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ABSTRACT

Aims: The purpose of this review was to examine how five commonly used supplements, including creatine, citrulline, L-
arginine, beta-alanine, and branched-chain amino acids (BCAAs), affect physical performance and kidney health. These
compounds are widely consumed in the context of athletic training, yet their long-term safety with respect to renal function
remains insufficiently defined.

Methodology: Relevant literature published between 1990 and 2024 was identified using PubMed, Scopus, and Google
Scholar. The selection included studies describing the physiological effects and potential renal impact of each supplement.
State of Knowledge: Analysis of the available research suggests that creatine does not impair kidney function in healthy
individuals. Citrulline is considered metabolically safe and may support renal health in specific contexts, although elevated
concentrations in patients with reduced kidney function could indicate metabolic imbalance. L-arginine may be beneficial in
acute clinical settings but shows potentially harmful effects when used long term, especially in older or chronically ill
individuals. Beta-alanine has demonstrated safety and antioxidant properties that could protect kidney cells. In contrast, high
or prolonged intake of BCAAs may contribute to insulin resistance and worsen renal outcomes in people with diabetes or
hereditary kidney disorders.

Conclusions: When used appropriately by healthy individuals, these supplements are generally safe for kidney function.
However, individual health status, dosage, and duration of use can significantly affect renal outcomes. BCAA
supplementation, in particular, should be approached with caution in at-risk populations. More long-term studies are needed
to fully assess the renal safety of these compounds in both athletic and clinical settings.
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Methodology

To prepare this review, a structured search of scientific literature was conducted in three electronic databases:
PubMed, Scopus, and Google Scholar. The aim was to gather and analyze current knowledge on the effects of
selected dietary supplements on physical performance and kidney function. The search focused on studies published
between 1990 and 2024. During the selection process, priority was given to peer-reviewed publications, including
clinical trials, systematic reviews, meta-analyses, and preclinical studies involving human and animal subjects. To
identify relevant articles, combinations of keywords related to each supplement’s ergogenic properties and renal

LIS

implications were used. The search queries included terms such as: “supplementation”, “kidney function”, “renal
function”, “renal safety”, “kidney damage”, “exercise performance”, “athletic performance”, and “metabolism”.
These were applied separately for each of the five substances: creatine, citrulline, L-arginine, beta-alanine, and
branched-chain amino acids (BCAAs). Studies that were not published in English or lacking sufficient
methodological detail were excluded. The collected articles were then reviewed to extract key data regarding
mechanisms of action, dosing regimens, observed physiological effects, and documented or hypothesized impacts
on kidney function. Emphasis was placed on studies reporting indicators such as glomerular filtration rate (GFR),
serum creatinine concentration, renal histopathological findings, and markers of oxidative or metabolic stress. The
findings were synthesized to provide a balanced overview of both potential benefits and risks of supplementation

in the context of renal health.
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Creatine in Sports: Performance Enhancement, Supplementation, and Kidney Health
Implications.

Creatine is one of the most popular supplements used by strength athletes. Studies have shown its
positive impact on muscle strength and recovery [1]. According to findings from a 12-week trial investigating
creatine supplementation combined with resistance training revealed significant improvements in bench press
and squat performance compared to the placebo group. Additionally the creatine group demonstrated enhanced
hypertrophy in type I, IIA and IIB muscle fibers [2]. Consistent with prior research, Pirola et al. found creatine
supplementation enhances muscle mass recovery in hip fracture patients compared to a placebo group [3].
Cooke et al. reported that creatine supplementation significantly accelerates the recovery of the knee extensor
muscle. Recovery potential was evaluated based on isometric and isokinetic muscle extension strength,
measured during the regeneration phase following muscle damaging protocols. Blood markers of muscle
damage — creatine kinase (CK) and lactate dehydrogenase (LDH) were also assessed. Plasma CK and LDK
activity were significantly lower in the creatine supplementing group compared to placebo group [4]. A meta-
analysis examining the effects of creatine supplementation on athletic performance in soccer players analyzed
101 publications, focusing on creatine's impact on aerobic performance, phosphagen metabolic performance,
and anaerobic performance. The findings revealed no significant differences in aerobic performance or
phosphagen metabolism performance compared to placebo, while demonstrating significant improvements in
anaerobic performance [5]. The performance-enhancing benefits of creatine in sports originates from its
physiological impact on the body. Creatine is a substrate for creatine kinase (CK), an enzyme that catalyzes
the phosphorylation of creatine. The reaction involves ATP which is converted to ADP and phosphate group.
The energy generated during ATP hydrolysis is used by CK to transfer phosphate group to creatine, thus
forming phosphocreatine (PCr). PCr serves as an energy buffer. In times of low energy demand PCr stores
high-energy phosphates and during periods of high energy demand it donates the phosphoryl group, converting
ADP back to ATP. The result of these reactions is the maintenance of ATP reserves during anaerobic exercise
[6]. The human body typically requires between 1 and 3 grams of creatine per day to meet baseline
physiological needs. At this intake level, muscle creatine reserves reach approximately 60—-80% saturation. To
maximize intramuscular creatine levels for enhanced athletic performance, supplementation protocols must
exceed standard dietary intake levels. A common strategy involves a loading phase of 20 grams of creatine
monohydrate per day, divided into four equal doses, sustained for 5—7 days. This short-term loading regimen
rapidly saturates muscle creatine stores to optimal levels. Following this initial phase, a daily maintenance
dose of 3—5 grams helps sustain elevated creatine concentrations in muscle tissue [7].

Creatine is metabolized to creatinine and excreted renally [6]. Because creatinine production and
excretion occur at a relatively constant rate, it serves as a reliable biomarker for estimating glomerular filtration
rate (GFR) and detecting kidney dysfunction. However, this can be misleading in clinical practice for
individuals routinely supplementing with creatine. Elevated dietary creatine intake increases serum creatinine
levels independently of renal pathology, which may falsely suggest impaired kidney function in standard blood
tests [8]. A 2019 meta-analysis concluded that creatine supplementation has no significant impact on serum
creatinine levels and causes no risk of kidney damage in healthy individuals [9]. Aligning with these findings,
Lugaresi et al. found no significant differences in renal parameters between creatine-supplemented and placebo
groups. In their 12-week randomized, double-blind trial, participants underwent resistance training while
adhering to a high-protein diet under controlled conditions [10]. Research further indicates that creatine
supplementation does not compromise renal function in individuals with type 2 diabetes [11].

Citrulline: Ergogenic Potential, Supplementation, and Renal Implications

Citrulline is another well-known supplement used by athletes. Research suggests that a single dose of
4-10 g of citrulline malate, consumed one hour before the training, may increase muscle power and reduce
post-exercise soreness [12]. While many studies have supported this claim, the ergogenic effect of citrulline
remains inconclusive [13]. Citrulline is an important intermediate in the urea cycle. It is synthesized from L-
ornithine and carbamoyl phosphate within the mitochondria. Subsequent enzymatic conversions in the cytosol
result in the formation of L-arginine, which undergoes hydrolysis. That reaction regenerates L-ornithine and
completes the cycle. In result a toxic ammonia is converted into urea which is excreted in urine [14-16].
Increased levels of ammonia in plasma are detrimental due to its involvement in various metabolic interactions:
reducing efficiency of the citric acid cycle, inhibiting protein synthesis, exacerbating oxidative stress, inducing
neurotoxicity, and disturbing acid-base balance, leading to metabolic acidosis [17-21]. Due to its toxic effects,
ammonia produced during anaerobic exercise exacerbates muscle cell damage, leading to muscle soreness and
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delaying the regeneration of muscle cells. Citrulline supplementation is expected to accelerate ammonia
metabolism, thereby reducing post-exercise pain and promoting muscle regeneration [22]. Additionally,
citrulline is implicated in nitric oxide (NO) synthesis, which modulates muscle function by enhancing
vasodilation and blood flow during exercise. The primary substrate for this reaction is l-arginine, which is
metabolized into nitric oxide (NO) and I-citrulline [23]. However, citrulline supplementation may enhance NO
synthesis, as excess cutrulline is converted back to arginine in kidneys [24]. The remaining citrulline is utilized
in the urea cycle, with less than 5% excreted unchanged in urine [25]. Recent studies indicate that elevated
serum citrulline levels were associated with an increased risk of chronic kidney disease (CKD) progression
and accelerated decline in glomerular filtration rate (GFR) [26]. Higher serum citrulline concentrations are
attributed to impaired NO metabolism in individuals with reduced GFR. NO deficiency induces endothelial
dysfunction, which contributes to CKD pathophysiology. Thus some authors have suggested citrulline as a
potential biomarker for proximal tubular dysfunction and CKD incidence [27,28]. Studies conducted in
diabetic mice demonstrated that citrulline supplementation exerted a nephroprotective effect, reducing urinary
albumin excretion, tubulointerstitial fibrosis, and kidney hypertrophy [29].

L-arginine: Aerobic Performance Gains, Supplementation, and Renal Impacts in Athletic and
Clinical Settings

L-arginine supplementation has been shown to improve aerobic performance, which makes it a popular
supplement among athletes and bodybuilders. A 6-week supplementation with 2 grams of L-arginine daily
significantly improves sport performance (VO: max). However, the study observed no effects on body mass
index (BMI), body fat mass (BFM), or lean body mass (LBM) [30]. Other studies have shown that
supplementing with 6 grams daily, including a dose taken three hours before exercise, enhances physical
performance and delays the onset of fatigue [31,32]. Human studies have employed a wide range of L-arginine
dosing strategies, typically involving daily intakes of 2-30 grams in adults [30,33]. Bode-Boger et al.
investigated the pharmacokinetics of L-arginine administered intravenously at doses of 6 g/day and 30 g/day,
as well as orally at 6 g/day. They observed that the half-life of L-arginine following a 6 g intravenous infusion
most closely mirrored its physiological half-life, prompting their recommendation for oral 6 g doses in L-
arginine research protocols. The physiological daily requirement for L-arginine is estimated at 4—6 grams [33].
However, oral L-arginine undergoes significant degradation in the gastrointestinal tract, with only ~70% of
the ingested dose reaching systemic circulation. Consequently, many researchers advocate for L-citrulline
supplementation as a superior method to enhance systemic L-arginine bioavailability [33—35]. Furthermore,
clinical studies demonstrate that combining oral L-arginine and L-citrulline synergistically improves exercise
performance metrics [36]. Beyond its ergogenic effects, L-arginine exhibits broad therapeutic potential,
enhancing endothelial function, improving insulin sensitivity, and reducing oxidative stress and inflammatory
markers in conditions like cardiovascular disease and diabetes [37—40]. While the precise mechanisms
underlying these health benefits remain unclear, current hypotheses emphasize its role in nitric oxide (NO)
production. L-arginine serves as the primary substrate for nitric oxide synthase (NOS), an enzyme that
catalyzes its conversion into NO and L-citrulline. Supplementation with L-arginine has been shown to elevate
plasma NO concentrations and reduce systolic blood pressure [32]. Higher NO levels boost blood flow to
muscles, improving the delivery of essential nutrients and promoting the removal of anaerobic waste products,
thereby accelerating post-exercise recovery [41,42]. NO also serves as a critical signaling molecule in the
kidneys, regulating renal tubule function, renal vasculature, and glomerular activity. Studies have shown that
NO bioavailability and biological activity are significantly reduced during acute kidney injury (AKI).
Schramm et al. investigated the effects of L-arginine supplementation on renal function during the first four
days following transplantation. The authors hypothesized that stress and ischemia linked to transplantation
mimic AKI, providing a controlled model to study L-arginine’s impact on human kidney function. In recipients
of kidneys with short ischemic times from donors younger than 45 years, early L-arginine supplementation
improved glomerular filtration rate (GFR) and renal plasma flow (RPF) compared to placebo [43]. This finding
aligns with earlier observations by Kopp et al., who reported that adding L-arginine to kidney preservation
solutions prolongs graft survival [44]. Prior research suggests potential benefits of L-arginine supplementation
in AKI [43,45]. In contrast to these findings, supplementation with this amino acid in chronic kidney disease
(CKD) does not demonstrate significant clinical effects [46]. Recent animal studies suggest a negative impact
of long-term L-arginine supplementation on renal health. A four-month regimen of this amino acid failed to
reduce inflammation or fibrosis in murine kidney models. Furthermore, older subjects exhibited increased
mortality and elevated albuminuria following supplementation [47]. Additional studies have documented
adverse effects associated with chronic L-arginine supplementation on overall health [48,49].
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Beta-alanine: Supplementation Practices, Metabolic Mechanisms in Exercise Performance, and
Renal Implications

Beta-alanine is a supplement used by athletes and bodybuilders, commonly known for its exercise
capacity enhancing properties. Research has shown that a daily beta-alanine intake of 4-6 grams over 4 weeks
improves exercise capacity. While some studies have proposed doses as high as 20 grams daily, no direct
correlation between dosage and effectiveness has been established [50,51]. Beta-alanine is a non-proteinogenic
amino acid involved in the synthesis of carnosine, a dipeptide composed of beta-alanine and histidine.
Carnosine is predominantly found in skeletal muscles, and its levels in the body are directly influenced by
dietary intake of beta-alanine [52]. Research demonstrates that four weeks of beta-alanine supplementation
significantly increases muscle carnosine concentrations [53]. The role of carnosine in muscle physiology has
not been fully discovered. It is hypothesized to contribute to maintaining intramuscular homeostasis through
four primary mechanisms: proton buffering capacity, protection against reactive oxygen species (ROS),
preventing protein glycoxidation and regulating calcium sensitivity. High-intensity muscle contractions
stimulate anaerobic glycolysis and increase lactic acid production. This disrupts the acid-base balance, leading
to acidosis which has often been associated with exercise-induced muscle fatigue. Carnosine contains a
histidine subunit capable of binding protons (H+), thereby acting as a proton buffer and delaying the decline
in muscle pH [52]. Individuals with greater muscle carnosine levels resulting from beta-alanine
supplementation, have lower degree of acidosis in the blood during high-intensity exercise [54]. Carnosine
also plays a role in neutralizing reactive oxygen species (ROS). ROS are mostly generated in mitochondria as
byproducts of the electron transport chain. Excessive ROS levels may be harmful to cells due to their
uncontrolled oxidation properties, leading to cellular damage and oxidative stress. Carnosine is responsible for
ROS neutralization through its redox activity, enabling it to neutralize hydroxyl radicals and form stable
complexes with superoxide radicals [55-57]. These properties also enable carnosine to act as an effective
chelator, binding transition metals (Cu?*,Zn>*,Fe*") and preventing their participation in ROS-driven harmful
reactions [58]. Carnosine’s ability to chelate metals has been proposed by Nagai et al. as a potential mechanism
involved in suppressing the formation of advanced glycation end-products (AGEs) [59]. Carnosine can inhibit
AGE generation at multiple stages of their formation cascade. It demonstrates particular efficacy in preventing
protein glycation and reversing glycation-induced damage [52]. Glycated proteins represent an early step in
the complex cascade leading to AGEs—a group of compounds implicated in aging processes. These include
glycated proteins, lipids, and nucleic acids [60]. Similarly, advanced lipoxidation end-products (ALEs) are
another class of aging-related compounds [61]. In both in vitro and in vivo studies, carnosine has shown the
ability to prevent the formation of ALEs and AGEs [62—64]. This has direct implications for maintaining
muscle cell homeostasis, as AGEs and ALEs can destabilize muscle protein structures and accelerate their
degradation [65]. Furthermore, carnosine enhances muscle contractility by increasing the sensitivity of the
contractile apparatus to Ca®" ions during contraction-relaxation cycles [66]. However, the precise mechanism
underlying this relationship requires further investigation.

Given that beta-alanine is an endogenously produced compound required for carnosine synthesis, its
supplementation is unlikely to pose harm to the body. Numerous studies support this claim. The most widely
recognized side effect of beta-alanine supplementation is paresthesia, which is a transient tingling sensation,
affecting the face, neck, and back of the hands. This effect occurs only in sensitive individuals and is dose-
dependent, with higher doses typically intensifying the tingling sensation [67,68]. Another potential side effect
is a reduction in taurine levels due to beta-alanine supplementation. This hypothesis arises from the fact that
beta-alanine and taurine compete for the same transporter (TauT) in skeletal muscles, meaning increased beta-
alanine intake could theoretically lower intramuscular taurine concentrations [50]. While this relationship has
been confirmed in animal models, human studies have not observed significant decreases in muscle taurine
levels following beta-alanine supplementation [69,70].

Studies have not identified adverse effects of beta-alanine supplementation on renal function [71].
Furthermore, due to carnosine’s role as a natural antioxidant, beta-alanine supplementation has demonstrated
potential benefits in kidney disease management. For example, carnosine suppresses GPX4-dependent
ferroptosis in ischemia-induced acute kidney injury. This inhibition reduces inflammation in renal tubular
epithelial cells, thereby mitigating ischemic kidney damage [72]. Another example of carnosine’s
nephroprotective action is its ability to reduce reactive oxygen species (ROS) by downregulating NADPH
oxidase 4 (NOX4) expression and enhancing total superoxide dismutase (T-SOD) activity. This mechanism
suppresses mitochondrial apoptosis and protects hydrogen peroxide-exposed human kidney cells from
oxidative damage [73]. These findings highlight potential beta-alanine supplementation as a therapeutic agent
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for diabetic nephropathy, ischemia-induced acute kidney injury and other diseases associated with ferroptosis
or oxidative stress [72,73]. Furthermore, studies in animal models have demonstrated that carnosine reduces
obesity-related disorders, such as dyslipidemia, hypertension, and kidney damage, in obese Zucker rats [74].

Branched Chain Amino Acids (BCAAs): Supplementation, Metabolic Roles in Muscle
Development, and Impact on Renal Function

BCAAs are a popular dietary supplement composed of three essential amino acids: isoleucine, leucine,
and valine. These amino acids play a vital role in muscle protein synthesis and must be obtained through diet,
as they cannot be synthesized endogenously [75]. For this reason, BCAAs are commonly used by athletes and
bodybuilders aiming to optimize muscle development. They enhance post-exercise recovery by reducing the
muscle damage caused by high-intensity exercise [76]. Taking more than 200 mg kg—1 day—1 of BCAAs daily,
helps reduce muscle soreness [77]. Many bodybuilders add 5-10 grams of BCAAs before and after training
sessions, which has also been incorporated into certain evidence-based supplementation strategies [78,79].
Research also indicates that BCAA supplementation preserves muscle mass during states of severe catabolism
and protein loss [80]. While many studies have demonstrated that BCAA supplementation enhances athletic
performance [81,82], the evidence remains inconsistent and further research is needed. A recent systematic
review found no significant impact of BCAA supplementation on athletic performance [83]. Leucine, one of
the tree amino acids in BCAAs, activates the mTORCI1 complex. This complex regulates important cellular
mechanisms, primarily protein synthesis and autophagy suppression. At the molecular level, leucine
inactivates Sestrin2, a negative regulator of mMTORC1. Functional role of Sestrin2 is to inhibit GATOR2, which
is a positive regulator that facilitates mTORCI activation. By blocking Sestrin2, leucine increases GATOR2
availability, thereby promoting mTORCI1 activation [84]. This mechanism is thought to underlie BCAA
supplementation’s ability to enhance protein synthesis [85,86]. BCA As also exhibit the ability to inhibit muscle
protein breakdown. While the precise mechanism remains unclear, current evidence suggests this effect may
involve the downregulation of BCAA-dependent ubiquitin ligases MAFbx and MuRF-1. These muscle-
specific E3 ubiquitin ligases catalyze the ubiquitylation of proteins, marking them for proteasomal degradation.
By suppressing the expression of these enzymes, BCAAs reduce muscle protein breakdown [87]. Despite their
beneficial effects on post-exercise muscle recovery, elevated plasma BCAA levels have increasingly been
linked to insulin resistance [84]. However, research indicates that leucine-specific supplementation may
improve insulin sensitivity, in contrast to chronic supplementation with all three BCAAs. This phenomenon
may arise from leucine’s ability to stimulate insulin secretion by pancreatic B-cells. Therefore, leucine
supplementation may contribute to enhanced postprandial glucose regulation through its insulinotropic
properties. However, the exact mechanisms underlying this effect remain to be established [88]. Given the
strong association between elevated plasma BCAA levels and diabetes, Deng et al. investigated the relationship
between disrupted BCAA homeostasis and diabetic kidney disease (DKD). Their findings revealed that
elevated plasma BCAA concentrations serve as an independent risk factor for DKD progression. Additionally,
their murine studies demonstrated that a low-protein diet improved renal function in experimental models [89].
According to DiMartino et al., BT2, a compound that enhances BCAA breakdown, reduces kidney damage
caused by nephrotoxic agents in murine models [90]. BCAA supplementation may be harmful to patients with
autosomal dominant polycystic kidney disease (ADPKD). Yamamoto et al. demonstrated that mice genetically
engineered to develop kidney cysts fed BCAA exhibited accelerated cyst formation [91].

Conclusions

This review examined the effects of five commonly used sports supplements: creatine, citrulline, L-
arginine, beta-alanine and branched-chain amino acids (BCAAs). The analysis focused on their performance-
enhancing properties and their potential impact on kidney function. Available evidence indicates that, when
used appropriately, these supplements are generally safe for healthy individuals and do not impair renal
function. Creatine does not compromise kidney health. Citrulline and L-arginine, both involved in nitric oxide
synthesis, show beneficial effects on vascular and muscular performance, but their influence on kidney health
varies with context. Citrulline appears metabolically safe and may even exert nephroprotective effects in
certain animal models, although elevated serum levels in patients with chronic kidney disease could reflect
underlying dysfunction rather than toxicity. L-arginine, while potentially beneficial in acute renal conditions,
has shown mixed results in long-term use, with some studies indicating adverse effects, especially in older or
chronically ill individuals. Beta-alanine, through its role in carnosine synthesis, enhances buffering capacity
and antioxidative defense, with no known renal risks and potential benefits in oxidative kidney injuries. In
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contrast, excessive or prolonged BCAA supplementation may pose risks for individuals with metabolic or
genetic kidney disorders, as elevated BCAA levels have been linked to insulin resistance, diabetic nephropathy
and accelerated cyst formation in polycystic kidney disease models. Overall, while these substances can
support exercise performance and muscle recovery, their use should be approached with caution in individuals
with preexisting kidney conditions or metabolic disease, and further research is needed to clarify their long-
term safety and therapeutic potential in such populations.
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