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Abstract

Background Creatine is a semi-essential nutrient that plays a critical role in energy metabolism, with dietary intake and
endogenous synthesis contributing to overall creatine availability. While dietary creatine intake has been studied extensively,
limited data exist on the dietary exposure to its precursor amino acids—glycine, arginine, and methionine—and their con-
tribution to endogenous creatine synthesis. This study aimed to assess the dietary intake of these precursors in U.S. children
and adults using data from the Third National Health and Nutrition Examination Survey (NHANES III) and to compare
endogenous creatine synthesis with direct dietary creatine intake.

Methods We analyzed NHANES III dietary recall data from 29,945 individuals aged 2 years and older. Intakes of glycine,
arginine, methionine, and creatine were calculated per kilogram of body weight. The contribution of precursor amino acids
to endogenous creatine synthesis was estimated using established metabolic conversion factors.

Results The mean daily intakes of glycine, arginine, methionine, and creatine were 59.6+0.4 mg/kg, 77.2+0.5 mg/kg,
31.9£0.2 mg/kg, and 15.5+£0.1 mg/kg, respectively. Estimated endogenous creatine synthesis from precursor amino acids
was significantly greater than dietary creatine intake across all age groups (P<0.01), with precursor-derived creatine produc-
tion averaging 41.9+0.3 mg/kg body weight per day, approximately 2.7 times higher than dietary creatine intake. Creatine
precursor availability declined with age, with the lowest values observed in individuals aged> 65 years.

Conclusion This study provides the first comprehensive evaluation of total creatine availability in a representative U.S.
population, highlighting the predominance of endogenous synthesis over direct dietary intake. These findings suggest that
creatine metabolism is largely dependent on precursor amino acid intake and that certain populations, particularly older
adults, may be at higher risk for reduced creatine availability. Future research should explore the physiological implications
of these findings and potential dietary interventions to optimize creatine status across the lifespan.
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Introduction

Creatine (methylguanidoacetic acid) is a non-proteinogenic
amino acid derivative and is considered a semi-essential
nutrient in human nutrition (Ostojic and Forbes 2022). It
functions as a rapid energy buffer, primarily in tissues with
Communicated by G. Wu. high energy demands, such as skeletal muscle, the brain,
and the heart (Wyss and Kaddurah-Daouk 2000). Maintain-
ing adequate creatine levels is essential for optimal physi-
cal performance, metabolic health, and disease prevention
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creatine requirement is obtained from animal-based dietary
sources, while the remaining half is synthesized endog-
enously from three amino acids: glycine and arginine (semi-
essential amino acids) and methionine (an essential amino
acid) (Brosnan and Brosnan 2016). While several studies
have quantified dietary creatine intake from food sources
(Bakian et al. 2020; Korovljev et al. 2021), limited data are
available on dietary exposure to creatine-precursor amino
acids in the general population (Institute of Medicine 2005),
particularly regarding the proportion of these precursors
utilized for endogenous creatine synthesis. Understanding
the intake of these precursors is crucial for assessing the
relative contribution of endogenous synthesis versus direct
dietary creatine intake. Therefore, the primary objective of
this study was to assess the dietary intake of glycine, argi-
nine, and methionine among U.S. children and adults using
data from the Third National Health and Nutrition Examina-
tion Survey (NHANES III). Additionally, our study aimed
to compare endogenous creatine synthesis from creatine-
precursor amino acids with dietary creatine intake within
the same population. This comparison may offer valuable
insights into the relative contributions of these sources,
thereby improving our understanding of creatine metabo-
lism and its potential dietary determinants.

Methods

The NHANES is a large-scale, nationally representative
health survey conducted in the United States since the early
1960s. Its primary objective is to assess the health and
nutritional status of the non-institutionalized U.S. civilian
population through a combination of interviews, physical
examinations, and laboratory tests. NHANES III, conducted
between 1988 and 1994, was a nationwide probability sam-
ple of 39,695 individuals aged 2 months and older. This
survey provided comprehensive data on dietary intake,
biochemical markers, chronic diseases, and lifestyle fac-
tors across diverse demographic groups. Detailed method-
ology and survey design information for NHANES III can
be found elsewhere (National Center for Health Statistics,

Table 1 Contribution of precursors to endogenous creatine synthesis
per dietary exposure (DE)

Nutrient Portion used for Adjusted Frac-
creatine synthesis contribution tion

Glycine 100% (entire DE x 1.00x(75.1/  572%
molecule) 131.1)

Arginine 25% of amidino DE x 0.25x(43.1/ 8.2%
groups 131.1)

Methionine  40% of methyl DE x 0.40%(15.0/ 4.6%
groups 131.1)

Note: Molecular weights: glycine 75.1 g/mol, creatine 131.1 g/mol,
amidino group 43.1 g/mol, methyl group 15.0 g/mol
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2025). For this analysis, we extracted data from NHANES
IIT for all participants aged 2 years and older who provided
dietary intake information via a 24-hour food recall, as
recorded in the Individual Food File database. The intakes
of glycine, arginine, and methionine were directly obtained
from individual food records, while creatine intake in indi-
vidual foods was calculated based on previously established
methods (Todorovic et al. 2022; Ostojic 2025). Nutrient
intakes were aggregated across all reported foods for each
participant, with the intake of each nutrient was quanti-
fied in relative amount (mg per kg body weight). In addi-
tion, adjusted estimates were calculated to determine the
presumed amount of endogenous creatine synthesis from
dietary glycine, arginine, and methionine (Brosnan et al.
2011). Specifically, the entire glycine molecule is incorpo-
rated into the creatine structure (100%), while 25% of the
amidino groups from arginine and 40% of the methyl groups
from S-adenosylmethionine, a direct metabolic derivative
of methionine, also contribute to the synthesis process (see
Table 1 for correction factors).

All analyses were conducted for the total sample as
well as subsamples stratified by gender and age catego-
ries. Approval to conduct NHANES III was granted by the
National Center for Health Statistics (NCHS) Research Eth-
ics Review Board. To compare dietary intakes across demo-
graphic strata, we employed one-way ANOVA for multiple
group comparisons. A Tukey post-hoc test was then used to
identify significant differences between individual sample
pairs. All values are presented as mean=+SE. Data were ana-
lyzed using SPSS Version 24 (IBM, Armonk, NY, USA),
with statistical significance set at P < 0.05.

Results

After excluding duplicate entries, a total of 29,945 respon-
dents from the NHANES III cohort (mean age 36.0+25.6
years, with 51.2% female) provided valid data on dietary
intake for all four nutrients. The mean daily dietary intakes
per kg body weight for glycine, arginine, methionine,
and creatine across the entire sample were as follows:
59.6+0.4 mg (95% confidence interval [CI], 58.7 to 60.4),
77.2+0.5 mg (95% Cl, 76.2-78.3), 31.9+0.2 mg (95% CI,
31.5-32.4), and 15.5+£0.1 mg (95% CI, 15.3-15.9), respec-
tively. The dietary intakes of these nutrients across age
and gender categories are presented in Table 2. One-way
ANOVA indicated a significant difference in dietary gly-
cine, arginine, and methionine intake across age subgroups
(P<0.001). Post hoc analyses revealed significant differ-
ences between all individual sample pairs (P<0.05), except
for the comparisons between the 13—17 years and 18-64
years age groups in the total sample and gender-specific
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Table 2 Daily intakes (mg/kg body weight) of creatine-precursor amino acids and creatine across age subgroups in NHANES III (n=29,945).

Values are mean=+se

2—4 years 5-12 years 13-17 years 18—64 years >65 years p*

Glycine (mg/kg body weigt/day)

Total 107.9+4.1 78.9+1.5 58.1+1.6" 60.8+£0.6 ' 48.1+0.7 <0.001

Male 109.8+6.1 78.842.2 63.1+2.6" 68.1+1.1" 493+0.9 <0.001

Female 105.7+5.5 79.0+2.0 53.0+1.7! 542+0.6 " 46.9+1.2 <0.001
Arginine (mg/kg body weigt/day)

Total 150.7+5.3 105.1+1.9 76.4+2.0! 78.2+0.8 ! 62.2+0.7 <0.001

Male 156.0+7.8 105.1+2.8 82.8+3.4 ! 86.9+1.3 ! 64.3+1.1 <0.001

Female 145.1£7.0 105.0£2.6 69.8+2.11 70.4£0.8 ! 60.3+1.0 <0.001
Methionine (mg/kg body weigt/day)

Total 59.8+2.3 44.6+0.8 324+09! 32.1+03! 25.4+0.3 <0.001

Male 60.5+3.4 45.1+1.2 353+1.5" 35.6+0.5! 26.2+0.4 <0.001

Female 58.9+3.1 442+1.1 293+09"! 29.1£0.3 ! 24.6+0.4 <0.001
Creatine (mg/kg body weigt/day)

Total 27.9+1.5 19.8+0.5 14.4+0.512 15.9+0.2! 13.0£0.22 <0.001

Male 28.5+2.2 19.4+0.8 ! 15.6+0.8 23 17.7+£03 12 13.5+0.2° <0.001

Female 27.2+42.1 20.2+0.7 13.2+£0.523 143+0.22 124+023 <0.001

Note: An asterisk (*) denotes statistical significance across age groups as assessed by one-way ANOVA. Superscript numbers indicate no sig-
nificant difference (P>0.05) between individual sample pairs sharing the same number

Fig. 1 The presumed total cre-
atine (CR) availability from food
sources in mg per kg body weight
per day across age groups

19.8
14.4 159 15.5
E— 13
55.8
41 42.6 41.9
33.8
2-4 yrs 5-12 yrs 13-17 yrs 18-64 yrs 65+ yrs Total

subsamples. Similar results were observed for dietary cre-
atine intake across age subgroups (£<0.001), with post hoc
analyses revealing significant differences between most
individual sample pairs (P<0.05). Exceptions included the
comparisons between the 13—17 years and 18—64 years age
groups, as well as between the 13—17 years and >65 years
age groups in the total sample. In the male subsample, no
significant differences were found between the 5-12 years
and 18-64 years age groups, the 13—17 years and 18-64
years age groups, and the 13—17 years and >65 years age
groups. Similarly, in the female subsample, no significant
differences were observed between the 13-17 years and
18—64 years age groups or between the 13—17 years and
>65 years age groups.

The estimated amount of creatine synthesized endog-
enously from glycine, arginine, and methionine in the total

M Precursors M Dietary CR

sample was 41.9+0.3 mg/kg body weight per day (95%
CI: 41.3—41.9; median: 27.7). When combined with dietary
creatine intake, total creatine availability increased to
57.4+0.4 mg/kg body weight per day (95% CI: 56.6-58.3;
median: 37.2). The distribution of mean values for cre-
atine availability across age groups is presented in Fig. 1.
Notably, the estimated endogenous creatine synthesis was
significantly higher than the creatine obtained from dietary
sources across all age groups (P<0.01).

Discussion
To the best of our knowledge, this study is the first to

comprehensively assess total creatine availability from
dietary sources, considering both preformed creatine and
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its precursor amino acids—glycine, arginine, and methio-
nine. Our findings indicate that the theoretical contribution
of dietary precursors to endogenous creatine synthesis is, on
average, approximately 2.7 times greater than the amount of
creatine directly obtained from food. Moreover, this contri-
bution declines with age, with the lowest values observed in
individuals aged 65 years and older. While multiple factors
influence endogenous creatine synthesis, our results suggest
that certain populations may be more susceptible to reduced
creatine availability.

Creatine is synthesized endogenously through a two-
step enzymatic process primarily occurring in the kidneys,
pancreas, and liver (Wyss and Kaddurah-Daouk 2000).
In the first step, L-arginine: glycine amidinotransferase
(AGAT) catalyzes the conversion of arginine and glycine
into guanidinoacetate in the kidneys. This intermediate is
then methylated in the liver by S-adenosyl-L-methionine:
N-guanidinoacetate methyltransferase (GAMT), using
S-adenosylmethionine as a methyl donor, to produce cre-
atine. The principal regulatory enzyme in creatine biosyn-
thesis is AGAT, which catalyzes the rate-limiting initial
step of the pathway. Creatine exerts negative feedback on
AGAT, suppressing its activity when intracellular creatine
concentrations are adequate. In addition to this feedback
mechanism, AGAT activity is modulated by various hor-
monal and nutritional factors, underscoring its central role
in the regulation of creatine synthesis (Wyss and Kaddurah-
Daouk 2000). Once synthesized, creatine is transported to
target tissues, where it is phosphorylated into phosphocre-
atine, serving as a readily available energy reservoir for
ATP resynthesis. Excess creatine undergoes degradation
into creatinine, which is excreted in the urine to maintain
homeostasis. Endogenous creatine synthesis is influenced
by dietary intake of precursor amino acids, imposing a met-
abolic burden on their availability. Methionine and arginine
may be particularly affected compared to glycine (Brosnan
et al. 2011). However, the precise magnitude of endogenous
creatine synthesis remains poorly characterized due to lim-
ited and largely indirect data. Evidence suggests that endog-
enous synthesis is upregulated in populations with minimal
or no dietary creatine intake. Despite this compensatory
response, it appears insufficient to fully offset the absence
of dietary creatine, as overall creatine levels in these indi-
viduals remain lower than in omnivores (Delanghe et al.
1989). For example, skeletal muscle creatine concentrations
in vegetarians are reported to be approximately 10% lower
than in omnivores (Lukaszuk et al. 2002), suggesting that
endogenous synthesis alone may not fully meet physiologi-
cal demands. These findings highlight the significant con-
tribution of endogenous synthesis relative to dietary intake,
though the precise ratio between these sources remains
uncertain.

@ Springer

Our study demonstrates that creatine precursors provide
a substantial supply of the necessary building blocks for
endogenous creatine production, surpassing direct dietary
creatine intake in all age groups. The highest average ratio
(2.8:1) was observed in non-adult populations, suggest-
ing that endogenous creatine synthesis plays a particularly
critical role during growth and development. This aligns
with prior research indicating an even higher ratio (10:1)
in infants aged 0—12 months (Ostojic, 2024), further sup-
porting the notion that endogenous creatine production is
vital in early life. Additionally, our findings reveal an age-
related decline in the availability of creatine precursors,
with the highest levels observed in the youngest subgroup
and the lowest in older adults from the NHANES III dataset.
Although we estimated the maximal potential creatine syn-
thesis from dietary glycine, arginine, and methionine under
optimal conditions, several factors may limit actual endog-
enous production. These include: (1) amino acid bioavail-
ability, which varies by protein source, food preparation
methods, and individual gut health; (2) enzymatic regula-
tion and feedback inhibition, which may constrain AGAT
and GAMT activity; (3) competition for precursor amino
acids with other metabolic pathways, such as the urea cycle
(arginine), DNA methylation (methionine), and glutathi-
one production (glycine); (4) metabolic constraints due to
organ dysfunction, including kidney or liver disease; (5)
hormonal influences, such as insulin, growth hormone, and
age-related enzyme activity changes; and (6) dietary factors,
such as insufficient intake of methyl donors (e.g., folate,
vitamin B12) or overall protein deficiency. Consequently,
even with high precursor intake, endogenous creatine syn-
thesis may not reach its theoretical maximum, particularly
in children, older adults, vegetarians, or individuals with
metabolic disorders.

Our findings indicate that the intake of creatine precursors
in our adult study population is approximately 40% higher
than the levels previously reported in a U.S. adult cohort
(Sarkar et al. 2021). This discrepancy may stem from meth-
odological differences in dietary assessment tools, as well as
technical challenges inherent in quantifying creatine intake
in large-scale population studies (for a comprehensive dis-
cussion, see Ostojic, 2024). Notably, while the earlier study
focused exclusively on adults, our analysis encompassed
children and adolescents—age groups with distinct physi-
ological demands and typically higher requirements and
consumption of creatine-related amino acids. These differ-
ences in study populations likely contribute to the observed
variation in intake estimates.

A critical gap in creatine research is the absence of direct
measurements of endogenous synthesis across the gen-
eral population. To date, no studies have employed stable
isotope tracing, enzymatic activity assays, or nutrient
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depletion-repletion studies to quantify creatine biosyn-
thesis in humans. The only direct estimate comes from a
single-case supplementation study using labeled creatine,
which inferred a turnover rate of 1.6+0.5% per day under
the assumption of first-order kinetics (Kan et al. 2006).
However, this study did not account for potential suppres-
sion of endogenous synthesis by exogenous creatine intake
(20 g/day). The extent of such inhibition for dietary creatine
intake—typically 20 times lower than the supplementation
dose—remains unknown. Brosnan et al. (2011) estimated
daily endogenous creatine synthesis in young men at 8.3
mmol (15.5 mg/kg body weight for a 70-kg individual)
based on dietary intake and creatinine excretion. However,
this method assumes a steady-state balance, overlooking
dynamic factors such as diet, physical activity, aging, and
metabolic health. Additionally, creatinine excretion var-
ies widely due to muscle mass, hydration status, and renal
function (Avila et al. 2025), further complicating estimates.
Notably, our study estimated a median endogenous cre-
atine synthesis rate of 28.9 mg/kg body weight per day in
adult men, nearly double Brosnan’s estimate, likely due to
our emphasis on dietary precursor intake. These discrepan-
cies underscore the need for direct measurements of cre-
atine biosynthesis under diverse dietary and physiological
conditions.

While the NHANES III dataset provides a robust frame-
work for evaluating dietary intake and estimated creatine
synthesis, several methodological limitations should be
acknowledged. The reliance on a single 24-hour dietary
recall introduces potential recall bias and underreporting,
particularly for creatine-rich foods. Our estimation method
is based on correction factors from Brosnan et al. (2011),
which do not account for individual variations in enzyme
efficiency, cofactor availability, or genetic differences.
Additionally, dietary creatine intake was derived from pre-
existing databases, but food preparation and storage may
alter actual creatine content. The lack of direct biochemi-
cal assessments, such as plasma guanidinoacetate levels or
stable isotope tracers, limits the precision of our estimates.
The cross-sectional design of NHANES III also prevents
longitudinal assessments of creatine metabolism, making
it difficult to establish causal relationships. Moreover, our
model assumes a fixed proportion of dietary precursors is
dedicated to creatine synthesis, without considering com-
petition for these amino acids in other metabolic processes.
Despite these limitations, our study provides novel insights
into creatine precursor availability in a large, nationally rep-
resentative cohort, emphasizing the need for future research
incorporating biochemical validation, inter-individual vari-
ability, and longitudinal approaches.

The findings of this study hold important implications
for public health nutrition, particularly in refining dietary

recommendations aimed at optimizing creatine availability.
Given creatine’s essential role in human physiology, a com-
prehensive understanding of its dietary sources—includ-
ing direct intake and endogenous synthesis—is crucial for
addressing potential deficiencies. Our results suggest that
while endogenous synthesis significantly contributes to total
creatine availability, this capacity declines with age. This
underscores the need for targeted nutritional interventions,
particularly among at-risk populations such as older adults,
vegetarians, and individuals with metabolic disorders. Pub-
lic health initiatives should consider strategies to ensure suf-
ficient intake of creatine precursors through balanced diets
or, where necessary, supplementation and food fortification
(Ostojic 2021).

In addition, supplementation with dietary precursor
amino acids has been reported to augment endogenous cre-
atine synthesis by increasing substrate availability (Posey
et al. 2024; Long et al. 2025). This strategy could be par-
ticularly beneficial for individuals with limited dietary
creatine intake, such as vegetarians, older adults, or those
with specific metabolic conditions. Observational data sug-
gest that suboptimal dietary creatine intake in the general
population may be associated with adverse health outcomes,
including a higher risk of depression (Bakian et al. 2020),
impaired female reproductive health (Ostojic et al. 2024),
increased incidence of cardiovascular and hepatic disorders,
and reduced cognitive function in older adults (Ostojic et al.
2021a, b). These findings support the rationale for exploring
precursor amino acid supplementation as a potential nutri-
tional intervention to bolster creatine status. However, this
approach presents several limitations. The administration
of precursor amino acids in excess may perturb metabolic
homeostasis, potentially leading to unfavorable outcomes
such as disrupted methylation pathways (methionine),
increased nitrogen waste and urea production (arginine and
glycine), or unintended stimulation of nitric oxide synthe-
sis (arginine). Furthermore, the effectiveness of precursor
supplementation may be constrained by the rate-limiting
nature of AGAT, which is subject to negative feedback regu-
lation by intracellular creatine levels. Thus, while precursor
supplementation offers a plausible route to enhance endog-
enous creatine production, its clinical utility requires careful
consideration of dosage, metabolic context, and individual
variability. The potential concern regarding toxicity is also
relevant in the context of excessive creatine intake. Nev-
ertheless, the preponderance of evidence from both clini-
cal and observational studies supports a favorable safety
profile for exogenously administered creatine, even when
consumed at relatively high doses. Comprehensive reviews
of the literature, including the recent synthesis by Kreider
and co-workers (2025), have consistently reported minimal
adverse effects associated with creatine supplementation
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in both healthy and clinical populations. However, caution
may be warranted for certain groups—such as individuals
with pre-existing renal or gastrointestinal conditions—for
whom excessive intake could pose greater risk. These find-
ings reinforce the notion that, when used appropriately,
creatine is a well-tolerated compound with a low risk of
toxicity in the general population.

Conclusion

Our study provides novel insights into the dietary availabil-
ity of creatine-precursor amino acids and their contribution
to endogenous creatine synthesis in the U.S. population. Our
findings indicate that the estimated endogenous production
of creatine from dietary glycine, arginine, and methionine is
significantly greater than the direct intake of creatine from
food sources, though this capacity declines with age. These
results highlight the importance of adequate dietary intake
of creatine precursors, particularly for populations at risk
of reduced creatine synthesis, such as older adults. Future
research should explore the metabolic constraints influenc-
ing endogenous creatine production and evaluate whether
targeted dietary strategies or supplementation could help
optimize creatine availability for health and performance
benefits.
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