have similarly reported no clinically
meaningful deterioration in kidney function following creatine supplementation. These
studies provide supportive safety data; however, they should be interpreted within the
context of their specific populations and should not be considered direct evidence for
patients with CKD.

A randomized;,double-blind, placebo-controlled trial in patients with symptomatic
peripheral arterial disease observed that creatine monohydrate supplementation (20 g/day
for 7 days, followedby 5 g/day for 7 weeks) was associated with improvements in walking
distance, and\no significant changes were observed in serum creatinine, creatinine
exefetion, or creatinine clearance (30). Similarly, a randomized crossover trial in juvenile
dermatomyositis demonstrated that creatine supplementation (0.1 g/kg/day for 12 weeks)
was well tolerated and did not affect kidney function, although no clinical benefits were
observed (31). Another randomized, placebo-controlled trial in patients with fibromyalgia

showed that 16 weeks of creatine supplementation improved muscle strength and increased
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intramuscular phosphocreatine content without affecting kidney function (32). In pediatric
patients with systemic lupus erythematosus, 12 weeks of creatine supplementation (0.1
g/kg/day) did not alter kidney function, as measured by the gold-standard Cr-EDTA
clearance, and was not associated with adverse events, supporting the renal safety of
creatine supplementation in this clinical population. No significant effects were observed
on muscle function, body composition, or quality of life (33). In patients with Parkinson's
disease, a randomized, placebo-controlled trial showed that over 2 years of 4 g/day creatine,
no changes were observed in other markers of glomerular or tubular function, particularly
cystatin C, indicating preserved kidney function (34).

Taken together, these findings provide biological plausibility and supportive safety
data for investigating creatine supplementation in CKD. However, evidence specifie, to
CKD remains limited, being derived primarily from small, short-term studies in” patients
receiving hemodialysis. Therefore, adequately powered randomized clinical/Arials.are still
needed to determine the efficacy, optimal dosage, long-term renal safety,and/potential
effects of creatine supplementation on CKD progression before it can be reeommended in

this population.

Creatine Supplementation in Patients with CKD

The first clinical study investigating creatine supplementation in CKD was
published in 2008 and included patients undergoing hemodialysis. Supplementation with
2 g/day for four weeks primarily altered thecirculating profile of guanidino compounds by
suppressing endogenous creatine synthesis, without clinically relevant adverse effects.
However, the study was designed to,evaluate metabolic changes rather than functional or
clinical outcomes (35).

More than a decade later, a four-week randomized, double-blind, placebo-
controlled trial demonstrated that creatine supplementation (20 g/day for one week
followed by 5 g/day for three weeks) was associated with improvements in malnutrition—
inflammationw.scores and attenuated lean body mass loss in patients undergoing
hemodialysis compared with placebo (36). Subsequent small clinical studies have provided
preliminary evidence suggesting that creatine supplementation may improve nutritional
status, and selected measures of physical function in patients undergoing hemodialysis.
Improvements in lower-limb muscle strength and quality of life have also been reported
when creatine supplementation was combined with neuromuscular electrical stimulation

during dialysis sessions, although the lack of a control group limits interpretation of these
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findings. Longer-term evidence comes from a one-year randomized, double-blind,
placebo-controlled trial in patients undergoing hemodialysis, in which supplementation
with 5 g/day of creatine monohydrate significantly increased body weight, fat-free mass,
skeletal muscle mass index, and intracellular water. However, no significant changes were
observed in malnutrition—inflammation scores over the course of the intervention (37).

More recently, an eight-week pilot study administering 5 g/day of creatine
immediately after dialysis sessions and once daily with a meal on non-dialysis days also
demonstrated favorable effects on body composition, including increases in skeletal muscle
mass, fat-free mass, intracellular water, and phase angle, in addition to improvements in
Short Physical Performance Battery (SPPB) scores. However, no significant improvements
in handgrip strength were observed during the relatively short intervention period (38):The
pilot nature of this study and its limited duration preclude conclusions regardingSustained
clinical benefits or long-term safety.

Despite these encouraging preliminary findings, the available evidence remains
limited and is largely restricted to patients undergoing maintenance~hemodialysis.
Evidence in non-dialysis CKD, peritoneal dialysis, and kidney transplant recipients is
virtually absent, and the optimal dose, duration, route of administration, and combination
with exercise or nutritional interventions remain undefified.

These knowledge gaps are particularly relevant given the high prevalence of
sarcopenia across all stages of CKD, a condition characterized by progressive losses of
muscle mass, strength, and physical funetion that contribute substantially to disability,
hospitalization, and mortality (39). Sarcopenia in CKD is driven by multiple mechanisms,
including chronic inflammation,~oxidative stress, metabolic acidosis, insulin resistance,
hormonal disturbances, mitochendrial dysfunction, protein-energy wasting, physical
inactivity, and aging, all'of “Which contribute to impaired muscle protein synthesis,
increased protein degradation, and reduced physical performance (9,10,40) (Figure 4).

Resistance exercise and nutritional interventions remain the cornerstone of CKD
management (40) and creatine may represent a promising nutritional strategy that enhances
phosphocreatine availability, supports ATP regeneration, promotes anabolic signaling
(Akt/mTOR), attenuates muscle protein breakdown, and reduces oxidative stress.
Moréover, patients undergoing hemodialysis may be particularly susceptible to creatine
deficiency due to reduced endogenous synthesis, dietary restrictions, and creatine losses

during dialysis; however, current evidence in CKD remains preliminary, and adequately
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designed randomized clinical trials are needed before routine clinical use can be
recommended. (41)

Beyond its established role in skeletal muscle bioenergetics, creatine
supplementation has increasingly been investigated as a potential nutritional intervention
with systemic metabolic effects. Experimental studies and a growing number of clinical
investigations suggest that creatine supplementation may influence cellular energy
metabolism, mitochondrial function, oxidative stress, inflammation, immune responses,
and tissue repair (4,42). These observations provide a biological rationale for investigating
creatine supplementation as a potential adjunctive intervention for conditions characterized

by sarcopenia, cognitive decline, metabolic dysfunction, and chronic disease.

Emerging Therapeutic and Systemic Effects of Creatine

Cognitive Function

Creatine has been hypothesized to support cognitive function primarily-through its
role in cerebral energy metabolism. Experimental evidence suggests that increasing brain
phosphocreatine stores may facilitate rapid ATP regeneration through the creatine kinase
system, thereby maintaining neuronal energy homeostasis, during periods of increased
metabolic demand. Preclinical studies further suggest. that creatine may preserve
mitochondrial function, reduce oxidative stress andneuroinflammation, buffer intracellular
pH, and modulate signaling pathways involved‘in synaptic plasticity, including PI3K—-Akt—
mTOR, providing a biological rationale for potential effects on learning, memory, and
neuronal resilience (43—45).

Recent systematic reviews suggest that creatine supplementation may improve
cognitive performance, particularly in memory, attention, and processing speed, although
the magnitude and consistency of these effects vary substantially across populations and
study designs (46—49). Potential benefits have been reported more consistently among
individuals withdncreased cerebral energy demands or lower baseline creatine availability,
including older_adults, vegetarians, and sleep-deprived individuals, whereas evidence in
healthy young. adults remains inconsistent (19,47,50). Overall, the available evidence
provides. a biological rationale for further investigation of creatine supplementation as a
potential nutritional strategy to support cognitive function under conditions of metabolic
stress. However, the current clinical evidence remains heterogeneous and insufficient to

establish efficacy, particularly in patients with CKD, in whom no adequately powered
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randomized clinical trials have specifically evaluated cognitive outcomes. Larger, well-

designed studies are required before clinical recommendations can be made.

Inflammation

Beyond its established effects on muscle bioenergetics, experimental evidence
suggests that creatine may exert broader biological actions, including modulation of
oxidative stress and inflammatory signaling. Experimental and animal studies suggest that
creatine may exert anti-inflammatory and antioxidant effects by attenuating microglial
activation, reducing pro-inflammatory cytokines (e.g., IL-1B, IL-6, and TNF-a),
suppressing NF-kB signaling, and enhancing antioxidant defenses through pathways
involving AMPK/Nrf2 and SIRT3 (51-53). However, these mechanistic findings hayenot
been consistently confirmed in human clinical studies. For example, a randomized
controlled trial in older adults found no significant effects of creatine supplementation on
inflammatory biomarkers, and a recent systematic review and meta-analysis’ likewise
reported no significant changes in CRP or IL-6, although the available evidence was based

on a small number of studies with limited sample sizes (54,55).

Gut microbiota

Experimental studies have suggested that cfeatine supplementation may influence
gut microbiota composition and intestinal homeostasis(56—58). However, current evidence
in humans is scarce, heterogeneous, and“largely”limited to exploratory or low-quality
studies. Consequently, no definitive_conelusions can be drawn regarding the effects of
creatine supplementation on the gut microbiota. Important knowledge gaps remain
regarding its effects on inflammation, epithelial integrity, barrier function, and microbiome
composition.

Experimental®, studies in fish have demonstrated that dietary creatine
supplementation. modulates gut microbiota composition, improves intestinal integrity,
reduces intestinal inflammation, and increases the production of beneficial metabolites,
supporting. the biological plausibility of a potential role in maintaining intestinal
homeostasis and gut—brain communication (56,59). In a murine model of colitis-associated
colofectal cancer, creatine supplementation attenuated intestinal inflammation and
tumorigenesis, increased gut microbiota diversity, promoted anti-inflammatory

macrophage polarization, and inhibited NF-kB signaling, providing further mechanistic
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evidence for a possible role in maintaining intestinal homeostasis and modulating host—
microbiota interactions (58).

Although these experimental findings suggest a possible relationship between
creatine supplementation and gut health, evidence from human studies remains insufficient

to confirm this association (60).

Final Remarks

Experimental studies and clinical investigations conducted predominantly in
healthy individuals and non-CKD clinical populations suggest potential favorable effects
on muscle mass, strength, and physical performance. Although clinical and experimental
studies suggest that creatine supplementation may influence cognitive function and cellular
pathways involved in inflammation, oxidative stress, and energy metabolism, the/available
clinical evidence remains limited and heterogeneous (Figure 5).

Importantly, available clinical evidence has not demonstrated eonsistent adverse
renal effects of creatine monohydrate supplementation when consumed at-fecommended
doses in healthy individuals and several non-CKD clinical populations. Transient increases
in serum creatinine are generally attributed to creatine metabolism rather than intrinsic
renal injury; however, they may complicate the interpretation of creatinine-based estimates
of kidney function. Therefore, future clinical studies‘should incorporate complementary
markers of kidney function, including cystatin, C;zmeasured glomerular filtration rate,
albuminuria or proteinuria, biomarkers of‘tubular‘injury, and clinically meaningful renal
outcomes.

Nevertheless, evidence regarding creatine supplementation in CKD remains limited
and is derived predominantly<4rom small, short-term studies involving patients undergoing
maintenance hemodialysis: Although preliminary studies have reported improvements in
body composition, muscle)mass, and physical function without major safety concerns,
robust conclusions regarding efficacy, optimal dosage, long-term renal safety, and potential
effects on CKD, progression across the spectrum of CKD cannot yet be drawn. In addition,
important ‘eutcomes such as CKD progression, kidney failure, hospitalization, quality of
life;;andumortality have rarely been evaluated.

Overall, the available evidence provides a biological rationale for investigating
creatine supplementation as a potential adjunctive strategy in CKD, particularly given the
high burden of sarcopenia, protein-energy wasting, frailty, and functional impairment in

this population. However, the current evidence is insufficient to support routine clinical
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use. Adequately powered, multicenter, independently funded randomized controlled trials
with longer follow-up are needed to determine the efficacy of creatine supplementation,
establish the optimal supplementation regimen, evaluate long-term renal safety using
robust kidney function measures beyond serum creatinine, and determine whether creatine
supplementation influences CKD progression before it can be routinely recommended for
patients with CKD.

If future high-quality clinical trials confirm its efficacy, define optimal dosing
strategies, and demonstrate long-term renal safety across different CKD stages, creatine
supplementation could become an accessible, low-cost adjunct to current strategies aimed
at preserving muscle health, functional capacity, and quality of life in patients with CKD:
Until such evidence becomes available, creatine supplementation in CKD shouldybe

regarded as an investigational strategy rather than part of routine clinical practice:
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Figure 1: Overview of creatine metabolism, distribution, and physiological functions.
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Figure 3. Mechanisms underlying creatine supplementation—induced increases in
muscle mass and performance. ADP: adenosine diphosphate; Akt: protein kinase B; ATP: adenosine
triphosphate; mTOR: mammalian/mechanistic target of rapamycin; PCr: phosphocreatine; SR: sarcoplasmic
reticulum. Created with BioRender.com
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Figure 4. Sarcopenia in chronic kidney disease: pathophysiology, clinical
impact, and potential role of creatine supplementation.

Abbreviations: ATP: adenosine triphosphate; CKD: chronic kidney disease; mTOR: mechanistic
target of rapamycin; PGC-1a: peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Akt:
protein kinase B; ROS: reactive oxygen species. Created with BioRender.com
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Creatine supplementation

Loading: 20 g/day (0.3 g/kg/day) for 5-7 days
Maintenance: 3—5 g/day (=0.03 g/kg/day)
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v t PCr and ATP

1 Anabolism (Ak/mTOR)

1 Proteolysis
4 Oxidative stress
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Transient Tin serum creatinine
due T creatine turnover

7\ Gut microbiota
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Early CKD: 7
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Figure 5: Putative effects of creatine supplementation in chronic kidney

disease.

Abbreviations: CKD, chronic kidney disease; HD, hemodialysis; PCr, phosphocreatine; ATP,
adenosine triphosphate; Akt, protein kinase B; mTOR, mechanistic target of rapamycin; PI3K,
phosphoinositide 3-kinase; NF-kB, nuclear factor kappa B; AMPK, AMP-activated protein kinase; Nrf2,
nuclear factor erythroid 2-related factor 2; SIRT3, sirtuin 3. Created with BioRender.com
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777

778  Table 1. Summary of systematic reviews and meta-analyses evaluating the effects of creatine supplementation on muscle mass, strength, and

779  physical performance in healthy individuals.

Study Population Number of Studies Intervention Main Findings Dose Recommendation by
(Participants) the study
Santos et al., Older Female 10 RCTs (n=211) Creatine + upper-body strength; no 20g/d for 5-7 days, followed
(2021)(61) adults resistance training significant effect on muscle by 5g/d, or a relative dose of
mass 0.1g/kg/d.
Forbes et al. Older adults Updated meta- Creatine + in lean tissue mass and 20 g/day for 5-7 days,

(2021)(62)

Delpino et al.,
(2022)(63)

Candow et al.,
(2023)(64)

Burke et al.,
(2023)(65)

Wang et al.,
(2024)(66)

Kazeminasab et
al., (2025)(67)

Ashtary-Larky
etal.,
(2025)(68)

Liu et al.
(2025)(69)

Gu et al.
(2026)(70)

Naddafha et al.
(2026)(71)

Young, middle-
aged and older
adults

Healthy adults
<50 years of age

Adults

Adults <50 years

Healthy adults

Novice and
experienced

resistance-trained

individuals

Untrained older
men and
postmenopausal
women

Healthy young
men

Postrmenopausal
women

analysis of
22 RCTs (n=721)

35RCTs (n=1,192)

12 RCTs (n = 266)

10 RCTs (>40
outcomes)

23 RCTs (n= 509)

69 RCTs (~2,000
participants)

61 RCTs (~ 1,457
participants)

8 RCT (= 482
participants)

37 RCTs

7 RCT (608
participants)

resistance training

Creatine +
resistance training

Creatine +
resistance training

Creatine +
resistance training

Creatine +
resistance training

Creatine vs placebo

Creatine +
resistance training
vs placebo

Creatine +
resistance training
vs placebo

Creatine with or
without resistance
training

Creatine +
resistance training
and no structured

exercise

strength regardless of dosing
strategy;

<5 g/day - Tchest press
strength,

>5 g/day - Tleg press
strength.

lean body mass

>effects were observed in
males Creatine without
exercise was not effective for
increasing lean mass.

Very small reduction in body
fat percentage (—1.19%);

<> absolute fat mass.

upper- and lower-body
muscle thickness, especially
in younger adults

upper- and lower-body
strength; >etfects in men

T in bench press, squat, and power
performance

1 fat-free mass and body
mass, particularly in
experienced resistance-trained
individuals;

<> fat mass or body fat %

1 lower limb strength and
lean mass <>upper extremity
muscle strength.

1 lean mass, strength, and
anaerobic performance,
especially when combined
with resistance training.

small-to-moderate strength
gains modest 1 in lean mass
<> bone loss

followed by 5 g/day, or a
relative dose of 0.1 g/kg/day.

3-5 g/day or 0.1 g/kg/day,
generally combined with
resistance traininggprograms
lasting 652 weeks.

Protocols ranging from <5
g/day. to>5 g/day

~20 g/day for 5-7 days
followed by 3—-5 g/day, or
continuous supplementation
of 3—5 g/day during resistance
training.

2-10 g/day or 0.03-0.22
g/kg/day; loading phase not
strictly necessary for RT >4
weeks.

~ 20 g/day for 5-7 days
followed by a 3-5 g/day, or
continuous supplementation
of 3-5 g/day

~20 g/day for 5—7 days
followed by 3-5 g/day, as
well as continuous daily
supplementation protocols.

1 trial used 0.14 g/kg/day
[33], 1 trial used 5 g/day [36],
and 6 trials used 0.1 g/kg/day

20 g/day for 5-7 days
followed by 2—-10 g/day
maintenance; alternative
protocols ranged from 0.07—
0.3 g/kg/day

3 trials used 5 g/day, 1 trial
used 3 g/day for 2 years, 1
trial used 1 g/day for 1 year, 2
trials 20 g/day for 5 days, then
5 g/day
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