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Abstract: Creatine has been linked to the development of kidney damage since 1998. However, uncertainties 
persist regarding the actual impact of creatine supplementation on individuals with kidney disease before 
supplementation or with pathological conditions that have an increased risk of developing kidney dysfunction. 
This study performed a comprehensive review of the literature and utilized bioinformatics tools to investigate 
the effects of creatine on renal tissue and function. Moreover, we identified 44 genes modulated explicitly in 
response to creatine exposure using the Comparative Toxicogenomics Database, including IGF1, SLC2A4, and 
various creatine kinase genes. The analysis revealed associations with metabolic processes such as amino acid 
metabolism, indicating a connection between creatine and tissue physiology. Gene expression analysis using 
the Genotype-Tissue Expression Portal highlighted tissue-specific expression patterns in kidney and pancreas 
tissues. Furthermore, the study explored creatine metabolism pathways and kinase regulation through 
biological databases and Gene Expression Omnibus data, shedding light on the potential regulatory roles of 
creatine in cellular processes during kidney diseases. Understanding the impact of the balance between the 
endogenous creatine synthesis and the creatine uptake, particularly the genes GATM, GAMT, SLC6A8 and 
IGF1, insights into molecular mechanisms underlying creatine's physiological effects on renal tissues. Overall, 
this work provides new insights into the molecular interactions and pathways influenced by creatine in renal 
function. 

Keywords: creatine monohydrate; kidney; renal injury; review 
 

Introduction 

Creatine (α-methylguanidinoacetic acid) (Figure 1) is an amino acid endogenously synthesized 
in the kidneys and liver of animals from reactions involving arginine, glycine, and methionine. It is 
also obtained exogenously from consuming meat or as a dietary supplement [1]. 

Its primary role, especially within muscle tissue, is to participate in the resynthesis of ATP 
(adenosine triphosphate) in the immediate bioenergetic system. In the cytosol, creatine phosphate 
loses its phosphate group through the enzyme creatine kinase (CK), transferring this group to ADP 
(adenosine diphosphate) to produce ATP, which fuels the cell's energy needs. Within mitochondria, 
creatine can also be recycled by mitochondrial creatine kinase (MtCK), generating ADP and 
phosphocreatine, thereby completing the Cr/ATP/CK system cycle [2]. 
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Figure 1. Chemical structure of creatine. Source: PubChem (CID: 586). 

Originally discovered by Michel Chevreul in 1832, it took over a century and a half for the first 
evidence to suggest that some of the consumed creatine could be retained in the body [3]. 
Subsequently, Harris et al. conclusively demonstrated that creatine retention primarily occurs within 
skeletal muscle, raising significant interest in sports [4,5]. Indeed, creatine is currently regarded as 
one of the most effective ergogenic supplements in sports practice [6], given its potential to enhance 
muscle performance, particularly during short-duration, high-intensity resistance exercises [7]. Due 
to its anabolic potential, creatine supplementation may benefit a range of acute and chronic clinical 
conditions [8]. It is currently associated with positive effects on heart disease, muscle dystrophies [5], 
and brain health, such as cognitive processing, brain function, memory, and trauma recovery [9-11]. 

The continuous, low-grade, and non-enzymatic degradation of creatine produces creatinine as 
the resultant end product [12]. After filtration through the renal glomeruli, creatinine and plasma 
creatine are excreted. To counterbalance the daily depletion, the classic understanding is that our 
body synthesizes creatine through two reactions: the first occurs in the kidneys, where the enzyme 
arginine amidinotransferase (GATM/AGAT) converts arginine and glycine into guanidinoacetate, 
whereas the second reaction      involves guanidinoacetate N-methyltransferase (GAMT), which 
catalyzes the conversion of guanidinoacetate to creatine through methylation in the liver [13]. 
However, this notion had been intensely debated since several gene expression studies showed the 
expression of both GATM and GAMT in other tissues [14] and significant contributions from other 
tissues may be common [15]. 

On the other hand, it is well-known that serum creatinine concentration is a crude index of renal 
function [12]. Nevertheless, exogenous creatine intake markedly increases urine creatinine 
concentration and excretion, potentially leading to minor changes in markers of renal and hepatic 
function [16], which led to the understanding that creatine supplementation could pose risks to 
healthy individuals, despite the lack of concrete evidence. The first concern about adverse effects 
from creatine supplementation emerged after two works in the late 1990s [17,18]. For instance, 
Pritchard and Kalra reported a case where a patient with previously controlled renal lesions 
experienced changes in kidney function after creatine supplementation. Notably, these alterations 
were ameliorated upon cessation of the supplementation regimen [18]. Since then, concerns have 
arisen about creatine's potential impact on renal function, despite increasing scientific interest.  

The association between creatine and renal injuries primarily originates from its tendency to 
elevate serum creatinine levels [5]. However, the interpretation of serum creatinine levels in the 
context of creatine supplementation must be cautious, as creatine can lead to false-positive results for 
renal injury due to non-enzymatic hydrolysis generating creatinine. 

To date, a significant misconception exists regarding whether creatine supplementation is 
associated with kidney damage or renal dysfunction in humans. Therefore, this work aims to 
summarize the current evidence concerning the potential association between creatine 
supplementation and nephropathies, as well as provides new insights into the molecular interactions, 
pathways modulated by creatine-related gene expression in renal issues through a systems biology 
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approach. Through this in silico exploration, we aimed to uncover potential therapeutic strategies and 
enhance our comprehension of how creatine impacts renal function in various physiological states. 

Methods 

Narrative Review 

We performed a comprehensive search for articles using PubMed, Science Direct and Web of 
Science with no data or language restrictions. We searched Abstracts and full texts for the terms 
“creatine” OR “creatine supplementation” AND/OR “kidney disease”, “kidney injury” and 
“nephropathy”. Inclusion criteria were: (i) case reports and clinical trials with creatine 
supplementation conducted in humans and murine models and (ii) the presence of nephropathies 
and alterations in the kidney’s function and morphology. The exclusion criteria were studies with 
creatine administration that did not assess renal morphology or function in murine models and 
humans. The search retrieved 108 articles, of which 23 were included in this review. The present 
study also considered relevant reviews on the subject matter. 

Bioinformatics analyses  

We initially used the term "creatine" in a search limited to the organism Homo sapiens, using the 
Stitch Database [19], which lists the known and predicted interactions between chemicals and 
proteins. Then, using the advanced settings, we restricted the search for integration of RNA-Seq 
expression data from kidney tissues using the Human Protein Atlas database. In the updated gene 
list, the proteins AKT1, AKT2, and AKT3 appeared as tissue-specific interactions. We also used the 
restriction from the Tissues Database, using the kidney as a term. 

To widen our searches for the creatine-related genes, we also used the Comparative 
Toxicogenomics Database (CTD) [20], using "creatine" as a search term. After obtaining a list of genes 
from CTD, both gene lists, from CTD and Stitch databases, were submitted to a batch query in the 
CTD database to retrieve the genes-disease interactions. Then, we merged all the gene terms into one 
list. From this merged list, we performed a gene enrichment analysis (GEA), using enrichR [21] and 
enrich-Kg [22] to explore the biological functions and metabolic pathways of the identified genes, 
using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG), respectively. 
We also performed GEA against the ReactomeDB. We retrieved the general expression panel of these 
genes for kidney tissues from the GTEx Portal (https://gtexportal.org). Additionally, we conducted 
GEA against the kinase regulation datasets ARCHS4_Kinases [23] and the Kinase Library 2023 [24], 
to assess the overall regulation of proteins encoded by the creatine-related genes in our list. The 
inclusion criteria were consistent across all analyses: selecting the first ten results based on a P-value 
cutoff of ≤ 0.05. 

We also evaluated the expression of creatine-related genes using datasets and gene expression 
series from the Gene Expression Omnibus (GEO) database [25]. We used each gene symbol as the 
primary search term, applying the following criteria: (i) Organism, Homo sapiens; (ii) Differential 
expression, Up/down genes; (iii) Dataset keyword, Kidney and Renal tissues. The exclusion criteria were 
an undetected expression of the genes, experimental designs that did not compare 
disease/metabolic/chemical treatment conditions, and mutant cell lines. The gene expression series 
were analyzed using the R packages GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/), GEOquery 
[26], limma [27], and DESeq2 [28], employing a case-control approach. We considered significant 
differential expression (DE) expression values with Log2 Fold Change >0.5 and P-Value>0.05. 
Afterward, we generated specific plots for the evaluated genes using ggplot2 [29] and Python 
programming language modules numpy [30] and matplotlib [31]. The scripts used are available on 
GitHub. 
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Results and Discussion 

Association of Creatine Supplementation and renal injury in Humans 

As previously mentioned, the initial connection between renal injuries and creatine 
supplementation in sports was briefly described in the study by Pritchard and Kalra [18]. At that 
time, three Olympic wrestlers reportedly had died after using the amino acid, which garnered 
significant attention. However, as afterward found, only one of the three athletes was supplementing 
with creatine. The probable cause of death for the athletes was hyperthermia resulting from severe 
dehydration during competition preparation [32]. 

Pritchard and Kalra also discussed the correlation between creatine supplementation and renal 
injury in their case study [18]. However, establishing a cause-effect relationship was challenging due 
to several factors, including the low dosage of creatine supplementation during maintenance. 
Subsequent case studies and trials have highlighted that creatine supplementation was associated 
with certain adverse [18,33-38] or showed the absence of evident effects [16,39-43] on the renal 
function (Table 1). Notably, most cases already demonstrated a pre-existing condition that could 
affect renal function, inefficient diagnostic tools in the face of creatine supplementation, and 
occasional conflicting results, including a minor beneficial outcome in one instance (Table 1). 

With the progress of prospective studies and improved methods for evaluating renal function, 
the idea that creatine exerts a negative impact on kidney balance began to be refuted. Since then, 
more methodologically robust studies have been conducted, with similar results [44]. The work of 
Poortmans and colleagues [16] was the first to report the effects of creatine supplementation in a 
group of five young males. The study observed that creatine did not impair renal function in healthy 
individuals, as indicated by creatinine and glomerular filtration rate analysis. However, it had 
significant limitations, including a small sample size (n = 5), a short duration of creatine 
supplementation (five days), and the absence of an active control group. 

Subsequent studies aimed to expand the understanding of the effects of creatine 
supplementation on renal function. For instance, Gualano and colleagues [39] evaluated creatine 
administration in individuals undergoing moderate-intensity aerobic training (three times a week for 
three months). It demonstrated a decrease in Cystatin C levels over time, indicating an increased 
glomerular filtration rate. Serum creatinine decreased in the placebo group but remained unchanged 
in the creatine group. Another study examined the effects of two doses of creatine supplementation 
(0.03g/kg and 5g/day) on renal and hepatic function in 35 healthy adults during eight weeks of 
resistance exercise training [41]. Biochemical tests showed that creatinine levels increased slightly in 
both creatine groups but remained within normal ranges. Liver function tests showed no significant 
changes across all groups. These observations concluded that creatine supplementation at the given 
doses for eight weeks did not adversely affect renal or hepatic function in healthy individuals [41]. 

The impact of creatine supplementation was also assessed in type 2 diabetic patients (DMT2) 
[42]. This study included 25 participants randomly allocated to receive either creatine (5 g/day) or 
placebo for 12 weeks, and they underwent a protocol involving training sessions consisting of a 5-
minute treadmill warm-up followed by 25 minutes of resistance training, 30 minutes of treadmill 
aerobic training, and 5 minutes of stretching exercises. No changes were found in creatinine 
clearance, serum and urinary urea, electrolytes, proteinuria, and albuminuria, indicating that creatine 
supplementation does not affect kidney function in DMT2 [42].  

The most recent study examining the safety of creatine supplementation was conducted by 
Almeida and colleagues [43]. They collected a panel of blood and urine health indicators of eighteen 
resistance training practitioners before and after creatine supplementation (0.3 g/kg per day for seven 
days) to evaluate several biochemical parameters and renal function. Compared with the control 
group, no changes were observed in the supplemented group in the red blood cell parameters, white 
blood cell profile, blood lipid profile, metabolic and urine markers, or hepatic and renal function. 

In general, these studies suggest that high-dose creatine (>3 g/day) may not be recommended 
for individuals with existing kidney issues or those at risk for kidney problems such as diabetes or 
hypertension. However, there are no restrictions for healthy individuals [44]. However, extensive 
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cohort studies assessing long-term effects are imperative to understand better the impact of creatine 
supplementation on kidney health and function. 

Table 1. Studies with creatine supplementation in humans. 

Study Object of study Creatine intake protocol Observations 

[16] Five young, healthy 
males 

20 g of creatine monohydrate 
per day for 5 consecutive days 

There was no detrimental effect on 
renal function; low sample size. 

[17] Eight young men and 
one women 

1 to 80 g·day−1 for 10 months to 
5 years 

There was no detrimental effect on 
renal function; low sample size; 

long-term  supplementation 
(years). 

[18] 
Man, 25 years old, with 
a history of renal injury 

8 years ago. 

L: 15 g·day−1 for 1 week 
M: 2 g·day−1 for 7 weeks 

Previous renal injuries; low dosage 
in the maintenance phase (similar 
to amounts obtained dietetically 

and endogenously).  

[33] 
19 years old Man, soccer 

athlete. 10 g·day−1 for 3 months 

Renal insufficiency induced by 
creatine supplementation; serum 
creatinine was the sole marker of 

renal injury. 

[34] Man, 20 years old. 20 g·day−1 for 4 weeks 

Severe interstitial nephritis four 
weeks after taking high dose 

creatine; insufficient past data on 
the patient. 

[35] 

Male, 18 years old, renal 
insufficiency secondary 

to mitochondrial 
encephalopathy. 

L: 20 g·day−1 for 12 days 
M: 5 g·day−1 for 28 months 

Previous renal injuries; creatinine 
levels were determined using a less 
accurate method; neuroprotective 

effect observed. 

[36] Man, 22 years old, 
athlete 200 g·day−1 continuously 

Concomitant use of anabolic 
steroid; creatine overdose (200 

g/day); renal injury markers were 
not reported. 

[37] 
Man, 24 years old, 

athlete 15 g·day−1 for 6 months 

Acute renal failure; in addition to 
(low dose) creatine, other 

supplements were consumed for 
the purpose of bodybuilding. 

[38] Man, 18 years old 
L: 20 g·day−1 for 5 days 

M: 1 g·day−1 for 6 weeks 

Patient had acute renal failure 
while taking creatine; the study 

lacked a description of the 
participant's diet, whether he used 
anabolic steroids and a discussion 

of the possible contamination of the 
supplement 

[39] 
Eighteen sedentary 
males performing 
resistance training 

10 g·day−1 for 3 months 

Increased performance and body 
weight; no changes in metabolic 

and urine markers, or hepatic and 
renal function 

[40] 
Man, 20 years old, single 

kidney 
L: 20 g·day−1 for 5 days 
M: 5 g·day−1 for 30 days 

There were no changes in renal 
function; there was a slight 
improvement in glomerular 

filtration rate. 

[41] 35 male individuals, 18 
and 42 years, with a 

L: 20 g·day−1 for 7 days 
M: 0.03 g·kg-1day−1 for 7 weeks 

There were no changes in hepatic 
and renal function; relative small 
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minimum of two 
consecutive months of 
training with resistance 

exercises 

sample size and absence of long-
term effects of creatine 

supplementation  

[42] 

25 men and women, > 45 
years, with type 2 

diabetes, physically 
inactive for at least 1 

year, and with BMI ≥ 30 
kg/m2 

5 g·day−1 for 12 weeks 

Creatine supplementation does not 
impair kidney function; study with 
short duration without long-term 

follow-up 

[43] 18 healthy males  L: 0,3 g·kg-1day−1 for 7 days 

Creatine supplementation did not 
alter metabolic and urine markers, 

hepatic, and renal function vs 
control group; short duration of 

supplementation 
L: loading phase; M: maintenance phase; BMI: Body mass index. 

Association of creatine supplementation and renal injury in experimental models 

In addition to clinical studies, several studies with experimental models have been conducted to 
investigate the toxicity of creatine doses, as well as its effect on renal function and morphology (Table 
2). However, the findings from these studies could have been more consistent, underscoring the 
necessity for tailored investigation into specific nephropathies in the context of creatine 
supplementation [45-54]. 

To the best of our knowledge, the study by Baracho et al. [45] exclusively examined the potential 
toxicity of creatine, assessing renal and hepatic function after 14 days of supplementation in 
physically inactive rats. Biochemical analysis revealed no significant changes in various plasma 
markers, such as creatinine, urea, and creatinine clearance, as well as in water and food intake and 
urinary output compared to the control group. The authors concluded that oral creatine 
supplementation at the tested doses did not induce renal or hepatic toxicity [45]. 

While creatine supplementation may not impact renal function in healthy individuals, the 
question remains regarding its effects on renal function in pre-existing pathological conditions [46]. 
Studies addressing this concern have predominantly utilized animal models, yielding varied 
outcomes in each model. Edmunds et al. [47] investigated the effects of creatine supplementation in 
Han:SPRD-cy rats, a genetically modified strain of rats commonly used in research on kidney 
diseases, such as polycystic kidney disease. After evaluating the kidney size and fluid content and 
determining cyst scores, as well as assessing renal function by measuring serum urea and creatinine 
concentrations and creatinine clearance, the authors concluded that creatine administration (2.0 g/kg 
for one week, followed by 0.4 g/kg for the next five weeks) accelerated the progression of renal disease 
in these animals [47]. 

Taes et al. [48] did not observe negative impacts of creatine supplementation on renal function 
in an animal model with pre-existing renal insufficiency. Moreover, Genc et al. [49] found that free 
creatine therapy did not protect rat kidneys from cisplatin-induced damage, suggesting no clear 
benefit of free creatine in preventing or reducing cisplatin-induced kidney damage. 

Another research group investigated the long-term effects of oral creatine supplementation on 
renal function and body composition. In this experimental model involving creatine supplementation 
and exercise, the authors found that the group receiving creatine supplementation alone experienced 
a significant reduction in both glomerular filtration rate and renal plasma flow [50]. 

Souza et al. [51] evaluated the effects of short-term (1 week) and long-term (4-8 weeks) high-
dose creatine supplementation on kidney and liver structure and function in sedentary and exercised 
Wistar rats. While results showed no differences between sedentary and exercised groups, the long-
term creatine group exhibited higher creatinine and urea levels, along with increased levels of liver 
enzymes at four and eight weeks and structural alterations indicating renal and hepatic damage. 
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Their findings suggested that prolonged creatine supplementation had a detrimental effect on kidney 
and liver function in sedentary rats but not in exercised rats [51]. 

Furthermore, another study indicated that creatine supplementation in exercised young rats led 
to increased levels of hepatic biomarkers (aspartate transaminase and gamma-
glutamyltranspeptidase) and renal biomarkers (urea and creatinine), suggesting potential metabolic 
or functional changes in the liver and kidneys [52]. However, a study by Ramos Fernandes et al. [53] 
did not identify significant morphological damage to the kidneys or liver in older animals receiving 
creatine supplementation. 

Recently, a study conducted by our research group investigated the effects of creatine 
supplementation in streptozotocin-induced diabetic rats [54]. We observed that although creatine 
administration attenuated some biochemical and morphological parameters of pancreatic and renal 
tissues in diabetic animals, normoglycemic animals supplemented with creatine were diagnosed with 
pancreatitis and presented renal tubular necrosis. These findings suggest that despite the absence of 
clinical symptoms and unaltered biochemical parameters, creatine supplementation as adjuvant 
therapy for DM requires careful evaluation due to potential adverse effects on tissue morphology 
[54]. These results contrast with the study by Gualano and colleagues in patients with DMT2 [42], 
where no changes in renal function were observed after creatine supplementation. However, it is 
essential to note that one of the exclusion criteria in their study was a low glomerular filtration rate, 
suggesting that patients were at risk of kidney injury due to diabetes but did not exhibit alterations 
in renal function. 

Table 2. Experimental studies with creatine supplementation. 

Study Object of study Creatine intake protocol Conclusions 

[45]  
24 male Wistar rats; 

three dosages of 
creatine for 2 weeks 

0.5 g·kg-1day−1 
1 g·kg-1day−1 
2 g·kg-1day−1 

Creatine supplementation did 
not result in renal and/or hepatic 

toxicity; short experimental 
period 

[47]  

23 male and 24 
female Han:SPRD-cy 

rats (cystic kidney 
disease) 

L: 2 g·kg-1day−1 for 1 week 
M: 0,4 g·kg-1day−1 for 35 days 

Creatine supplementation 
exacerbated pre-existing 

polycystic kidney disease; 
creatine was combined with 

glutamine 

[48]  
43 male Wistar rats; 
23 with moderate 

renal failure 

Creatine monohydrate (2% 
w/w) was added to this diet in 

the creatine-supplemented 
groups for 4 weeks 

Creatine supplementation does 
not impair kidney function in 

animals with pre-existing renal 
failure or in control animals 

[49] 

60 male Sprague–
Dawley rats; 40 with 

cisplatin-induced 
nephrotoxicity 

300 mg·kg-1day−1 for 30 days 

Creatine administration was 
considered a promising 

adjuvant protective drug for 
reducing nephrotoxic effect of 

cisplatin 

[50]  36 male Wistar rats 2 g·kg-1day−1 for 10 weeks 

The use of creatine alone 
induced an important and 

significant reduction of both 
renal plasma flow and 

glomerular filtration rate 

[51]  72 male Wistar rats; 
swimming training 

Short-term: 5 g·kg-1day−1 for 1 
week 

Long-term: 1 g·kg-1day−1 for 4-8 
weeks 

Long-term creatine 
supplementation impacted 

kidney and liver structure and 
function of sedentary but not of 

exercised rats 
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[52]  
35 male young 

Wistar rats; 
swimming training 

L: 5 g·kg-1day−1 for 1 week 
M: 1 g·kg-1day−1 for 40 days 

Increased hepatic and renal 
(urea and creatinine) biomarkers 

levels were observed in the 
groups supplemented with 

creatine  

[53]  12 old Wistar rats 0.3 mg/kg for 8 weeks. 
 

The supplemented group 
showed no significant organ 

damage, such as reductions in 
glomerular size or hepatic 

degeneration; however; low 
sample size 

[54] 

32 male Wistar rats, 
16 with 

streptozotocin-
induced type 1 DM 

L: 13% (g·kg-1 of feed) for 5 
days 

M: 2% (g·kg-1 of feed) for 35 
days 

Creatine supplementation as 
adjuvant therapy for DM should 

be carefully evaluated 

DM: Diabetes mellitus; L: loading phase; M: maintenance phase; w/w: creatine weight / food weight. 

Is there a therapeutic potential for creatine supplementation? 

Research into its therapeutic potential in pathological conditions commenced following the 
demonstration of creatine supplementation safety in healthy individuals. Indeed, the extensive 
therapeutic potential of creatine supplementation has been explored in various conditions [55], 
including neuromuscular disorders, muscle injuries, neurodegenerative diseases, and even certain 
metabolic conditions (Table 3). As previously commented, the theoretical basis for this lies in the fact 
that phosphorylated creatine plays a role in the resynthesis of ATP, serving as an essential energy 
reserve for cellular work. In this context, some studies have shown promising effects of creatine 
supplementation in specific health conditions, such as Huntington's disease [56], cachexia in rats with 
cancer [57], sarcopenia, and osteoporosis [58]. 

Table 3. Compiled studies on pathological conditions and potential benefits of creatine. Adapted from 
[40]. 

Clinical conditions Effect of creatine 
supplementation 

GAMT deficiency; AGAT deficiency; Chronic Heart Failure, 
Myotonic dystrophy type II, Huntington’s disease, 

Dystrophinopathies, Sarcopenia 
Most likely beneficial 

Cancer, Mitochondrial cytopathies, Type II diabetes, Depression, 
Osteoarthritis, Osteoporosis, post-traumatic stress disorder, 
Alzheimer’s disease, Dyslipidemia, Traumatic brain injury, 
Charcot Marie-Tooth disease, Fibromyalgia, Myositis, Drug 

addiction, Parkinson’s disease 

Possibly beneficial 

HIV infection, Myotonic dystrophy type I, Creatine transporter 
deficiency, Chronic obstructive pulmonary disease, 

Facioscapulohumeral dystrophy, Amyotrophic lateral sclerosis, 
Schizophrenia 

Unlikely beneficial 

Op 't Eijnde et al. [59] observed that creatine may increase the expression of GLUT-4 receptors, 
and subsequently, Gualano et al. [39] reported greater glucose uptake with creatine supplementation 
possible through this pathway. The increase in intramuscular glycogen concentration after creatine 
supplementation supports increased glucose uptake [60]. Due to these effects of creatine, 
supplementation could be beneficial in various pathological conditions. Thus, we utilized 
bioinformatics analyses to explore how the differential expression of creatine-related genes is 
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disturbed in several kidney pathological conditions and hypothesize the potential outcomes of 
creatine supplementation.  

Creatine-related proteins on Stitch Database 

When searching for creatine in the Stitch Database, we identified the network of proteins with 
which creatine interacts. The SLC2A4 gene encodes the GLUT-4 protein itself, and the MYO1C gene 
encodes unconventional myosin-Ic responsible for the translocation of GLUT-4 from the cytoplasm 
to the cell membrane. Although there have been no assays observing increased expression of these 
proteins with creatine supplementation, this analysis indicates a strong interaction (score > 0.700) 
between creatine-SLC2A4 and SLC2A4-MYO1C (score > 0.700), as demonstrated in Figure 2. Despite 
these promising results, non-diabetic animals supplemented with creatine were diagnosed with 
pancreatitis and presented renal tubular necrosis [54]. Therefore, creatine supplementation should be 
further investigated in various nephropathies to assess the safety of its prescription.  

We have also identified the presence of Insulin-like Growth Factor 1 (IGF1), which serves as a 
pivotal connector among proteins, including enzymes and transporters, that are directly involved in 
creatine metabolism and uptake, as well as other proteins and transcription factors (Figure 2). IGF1 
plays a significant role in muscle development and metabolism, and it is intricately associated with 
muscle mass, strength development, and the proliferative capacity of muscle satellite cells. It is 
primarily produced by liver hepatocytes stimulated by the growth hormone [61]. Given the structural 
and functional similarities between IGF1/IGF1R and insulin receptor signaling, IGF1's influence 
extends beyond creatine metabolism to encompass broader metabolic functions [62]. IGF1 is also 
synthesized in multiple locations within the kidney, including mesangial cells, which are central to 
the development of kidney disease, with enhanced IGF1 signaling observed in various disease states, 
including diabetes [63]. In addition, altered IGF1 levels are linked to cardiovascular and renal 
diseases [64]. These observations underscore the multifaceted role of IGF1 in both creatine handling 
and general metabolic processes. The final gene list from Stitch database included the following 
genes: SLC2A4, IGF1, GATM, SLC6A8, AKT1, AKT2, AKT3, PSMB5, PSMD3, SGK1, and PRPS1 
(Figure 2). 

 

Figure 2. Chemical-Protein Interaction Network (Green) and Protein-Protein Interaction (Gray) 
Network of Creatine Obtained by STITCH. 
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Comparative Toxicogenomics Database 

We utilized the Comparative Toxicogenomics Database to analyze the effects of creatine on renal 
and pancreatic tissues. We explored the data to identify genes and pathways affected by creatine 
exposure and potential associations with specific physiological and metabolic processes. We 
observed that creatine exposure is associated with changes in the expression of 44 specific genes. 
After filtering the repetitive entries and excluding the pseudogenes, we obtained the following gene 
list from CTD: CKB, CKM, CKMT1A, CKMT1B, CKMT2, SLC16A12, and SLC6A8. 

Using these two lists, we filtered the inferred gene/diseases associations since the curated ones 
are enriched to genetic diseases (inborn metabolic errors), and filtered the results using the presence 
of the terms kidney and renal, obtaining 2596 and 818 rows, for Stitch and CTD gene lists, 
respectively. The higher number of entries in the Stitch list is probably associated with the initial 
filtering process for expression in kidney tissues. Figure 3 describes the DiseaseIDs (MESH) and 
counts from association with both gene lists. This analysis revealed that several diseases with similar 
names or related conditions, such as "Kidney Failure/ Chronic", "Kidney Diseases", and "Kidney 
Neoplasms", have identical counts, which may suggest potential clustering or co-occurrence of 
related diseases 

 

Figure 3. Number of associations Gene-DiseaseID (MESH - Medical Subject Headings) from the 
creatine-related genes from Stitch and CTD databases. Names on bars indicate the Medical Subject 
Headings associated with each DiseaseID. 

We found at least five disease associations for each gene, demonstrating that these genes 
presented altered expression or direct associations to kidney-related disturbs, including chronic 
kidney diseases (CKD), cancer, and kidney failure. Detailed plots from each gene-disease association 
are available in Supplementary File 1.  

Gene Expression Analysis and Enrichment of Creatine-Related Genes 

We merged the two above gene lists into one list (Table 4). Then, we obtained a comprehensive 
expression profile of these genes across all tissues using the Multi-Gene Query tool available on the 
GTEx Portal. Specifically, we highlighted the expression patterns in kidney (Figure 3A) and pancreas 
tissues (Figure 3B). 
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Table 4. Creatine-related gene list according to our search criteria. Gene short descriptions were 
retrieved from GeneCards database [65]. 

Gene Symbol (Homo 
sapiens, txid:9606) 

Short description 

SLC2A4 Insulin-regulated facilitative glucose transporter GLUT4. 

IGF1 
Insulin-like growth factor 1, a hormone involved in growth and 

development. 

GATM Glycine amidinotransferase, key in creatine biosynthesis. 

GATM Guanidinoacetate N-Methyltransferase, converts GAA in creatine. 

SLC6A8 Creatine transporter involved in transporting creatine into cells. 

AKT1 
AKT serine-threonine protein kinase 1, involved in signaling pathways 

regulating cell growth and survival. 

AKT2 AKT serine-threonine protein kinase 2, involved in metabolism and 
insulin signaling. 

AKT3 AKT serine-threonine protein kinase 3, involved in brain development 
and function. 

PSMB5 
A component of the 20S core proteasome complex involved in protein 

degradation. 

PSMD3 A non-ATPase subunit of the 26S proteasome involved in protein 
degradation. 

SGK1 
Serum/glucocorticoid regulated kinase 1, involved in cellular stress 

response. 

PRPS1 
Phosphoribosyl pyrophosphate synthetase 1, involved in purine 

metabolism and nucleotide biosynthesis. 

CKB Creatine kinase B, which plays a role in energy homeostasis by 
transferring phosphate between ATP and various phosphogens. 

CKM 
Creatine kinase M, involved in energy homeostasis and is a marker for 

myocardial infarction. 

CKMT1A Ubiquitous mitochondrial creatine kinase, involved in energy 
transduction and impaired in various diseases. 

CKMT1B Identical protein to CKMT1A and is also involved in energy 
transduction in tissues with large energy demands. 

CKMT2 
Sarcomeric mitochondrial creatine kinase, involved in energy 

transduction in muscle tissues. 

SLC16A12 Transporter likely involved in monocarboxylic acid transport and 
associated with juvenile cataracts and renal glucosuria. 
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Figure 4. A) Kidney and B) pancreas tissue expression levels of the 17 creatine-related genes used in 
the present study (TPM - Transcripts per million bases). 

We can observe similar expression patterns for several creatine-related genes, especially GATM, 
SLC6A12, and SLC6A8. These genes are responsible for cell creatine homeostasis, balancing the 
production and uptake of this compound [65]. GATM encodes the enzyme Glycine 
Amidinotransferase, the primary regulatory step in creatine biosynthesis, and SLC6A8 and SLC6A12 
genes encode the specific creatine transporter and the monocarboxylate transporter 12 (MCT12), 
respectively. Creatine concentration controls its synthesis by a feedback loop, regulating GATM 
expression [65]. 

As anticipated, the first two terms from the gene enrichment analysis against the ReactomeDB 
were directly related  to creatine and amino acid metabolism (Figure 5A). Interestingly, the 
remaining eight terms are associated with processes related to cell cycle regulation, including the 
degradation and stability of well-known tumor suppressor genes TP53 and PTEN. We also noted that 
several terms overlapped with the genes PSMB5, AKT2, AKT1, AKT3, PSMD3, and SGK1. This 
integration of amino acid metabolism with specific glycolysis reactions may explain their association 
with cell cycle control. For instance, the glycolytic enzyme PKM2 phosphorylates and activates 
ERK1/2, crucial for cell proliferation. Another glycolytic enzyme, PFKFB3, promotes cell proliferation 
by enhancing glycolytic ATP production and modulating the expression of cell cycle regulators [67]. 
The involvement of creatine kinase (CK) in mitosis regulation is well-documented in scientific 
literature. Moreover, previous studies have reported conflicting roles of creatine metabolism in tumor 
cells, with both upregulation and downregulation of CK potentially affecting cell viability and 
inducing cell death, depending on the tumor's nature [68]. Through the GO analysis (Figure 5B), the 
study was able to categorize the genes in terms of biological processes, cellular components, and 
molecular functions, providing a broader view of these genes' capabilities and actions, and how their 
expression may be influenced by the presence of creatine in renal tissues. Our first analysis was 
against the GO dataset to verify the terms associated with these 17 genes. The resulting network from 
the top ten P-value-rated results is described in Figure 5B. The only direct integration of creatine 
metabolism to all other processes is the gene IGF1, which also participates in several carbohydrate-
metabolism-related terms. Increasing the number of results to the top 30 rated results did not retrieve 
any other gene integration between creatine metabolism and other terms. 
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The pathway analysis using KEGG (Figure 5C) enabled the mapping of genes into specific 
metabolic pathway contexts, such as those involved in amino acid metabolism, elucidating how the 
convergence of metabolic activities and creatine supplementation may interact to impact renal 
function and homeostasis. Essentially, these analyses provided insights into how creatine can 
precisely alter renal metabolic pathways and which cellular processes may be particularly involved 
or affected.Additional findings are associated with insulin resistance and signaling metabolism, renal 
cell carcinoma, type 2 DM, central carbon metabolism in cancer, and others. The significant presence 
of AKT genes in various metabolic processes accounts for the numerous associated terms. 

 
Figure 5. Gene Enrichment Analysis from EnrichR-Kg using the creatine-related gene list against the 
following databases: (A) ReactomeDB; (B) Gene Ontology; and (C) KEGG terms. Green circles 
represent the genes. The first ten results are represented, using p-values ≤ 0.05 as the threshold. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 June 2024                   doi:10.20944/preprints202406.1733.v1

https://doi.org/10.20944/preprints202406.1733.v1


 14 

 

Moreover, this phase of analysis facilitated the identification of changes in the activity of specific 
genes that may be associated with processes such as cellular hypertrophy, apoptosis, and cellular 
repair. These findings are crucial for building a more comprehensive understanding of the 
implications of creatine intake, as alterations in cellular activity may have direct implications on renal 
function. 

Pathway Analysis and Regulation by Kinases and Phosphatases 

To investigate how kinase regulation processes influence creatine metabolism pathways, we 
perform GEA against two kinases-specific databases: ARCHS4 and The Kinase Library 2023. After 
merging the results, we found 24 kinases that are directly or indirectly related to the creatine-related 
genes (Table 5). We also joined this list with the creatine genes to evaluate their normal expression in 
kidney and pancreas tissues from GTEx  (Figure 6). All the kinases presented high basal expression 
in the two tested tissues. A noteworthy observation is that both tissues present a very similar 
expression of these genes, and are consequently grouped in the same cluster when we analyze them 
together with the expression of all other human tissues (Supplementary Figure 1). 

The study of metabolic pathways and enzymatic regulation helps elucidate not only how 
creatine is metabolized by the kidneys, but also how this metabolism may affect other cellular 
functions through kinase modulation. For instance, the impact of creatine on cellular energy levels 
and renal tissue homeostasis may be mediated by pathways regulated by specific kinases, providing 
a direct link between creatine supplementation and renal health status [68]. Additionally, exploring 
kinase regulation opens pathways to understanding broader cellular events, such as signal 
transduction and cell cycle regulation, which may have significant implications in renal disease 
contexts or under conditions of oxidative stress. 

We focused on the AKT gene family due to their significant role in intracellular signaling and 
the regulation of processes such as cell growth, proliferation, and survival [69]. AKT proteins are 
involved in several important metabolic pathways and are known to be sensitive to variations in 
nutrient levels, including creatine [70]. Therefore, understanding how creatine influences AKT 
activity can reveal significant insights into the molecular mechanisms that result in the physiological 
effects of creatine in the kidneys. For instance, changes in AKT activity may impact cellular energy 
balance and protection against oxidative stress. These findings are significant as they offer potential 
for therapeutic manipulation in conditions where renal function is compromised or where regulation 
of energy metabolism is crucial. 

Table 5. Protein kinases directly and indirectly related to the creatine-related genes according to our 
search criteria. Gene short descriptions were retrieved from GeneCards database [65]. 

Kinase Gene 
Symbol Short description (Source: GeneCards) 

CAMKK2 
Calcium/calmodulin-dependent protein kinase kinase 2, involved in various 

signaling pathways. 

MAP2K2 Mitogen-activated protein kinase kinase 2, a key component in the MAPK/ERK 
pathway. 

VRK1 Serine/threonine-protein kinase VRK1, involved in cell cycle and nuclear 
envelope formation. 

PDK4 
Pyruvate dehydrogenase kinase isozyme 4, regulating glucose and fatty acid 

metabolism. 

PLK4 Polo-like kinase 4, a regulator of centriole duplication in cell cycle progression. 
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PDK1 Pyruvate dehydrogenase kinase 1, regulating glucose metabolism by 
phosphorylating pyruvate dehydrogenase. 

DMPK 
Myotonic dystrophy protein kinase, involved in muscle, heart, and brain 

function. 

AAK1 AP2 associated kinase 1, involved in clathrin-mediated endocytosis. 

TBK1 TANK-binding kinase 1, central in innate immune response and inflammation. 

GAK Cyclin G-associated kinase, involved in cell cycle regulation and clathrin-
mediated endocytosis 

NEK7 
Serine/threonine-protein kinase involved in mitotic cell cycle progression and 

cytokinesis. 

PBK Serine/threonine-protein kinase involved in mitotic cell cycle and DNA damage 
response. 

BMP2K Kinase implicated in bone morphogenic protein signaling and osteoblast 
differentiation. 

MASTL 
Kinase that regulates mitosis entry and maintenance which is involved in cell 

cycle checkpoint recovery. 

VRK2 Kinase involved in cell cycle regulation and neuronal apoptosis. 

STK25 Kinase that regulates stress response and cell migration. 

CDK16 Kinase involved in vesicle-mediated transport and exocytosis. 

MAST2 Kinase that regulates spermatid differentiation and interleukin-12 production. 

PRKACA Catalytic subunit of protein kinase A, involved in various cellular processes 
including metabolism and memory. 

ABL1 
Tyrosine-protein kinase involved in cell differentiation, division, adhesion, and 

stress response. 

STK11 Serine/threonine kinase 11, also known as liver kinase B1 (LKB1), which 
regulates cell polarity and functions as a tumor suppressor. 

TNK1 Tyrosine kinase non-receptor 1, involved in negative regulation of cell growth 
and acting as a tumor suppressor. 

EIF2AK1 
Eukaryotic translation initiation factor 2-alpha kinase 1, which plays a role in 

the cellular response to stress by phosphorylating the alpha subunit of the 
eukaryotic translation initiation factor 2 (eIF2). 

GSK3A Glycogen synthase kinase 3 alpha, involved in energy metabolism, neuronal 
cell development, and body pattern formation. 
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Figure 6. Expression of creatine-related genes and the kinases retrieved from gene enrichment 
analysis against kinase-specific databases. (TPM - Transcripts per million bases). 

Furthermore, by studying the expression of these kinases and their potential regulation in 
different kidney conditions/diseases, we can highlight a new layer of complexity in understanding 
the effects of creatine. It is not just a supplement that can affect energy capacity and muscle 
performance, but also an agent that interacts with signaling mechanisms and cellular regulation that 
are pivotal for normal renal health and function. 

GEO datasets analyses 

We did not find specific datasets from human organisms or cell models that evaluated the 
creatine treatment or supplementation on renal tissues. Therefore, we restricted our search to datasets 
that evaluated specific kidney diseases to analyze the expression of the genes in our list. The first part 
was to search the list's gene symbols against the GEO profiles database, which uses curated datasets 
to evaluate individual gene expression profiles. Within our search criteria, the gene GATM presented 
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the highest number of profiles, with 16 distinct ones, most of them with significant differential 
expressions between the conditions tested. Then, we chose four distinct expression datasets from 
kidney conditions to widen the creatine-related genes assessment from array (three) and RNA-Seq 
platforms (one). 

The first dataset evaluated was from the study of Neusser et al. [71], which analyzed genome-
wide array expression of renal biopsy specimens from 14 patients with nephrosclerosis (NSC) against 
four tumor-free kidney specimens from patients undergoing tumor nephrectomy (TN) (GDS3712, 
GSE20602). The authors revealed a significant regulation of hypoxia-associated biological processes 
in NSC samples, including angiogenesis, fibrosis, and inflammation. The glomerular expression 
levels of most genes regulated by the hypoxia-inducible factors (HIFs) were also significantly altered 
in these samples [71]. We re-analyzed the dataset, focusing on the expression values from the 
creatine-related genes (Figure 7). Ten of the initial 17 genes of the list had significative differential 
expression in the above dataset: GATM, SLC6A8, IGF1, AKT1, AKT3, PRPS1, CKB, SGK1, PSMD3, 
and PSMB5. 

 
Figure 7. Heatmap with the expression of creatine-related genes, from the study of Neusser et al. [71]. 
(GEO Accession number: GDS3712). The samples codes and gene symbols are represented 
horizontally and vertically, respectively. Samples states (TN - Control; NSC - Nephrosclerosis) are 
represented in the first colored line. The following cutoffs were used P-values < 0.05 and Log2Fold 
Change±1. 

Notably, the expression levels of these genes can retrieve the exact clusterization of the 
experiment samples (TN and NSC samples) (Figure 7). Compared to NSC samples, TN samples have 
an upregulated expression of transcript isoforms of GATM and SLC6A8 genes. In addition, the 
average expression of IGF1 transcripts is also higher in TN. As previously described, GATM encodes 
the enzyme Glycine Amidinotransferase, which plays a crucial role in creatine biosynthesis, and IGF1 
is related to creatine and amino acid metabolism. Furthermore, the SLC6A8 codes the sodium- and 
chloride-dependent creatine transporter 1, responsible for the creatine transport into cells, against a 
concentration gradient. Recent studies reported the transcriptional upregulation of this gene in 
tumoral cells under hypoxic conditions [72.73]. The authors of these studies concluded that increased 
creatine production or uptake promotes survival by maintaining redox homeostasis in hypoxic cells. 
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Moreover, reduced active oxygen species (AOS) accumulation could activate the AKT-ERK 
signaling, which protects the viability of hypoxic tumoral cells and explains the relationship between 
creatine accumulation and members of the AKT gene family. Nephrosclerosis patients may have 
reduced creatine production and accumulation in the cell. Indeed, this compound is crucial to kidney 
functioning [14] and even more critical during gluconeogenesis cell metabolism to maintain energy 
levels when kidney cells rely on amino acids, fatty acids oxidation, and non-lactic pathways. Notably, 
the gradual reduction of tubular gluconeogenesis is a crucial feature of chronic kidney disease [74]. 
An uninterrupted and basal creatine supply could be why TN samples had regular expression of 
these genes, which may reflect normal kidney functioning. However, further studies are necessary to 
elucidate if creatine supplementation would be an efficient adjuvant protocol to improve renal 
function under these conditions. 

We also analyzed the dataset from Flechner et al. [75] which evaluated kidney biopsy expression 
profiles after transplant, unique to acute rejection (AR samples), dysfunction without rejection (NR 
samples), and well-functioning transplants (TX Samples) (GDS724/GSE1563). For our analyses, we 
excluded the samples extracted from lymphocytes. Then, we evaluate the expression of the creatine-
related genes of TX, AR, and NR samples versus Control kidney biopsies. Not all the genes were 
differentially expressed under our criteria (P<0.05). This dataset is particularly interesting due to a 
recent study by Post et al. [14], who conducted a clinical trial on kidney transplant recipients, 
evaluating creatine intake and endogenous production levels. 

Our first comparison was AR against control samples, where 3607 transcripts were differentially 
expressed. Among them, we observed differential expression for the creatine-related genes AKT1, 
CKB, GATM, and SGK1. Although the DE of these genes was significant (P<0.05), only the GATM 
expression surpassed the threshold of Log2 Fold Change±0.5, which was intensely downregulated 
(Figure 8A). On the other hand, compared to the Controls, the expression of TX samples presented 
DE of the genes AKT1, AKT2, IGF1, PSMB5, and SLC6A8, but only IGF1 and AKT2 expressions were 
above the Log2FC threshold (Figure 8B). We can observe that GATM has the most significant 
downregulation in AR versus Control (p=0.00e+00) but no significant change in TX vs. Control. In 
addition, IGF1 and AKT1 show substantial changes in both comparisons, with smaller p-values in 
TX vs. Control (p=1.00e-03 and p=1.00e-04, respectively). On the other hand, AKT2 and SGK1 were 
significantly downregulated in AR samples (p=1.00e-04 and p=1.00e-03, respectively) but were not 
different in TX samples. We found no differential expression of the creatine-related genes in NR 
samples compared to controls. 

We also compared the DE between conditions. In the TX versus AR comparison, GATM shows 
the most significant upregulation with a Log2 fold change around 2.4. PRPS1, CKMT2, PSMB5, SGK1, 
and PSMD3 are also upregulated to a lesser extent (log2 fold change between 0.3 and 0.7), and the 
genes AKT2, SLC6A8, and AKT3 were slightly downregulated (Figure 8C). Compared to NR 
samples, TX biopsies had increased expression of the genes GATM and PRPS1 and decreased 
expression of the AKT2, IGF1, and SLC6A8 (Figure 8D). Only IGF1 was upregulated in the 
comparison of AR versus NR samples. These results demonstrate that TX samples have induced 
expression of endogenous creatine production, marked by the increase in GATM compared to acute 
rejected transplant biopsies (AR) and dysfunctional but non-rejected samples (NR). It is also 
important to highlight that GATM was not differentially expressed in well-functioning transplants, 
whereas SLC6A8 was slightly downregulated when compared to control samples, which might 
indicate that the endogenous creatine production, or at least the activity of the GATM/AGAT enzyme, 
is the preferred pathway instead of the creatine uptake. Post et al. [14] stated that kidney transplant 
recipients may be at risk of impaired creatine synthesis, and the results of the present analysis 
partially corroborate theirs. 
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Figure 8. Expression analyses of the creatine-related genes from transplanted patients kidney biopsies 
(dataset GDS724, Flechner et al. 2004). (A) Acute-rejection transplant (AR) versus Control samples. 
(B) Well-functioning transplant (TX) versus Control samples. (C) Well-functioning (TX) versus acute-
rejection transplant samples (AR). (D) Well-functioning (TX) versus dysfunctional non-rejected 
transplant samples (NR). The plot shows the log2 fold change for the genes that met the significance 
threshold in each comparison (P<0.05). The error bars represent the standard deviation of log2 fold 
change for genes with multiple measurements (distinct transcripts or probes for the same gene). This 
provides a measure of variability in the fold change estimate. Printed numbers in each bar describe 
the p-values. 

Since there is no consensus on the role of creatine homeostasis in cancer cells (47), we decided to 
analyze the expression of the creatine-related genes in the dataset GDS2880 (series GSE6344), which 
evaluated the transcriptional profile of two stages of Clear-Cell Renal cell Carcinomas (cRCC), paired 
with controls [76,77]. The first analysis was the comparison of cRCC versus Control samples, both in 
Stage I, where we observed the differential expression of 4694 genes. Still, only three are creatine-
related: CKMT2, GATM, and SLC6A8 (Figure 9A). The genes CKMT2 and GATM show the largest 
negative log2 fold changes, indicating significant downregulation in the tumor cells compared to 
Normal ones. On the other hand, the gene SLC6A8 exhibits substantial upregulation in cRCC tissues. 
We also compared Stage II cRCC samples versus their paired Controls. In this analysis, we also found 
a strong downregulation of the genes GATM and CKMT2 in cRCC samples. These results indicate 
that cRCCs tissues have a severely affected endogenous creatine production. The higher expression 
of SLC6A8, especially during Stage I, might be a mechanism to increase the intracellular levels of this 
compound and maintain tumor viability [78] or to compensate for lower endogenous creatine 
synthesis to support kidney function.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 June 2024                   doi:10.20944/preprints202406.1733.v1

https://doi.org/10.20944/preprints202406.1733.v1


 20 

 

 
Figure 9. Expression analyses of the creatine-related genes transcriptional profile of two stages of 
Clear-Cell Renal cell Carcinomas (cRCC), paired with controls [76,77] (GEO Accession Number: 
GDS2880) (A) Stage I cRCC versus Stage I Control samples. (B) Stage II cRCC versus Stage II Control 
samples. The comparisons of Stage I versus Stage II, within normal and tumor samples, did not 
retrieve differential expression of the creatine-related genes. The plot shows the log2 fold change for 
the genes that met the significance threshold in each comparison (P<0.05). The error bars represent 
the standard deviation of log2 fold change for genes with multiple measurements (distinct transcripts 
or probes for the same gene). This provides a measure of variability in the fold change estimate. 
Printed numbers in each bar describe the p-values. 

It is interesting to note that cRCC samples have a downregulated GATM expression in both 
stages tested. The enzyme (AGAT) coded by this gene is the rate-limiting step of endogenous creatine 
biosynthesis [79]. Several previous studies discuss renal GATM expression and AGAT activity in the 
context of the creatine kidney contribution to the total body guanidinoacetate (GAA) synthesis 
(approximately 20%). However, recent studies have been relating kidney GATM expression to renal 
function and homeostasis maintenance, where the capacity of GAA production decreases with 
increased states of CKD, becoming virtually nonexistent in dialysis patients [13]. On the other side of 
the spectrum, several mutations in GATM result in known genetic inborn diseases linked to creatine 
synthesis deficiency, like Cerebral Creatine Synthesis Deficiency 3 (CCDS3), and to altered 
phenotypes, like renal Fanconi syndrome and progressive kidney failure [80], and in dialysis-
independent CKD patients [81]. Our analysis also reveals that a downregulated GATM expression 
also occurs in cRCC samples, implying that increased creatine production, or at least GAA, may not 
be a strategy for this tumor-type survival, especially during Stage II of the disease. It could also imply 
that regular GATM expression is essential for human kidney function. 

To better understand and confirm these observations, we analyzed the data of the RNA-Seq 
transcriptome profiling of chronic kidney disease from the series GSE137570 (BioProject: 
PRJNA565950; SRA: SRP222033). This data series provides clinical/morphological parameters for 
CKD samples, such as estimated Glomerular Filtration Rate (eGFR) and the tubulointerstitial fibrosis 
percentual of kidney biopsies. Using these parameters, we performed six different analyses. The first 
one was the general comparison of all Fibrosis samples versus Normal tissue biopsies, where three 
genes presented Log2 Fold Changes higher than the threshold used (Log2 Fold Change±0.5): IGF1 and 
SLC6A8 were upregulated. At the same time, SLC6A12 was downregulated (Figure 10A). However, 
fibrosis samples had different values of % Tubulointerstitial Fibrosis, which ranged from 0 to 77.5%. 
So, we separated the samples into two additional groups with tubulointerstitial fibrosis above and 
below 50% (50%<Fibrosis and 50%>Fibrosis, respectively). Two creatine-related genes presented 
downregulation, PSMB5 and SLC6A12, while IGF-1 was upregulated when comparing 50%<Fibrosis 
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versus Normal samples (Figure 10B). We also observed similar IGF-1 expression values when 
comparing 50%>Fibrosis versus Normal samples (Figure 10C). The genes GAMT, SLC6A8, and 
PSMD3 showed significant upregulation in the 50%>Fibrosis (Figure 10C). 

 
Figure 10. Expression analyses of the creatine-related genes transcriptional profile from kidney 
fibrosis biopsies (GEO Accession Number: GSE137570) (A) All Fibrosis biopsy versus Normal 
samples. (B) Samples with Tubulointerstitial Fibrosis above 50% (Fibrosis>50%) versus Normal ones. 
(C) Tubulointerstitial Fibrosis below 50% (Fibrosis<50%) versus Normal samples. (D) Samples with 
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eGFR higher than 50 (eGFR>50) versus Normal ones. (E) Samples with eGFR lower than 50 (eGFR<50) 
versus Normal ones. (F) Comparisons between eGFR<50 and eGFR>50 samples. The plot shows the 
Log2 fold change for the genes that met the significance threshold in each comparison (P<0.05). Printed 
numbers in each bar describe the p-values. 

Fibrotic renal tissues from this cohort could have increased IGF1 due to insulin resistance or in 
the first stages of diabetic kidney disease (DKD), or its upregulation could be linked to kidney 
hypertrophy, a known indicative of DKD, as previously demonstrated in animal models [82]. The 
action of this hormone-like molecule is to induce glucose consumption, inducing Glycolytic enzymes, 
which in turn could feed the creatine synthesis. Renal tissues require high energy levels, and during 
CKD, this tissue has a partial loss of fatty acid oxidation and an impaired capacity to produce glucose 
due to loss of gluconeogenesis and an increase in glycolysis [74]. However, we did not observe 
differential expression of the GATM gene, which is the committing step for the pathway of this 
compound synthesis. Perhaps GATM expression levels were close to the ones observed in Normal 
samples, maintaining GAA intracellular levels. GAA is toxic to the cell at high concentrations. 
Therefore, renal samples with lower than 50% tubulointerstitial fibrosis could upregulate the GAMT 
gene to metabolize GAA excess, leading to creatine synthesis. The significant upregulation of the 
gene PSMD3, a proteasome protease, might provide the amino acids as substrate for this pathway 
and not carbon skeletons to gluconeogenesis, which would be reduced under the action of IGF-1 [82]. 
Since we also observed an upregulation of the creatine transporter gene (SLC6A8) in these samples, 
creatine must be related to renal function maintenance or energy supply. As fibrosis increases, the 
decreased expression of the monocarboxylic acid transporter, SLC6A12, may be linked to renal 
medulla osmoregulation. This transporter is crucial to the control of betaine accumulation [83]. 

We also categorized the samples from this study by the eGFR values, using a threshold of 50. 
We know this value is not a dividing point between the presence and absence of renal disease. The 
eGFR is indicative, calculated from the plasma creatinine levels, and, though related, is not equal to 
the actual glomerular filtration rate (GFR) [14]. The usual range used to indicate a normal kidney 
function is above 90; values between 60-89 may indicate early-stage kidney disease; values between 
15-59 may mean kidney disease; and values below 15 indicate kidney failure (National Institute of 
Diabetes and Digestive and Kidney diseases and National Kidney Foundation guidelines). However, 
we chose a lower threshold because gene expression alterations commonly occur before observable 
changes in clinical and morphological parameters. So, eGFR values indicative of early-stage renal 
disease may not imply an intense remodeling of gene expression, especially the ones related to energy 
production shifts. 

Interestingly, the kidney biopsy samples with eGFR values above 50 (eGFR>50) had a similar 
differential expression of the creatine-related genes observed in the samples with lower Fibrosis 
percentages (50%>Fibrosis) (Figure 10D and 10C), respectively, including the same DE genes. In 
addition, samples with lower eGFR (eGFR<50) presented altered expressed levels of the genes GATM 
and SLC6A12 (downregulated) and the genes IGF1 and SLC6A8 (upregulated) (Figure 10E). These 
results demonstrate that eGFR<50 samples have impaired endogenous creatine synthesis, marginally 
compensated by the increase of this compound absorption by its specific transporter, SLC6A8, 
compared to the Normal samples. Also, a previous study associated increased serum IGF1 levels with 
low eGFR rates [84]. From our gene list, only the GATM and GAMT genes were significantly 
downregulated when we contrasted the gene expression of eGFR<50 versus eGFR>50 samples 
(Figure 10F). These observations mean that there might be a relationship between the eGFR values 
and endogenous creatine production. These findings also corroborate previous suggestions of [13,14] 
and [85] that impaired endogenous creatine production in chronically and dialysis-dependent kidney 
disease patients creatine becomes an essential nutrient, and they may require creatine 
supplementation. However, carefully evaluating the patient's diet and creatine 
ingestion/supplementation is imperative to maintain kidney function and homeostasis. 

Our creatine-related gene expression analyses provide additional support for previous studies, 
but they are not without limitations. The case-control comparisons could be more complex because 
gene expression overlaps between different tested case conditions could occur. In addition, no 
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information on the creatine content or consumption of the samples' donors is available, which could 
directly impact our evaluations. Finally, the studies used experimental designs, which may need to 
be more suited to our questions. Therefore, we emphasize the need for specific studies with human 
or animal models that could address the questions raised here and confirm the central role of creatine 
homeostasis in kidney function. 

Future Directions 

Creatine supplementation still warrants a deeper understanding of its mechanisms of action, 
potential therapeutic applications in diseases, and its association with nephropathies. For instance, 
the potential elevation in serum creatinine levels, resulting from the spontaneous conversion of 
creatine to creatinine, was among the factors that led to scrutiny and questioning of the sale of 
creatine supplements in certain countries in the past. This episode appears to continue influencing 
new studies, as there is still hesitation in exploring the effects of creatine supplementation on 
nephropathies. Due to the spontaneous conversion of creatine to creatinine, serum creatinine should 
not be solely relied upon as a biomarker of renal function post-creatine supplementation. In such 
instances, elevated creatinine levels stem from increased creatine levels rather than renal dysfunction, 
resulting in a false positive indication of kidney injury. Other markers such as serum/urinary urea, 
cystatin-C, imaging, and molecular tests [86] should be considered in future studies to enhance the 
accuracy of renal function evaluation, whether in experimental or clinical settings.  

In the case of diabetic nephropathy (DN), there are currently no studies confirming the effects 
of creatine supplementation in patients with this condition, only animal model studies [54]. However, 
like CKD and RT, some hypotheses suggest a potential positive outcome with creatine. Creatine 
supplementation might enhance renal function in DN patients by increasing glucose uptake through 
GLUT-4 translocation to the sarcolemma, as observed in type 2 diabetes patients [42]. However, the 
mechanism by which creatine supplementation increases GLUT-4 translocation has not been fully 
elucidated. The findings of Alves et al. [87] suggested that the increased expression of AMPK-α could 
explain the increased translocation of GLUT-4 to the cell membrane, but the increased expression of 
AMPK-α did not show statistical significance between the groups in this study. Therefore, this 
mechanism requires further investigation. 

In a previous study, we observed that creatine supplementation did not induce significant 
changes in the renal morphology of diabetic animals [54]. Additionally, we found a hypoglycemic 
effect of creatine supplementation in this model. Based on the findings of Gualano et al. [42], the 
hypoglycemic effect we observed may have occurred due to increased expression of GLUT-4 and 
unconventional myosin-Ic, proteins that could enhance glucose uptake. 

In addition, several recent studies evidence that the balance between creatine synthesis and 
uptake in renal tissues is directly linked to kidney function. Several abnormal kidney conditions 
induce the differential expression of creatine-related genes, especially GATM, GAMT, SLC6A8, 
AKTs, and IGF1. Further studies with specific experimental designs need to address whether the 
expression levels of these genes can be molecular markers of creatine homeostasis and kidney 
function.       

Conclusions 

There is compelling evidence that creatine supplementation is safe and does not alter function 
in healthy individuals without prior renal impairment. However, in individuals with kidney 
diseases, clinical studies are scarce, and experimental data suggest that, due to the particularities of 
each condition, the effects of creatine supplementation should be considered on an individual basis. 

The bioinformatic approach of this study sheds light on the intricate relationship between 
creatine and renal tissues, offering valuable insights into the potential effects of creatine 
supplementation on renal function. The findings highlight the importance of understanding the 
impact of creatine on renal health and underscore the need for further research in this area. Future 
studies could explore the expression of kinases in different renal conditions, elucidating a new layer 
of complexity in understanding the effects of creatine. 
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Furthermore, experimental studies in human or animal models could confirm the central role of 
creatine homeostasis in renal function. Additional research could advance our understanding of the 
influence of creatine on renal tissues and contribute to the development of personalized approaches 
to support renal function. Based on current information, hypotheses suggest that creatine may benefit 
patients with kidney diseases directly or indirectly, or at least not present adverse effects. 
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Abbreviations 

ADP - adenosine diphosphate 
AGAT - Arginine:Glycine Amidinotransferase deficiency syndrome 
AMPK-α - AMP-activated protein kinase alpha 
AOS - Active oxygen species 
ATK1 - V-akt murine thymoma viral oncogene homolog 1 
ATK2 - V-akt murine thymoma viral oncogene homolog 2 
ATK3 - V-akt murine thymoma viral oncogene homolog 3 
ATP - Adenosine triphosphate 
CK - Creatine kinase 
CKB - Creatine Kinase B 
CKD - Chronic kidney disease 
CKM - Creatine kinase, muscle 
CKMT1A - Creatine kinase, mitochondrial 1A 
CKMT1B - Creatine kinase, mitochondrial 1B 
DKD – Diabetic kidney disease 
DN - Diabetic nephropathy 
ERK1/2 - Extracellular signal-regulated kinase ½ 
GAA - Guanidinoacetate 
GAMT - Guanidinoacetate methyltransferase 
GEO - Gene Expression Omnibus 
GLUT4 - Glucose transporter type 4 
GO - Gene Ontologies 
GTEx - Genotype-Tissue Expression 
HIV - Human Immunodeficiency Virus 
IGF1 - Insulin-like growth factor 1 
KEGG - Kyoto Encyclopedia of Genes and Genomes 
MtCK - Mitochondrial creatine kinase 
MYO1C - Myosin IC 
NSC - Nephrosclerosis      
PFKFB3 - 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
PKM2 - Pyruvate kinase isozymes M2 
PPI - Protein-protein interaction 
PSMB5 - Proteasome subunit beta type-5 
PSMD3 - 26S proteasome non-ATPase regulatory subunit 3 
PTEN - Phosphatase and tensin homologue 
RT - Renal transplant 
SGK1 - Serine/threonine-protein kinase 1 
SLC2A4 - Solute Carrier Family 2 Member 4 
TN - Tumor nephrectomy 
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TP53 - Tumor protein p53 
TPM - Transcripts per million 
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