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Abstract

Objectives; Guanidinoacetic acid (GAA) is a natural precursor of creatine, yet the potential
use of GAA as a nutritional additive for restoring creatine availability in humans has been
limited by unclear efficacy and safety after exogenous GAA administration. The present study
evaluated the effects of orally administered GAA on serum and urinary GAA, creatine and
creatinine concentration, and on the occurrence of adverse events in healthy humans.
Methods and Results; Twenty-four healthy volunteers were randomized in a double-blind
design to receive either GAA (2.4 grams daily) or placebo (PLA) by oral administration for 6
weeks. Clinical trial registration: www.clinicaltrials.gov, identification number NCTOI 133899.
Serum creatine and creatinine increased significantly from before to after administration in
GAA-supplemented participants (P < 0.05). The proportion of participants who reported
minor side effects was 58.3% in the GAA group and 45.5% in the placebo group (P = 0.68). A
few participants experienced serum creatine levels above 70 pymol/L. Conclusion; Exoge-
nous GAA is metabolized to creatine, resulting in a significant increase of fasting serum cre-
atine after intervention. GAA had an acceptable side-effects profile with a low incidence of
biochemical abnormalities.
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Introduction

Guanidinoacetic acid (GAA) occurs naturally in
the human body and acts as a precursor of creatine,
the latter playing an important role as an energy car-
rier/mediator in the cell [1, 2]. GAA itself along with
L-ornithine is formed in an enzyme-catalyzed step
from L-arginine and glycine, mainly in the kidney and
pancreas. This first step in the creatine biosynthesis
pathway was found to be rate-limiting as the respec-
tive enzyme L-arginine-glycine amidinotransferase
(AGAT) is subject to feedback inhibition of creatine on
a pretranslational stage [3-5]. The second enzyme in

the pathway is GAA N-methyltransferase (GAMT),
which catalyzes the transfer of a methyl group from
S-adenosylmethionine (SAM) to GAA to form crea-
tine and S-adenosylhomocysteine (SAH) mainly in
the liver. For GAMT no feedback control by creatine
was observed [1]. Creatine is then released from the
liver into the circulation where it can be taken up, via
a specific transporter, by various tissues [6]. Daily
turnover of creatine in humans (~ 2 grams) must be
replaced from dietary animal protein or de novo syn-
thesis from GAA [2]. It is well known that exogenous
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creatine can help to replenish cellular levels of crea-
tine in physically actives, ageing population, and
neurodegenerative and neuromuscular diseases [7],
yet the power and safety of GAA as a nutritional ad-
ditive for restoring creatine availability is unclear.

The oral application of GAA is not a new concept
and several studies evaluated the metabolic and clin-
ical effects of GAA. According to research in rodents
[8] short-term oral administration of GAA increases
the serum level of creatine to a similar extent like an
equimolar dose of creatine, thus showing an impact
on creatine metabolism. Stead and co-workers [8], and
Fukada and co-workers [9] observed moderate hy-
perhomocysteinemia after oral administration of
GAA in rats, whereas Zugno et al. [10] noticed dis-
turbances in antioxidant system after intrastriatal
administration. Recent work in broilers showed bene-
ficial effects of oral GAA administration on growth
performance and feed conversion ratio. The trans-
formation of GAA into creatine was evidenced by an
increase in serum and muscle creatine levels [11, 12].
Early studies in humans revealed favorable effects of
oral administration of GAA in patients with cardiac
decompensation, arthritis, anxiety and depression
[13-16], yet these studies omitted to examine changes
in creatine concentration in serum and urine after
GAA administration. Although the latter studies
found no side-effects, the authors did report only
limited details about the effect of GAA on clinical
markers of health status. The main aim of the present
study was: a) to investigate whether daily oral ad-
ministration of GAA had an effect on creatine metab-
olism; b) to monitor the occurrence of clinical and
biochemical adverse events during GAA supplemen-
tation.

Methods

Twenty-four healthy volunteers (age 22.3£1.5y,
weight 69.0 £ 12.6 kg, height 175.1 £ 10.5 cm; 12 men
and 12 women) participated in this study. The study
was conducted according to the guidelines laid down
in the Declaration of Helsinki and all procedures in-
volving human subjects were approved by the local
IRB (No. 05/A-2010/014). Written informed consent
was obtained from all subjects. Inclusion criteria
comprised: age between 20 and 30 years, no preexist-
ing clinical medical conditions, normal renal function
(serum creatinine < 110 pmol/L for men and < 90
pmol/l for women), physically active participants (4
hours per week moderate-intensity physical activity)
experienced in sport training (> 2 years), and no use of
any dietary supplement within the 60 days before
study commence. A double-blind, placebo-controlled,
randomized trial was performed to assess the effect of

oral GAA administration (2.4 grams daily) as com-
pared with placebo (inulin) - both administered for 6
weeks in physically active volunteers - on serum and
urine creatine, creatinine and GAA, liver and muscle
enzymes, and the rate of adverse effects. The treat-
ment formulation was provided by AlzChem AG
(Trostberg, Germany) in capsule form, and the par-
ticipants were instructed to take the intervention (8
capsules) in the morning before breakfast. Partici-
pants were administered with single dose of GAA per
day as more convenient and cost-effective protocol,
with better compliance and acceptable safety as
compared to multiple-dose application in general [17].
Dosage of GAA administered (2.4 grams per day) was
calculated as equimolar equivalent to 3 grams of cre-
atine, a dose known to effectively increased plasma
creatine concentration after 6 weeks of administration
[18]. Furthermore, the daily turnover of creatine is
about 2 - 2.5 grams [19] corresponding to a GAA flux
of 1.8 - 2.3 g per day, and 2.4 gram is close this daily
flux. Inulin in placebo was used as an inert ingredient
that has no proven effect on creatine metabolism and
is generally recognized as safe by the U.S. Food and
Drug Administration [20]. During the intervention,
each subject received an individualized meal plan,
with diets were prescribed according to the guidelines
of ACSM and ADA [21] in aim to ensure similar in-
take of foods containing animal protein (source of
creatine and/or GAA). Individual energy intake was
calculated from estimated basal metabolic rate and
physical activity level, with prescribed diet supplied
60-65% energy from carbohydrate, 20-25% from fat
and 12-16% from protein. Compliance was monitored
by analyzing 3-day food records with average daily
energy intake and macronutrient content calculated
(Nutribaze, Phoenix, AR, USA). Since AGAT is nega-
tively regulated by creatine [4], the amount of creatine
brought by the food was calculated according to the
food data tables for creatine [22-24]. Three-day rec-
ords were collected during the study at two-week
interval, with no significant treatment vs. time inter-
action was found for total calories, macronutrient and
creatine intake during the study (Table 1).

Volunteers were randomly assigned to receive
GAA (12 participants) or placebo (12 participants) and
women had an equal probability of assignment to the
groups. All subjects were included in the inten-
tion-to-treat population. At baseline, after two, four
and six weeks subjects provided both fasting blood
samples and 24-h urine. Urines were collected in a
plastic bottle with an aliquot (10 ml) of the homoge-
nized sample analyzed for GAA, creatine and creati-
nine. Blood was collected from a radial vein into gel
vacutainer for biochemical variables, and 7.5%
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K3-EDTA vacutainer for homocysteine. Creatine,
GAA and creatinine in both serum and urine samples
were analyzed by precolumn derivatization HPLC
[25]. Plasma homocysteine was measured with a flu-
orescence polarization immunoassay method. Liver
and muscle enzymes were monitored as clinical indi-
cators of skeletal muscle, heart and liver stress during
the intervention. Serum activities of aspartate ami-
notransferase, alanine aminotransferase, alkaline
phosphatase, gamma-glutamyl transpeptidase, and
creatine kinase were analyzed by an automated ana-
lyzer (RX Daytona, Randox Laboratories Ltd., Crum-
lin, UK). Participants were instructed to report any
adverse effects of the supplementation protocol
through an  open-ended  questionnaire for
self-assessment of well-being and side-effects (e.g.
diarrhoea, nausea, weight gain, muscle cramps) dur-
ing the study. The primary efficacy outcome was the
change in serum creatine level at 6 weeks after ad-
ministration (effect size of 1.0) in the GAA group over
the PLA group. Allowing for > 80% power, it was
estimated that 10 participants per group would be
required in the final analyses. This was adjusted to 12
subjects per group to account for a predicted 20%
dropout. The primary safety outcome was the rate of
side effects during the treatment period. All results
were expressed as mean + standard deviation (SD) for
continuous variables and rates for categorical varia-
bles. For group comparison at a series of time points
we firstly identified and calculated area under the
curve (AUC) [26] for all dependent variables for each
subject. Second, summary measures (mean AUC) for
each group were tested with Shapiro-Wilk test for the
normality of distribution, and with Bartlett’s test for
the homogeneity of the variances. When homogenous
variances were verified for normally distributed data,

summary measures were compared by unpaired
two-tailed Student’s t test. Welch's t test was used to
make the comparison between the two groups when
non-homogenous  variances  were  identified.
Non-normally distributed mean AUC were compared
using the two independent samples Wilcoxon rank
sum test. The rates of side-effects occurrence between
the GAA and placebo group were compared using the
Fisher exact probability test. Significance level was set
at 0.05.

Results

A total of 23 participants completed the fol-
low-up measures after 6 weeks. One female subject
from the placebo group was lost during the interven-
tion period due to reasons not connected to the study
per se. The proportion of participants who reported
minor side effects was 58.3% (7 out of 12) in the GAA
intervention group and 45.5% (5 out of 11) in the pla-
cebo group (cumulative incidence difference [CID] =
12.8%; 95% confidence interval [CI] = 45.8% to 24.5%,
P =0.68) (Table 2). The frequency of reported adverse
effects was similar between two groups. The rate of
abnormal biochemical values was low. A higher in-
cidence of elevated serum creatinine was observed in
the GAA group (88.3%, vs. 9.1% with placebo; CID =
74.2%; 95% CI = 88.4% to 34.1%, P = 0.0006). The rate
of hyperhomocysteinemia was 58.3% in the GAA
group and 18.2% in the placebo group (CID = 40.1%;
95% CI = 66.0% to 0.6%, P = 0.09). After six weeks of
supplementation all subjects had a plasma homocys-
teine level below 15 pumol/L. Proteinuria was not
found in either group. No gender differences were
found for rates of self-reported clinical and biochem-
ical adverse events in either intervention group.

Table 1. Energy, macronutrient and creatine intake during the study. Values are mean + SD.

Placebo (n =11) GAA (n=12) P*
Baseline Week 2 Week 4 Week 6 Baseline Week 2 Week 4 Week 6

Total energy intake 3173 + 649 3492 £727 36701716 3806 + 624 3467 +870 3594 +£984 3707 +1030 3827 +886 0.59
(kcal/ day)

Carbohydrates (%) 621+4.4 64.8+56 655+3.7 649140 63958 642+52 644141 649+44 098
Lipids (%) 23.0+4.1 214+50 209+37 207+28 232%6.0 21.6+42 21.0+37 21.8+35 0.58
Proteins (%) 149+37 13.8+50 13.6+4.7 144+44 129+43 143+45 146+49 133150 045
Creatine (g/day) 0.39 +£0.08 0.42+0.09 044+0.09 048+0.08 0.39+0.10 045+012 047+0.13 045+0.10 0.78

Note * P value from two-way ANOVA with repeated measures for treatment vs. time interaction.
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Table 2. Self-reported clinical and biochemical adverse
events.

Event Placebo GAA P*
(n=11) (n=12)

Reported event - no.

Swallowing problems 5 4 0.68
Heartburn 4 4 1.00
Intestinal cramping 2 3 1.00
Diarrhoea 2 - 0.22
Muscle cramping - 2 0.48
Appetite increase 1 1 0.99
Weight gain 1 3 0.59
Bloatedness - 3 0.22
Nausea - 2 0.48
Abdominal pain - 1 0.99
Abnormal biochemical value - no.

Aspartate aminotransferase > 40 [U/L - 1 0.99
Alanine aminotransferase > 56 IU/L - - 0.99
Creatine kinase > 400 IU/L 1 2 0.99
Gamma-glutamyl transpeptidase > 51 - - 0.99
IU/L

Alkaline phosphatase > 140 IU/L - - 0.99
Hyperhomocysteinemia t 2 7 0.09
Elevated serum creatinine 1 1 10 0.0006
Proteinuria § - - 0.99

Note T Hyperhomocysteinemia was defined as total plasma homocysteine > 10.4
umol/L for women and > 11.4 umol/L for men. f Elevated serum creatinine was
defined as serum creatinine > 90 pmol/L for women and > 110 pmol /L for
men. § Proteinuria was defined as 2+ or greater protein on urinalysis during
the follow-up period in participants with a negative finding or trace protein
at baseline. * P value from Fisher exact probability test.

The majority of subjectively reported adverse
events occurred as single episode (Table 3) at 15
minutes to 2 hours post-treatment at the first day of
administration. Two female participants from PLA (2
out of 11), and one female and one male participant
from GAA (2 out of 12) reported 2-3 episodes of ad-
verse events during the first two weeks of interven-

tion. No additional side effects were reported from
week 2 throughout the end of the study.

Changes in serum and urine guanidino com-
pounds, and liver and muscle enzymes during the
study are presented in Table 4. GAA intervention
significantly increased serum GAA, creatine, creati-
nine and total homocysteine level (P < 0.05), while
liver and muscle enzyme profiles and urinary out-
comes were not affected by GAA intervention. Serum
creatine and creatinine were elevated by 15.3 umol/L
(95% CI = 10.2 - 20.5 pmol/L), and by 19.3 pmol/L
(95% CI =10.1 - 28.5 pmol/L) after six weeks of ad-
ministration in the GAA group, respectively. Fur-
thermore, total plasma homocysteine increased for 2.6
pmol/L (95% CI = 1.3 - 3.9 umol/L) from before to
after administration in GAA-supplemented partici-
pants.

Table 3. Frequency of self-reported adverse events during
the study.

Event Placebo (1 =11) GAA (n=12)
Single Few Everyday Single Few Everyday
episode times episode times

Swallowing 3 2 - 2 2 -

problems

Heartburn 2 2 - 3 1 -

Intestinal 1 1 - 2 1 -

cramping

Diarrhoea 2 - - - - -
Muscle - - - 2 - -
cramping

Appetite 1 - - - 1 -
increase

Weight gain 1 - -
Bloatedness - - -
Nausea - - -

Abdominal - - -
pain

[ S =Y
1
1

Table 4. Serum (S) and urinary (U) guanidino coumpounds, and liver and muscle enzymes. Values are mean * SD.

Placebo (1 =11) GAA (n=12) P
Base- Week Week Week6 AUC Baseline  Week Week Week6 AUC
line 2 4 2 4
S-GAA (umol/L) 28+ 28+ 28+ 28+02 169+1.6 28+03 41+ 43+ 43%15 23.8+11.6 0.005 *
0.2 0.4 0.4 umol ‘L1 -week 31 25 umol ‘L1 -week
S-Creatine 331+ 344+ 340+ 33.716.6 204.3+31.2 315+105 461+ 481+ 468+156 266.7+87.5 0.04 +
(umol/L) 5.9 5.3 7.2 umol L1 -week 14.0 18.1 umol L1 ‘week
S-Creatinine 827+ 865+ 858+ 799+ 509.2 +53.3 87.6+10.8 1005+ 106.7+ 106.8 +11.1 608.9 +54.2 0.0002
(umol/L) 121 111 9.9 10.1 umol ‘L1 -week 135 143 umol L1 week  f
S-Total homocys- 88+ 88+ 91+ 8819 53.3%113 93+20 102+ 112+ 119%18 64.1+11.3 0.03
teine (umol/L) 1.9 1.7 2.0 umol L1 -week 2.7 1.8 umol L1 ‘week
S-AST (IU/L) 234+ 259+ 254+ 252+41 151.8+22.8 253+52 259+ 276+ 291+45 161.3+29.3 0.40 F
47 4.0 5.0 IU L week 39 9.2 IU L week
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Placebo (1 =11) GAA (n=12) P
Base- Week Week Week6 AUC Baseline  Week Week Week 6 AUC
line 2 4 2 4
S-ALT (IU/L) 246+ 240+ 239+ 248+4.6 1459+284 204+37 210+ 230+ 222+6.6 130.6 £28.4 021%
49 55 51 IU L1 ‘week 6.7 7.0 IU L1 ‘week
S-CK (IU/L) 162.7 1933+ 1779+ 169.7+ 1079.7£454.6 1683 % 213.2+ 275.6 + 208.0 +135.5 1353.8 +800.1 033 %
+77.8 90.1 88.2 64.3 IU L1 ‘week 94.1 100.7 236.5 IU L1 ‘week
S-Gamma-GT 16.7+ 170+ 194+ 164+4.1 105.5+26.9 13.1+47 184+ 149+ 169+49 96.7 £26.3 044 1
(Iu/L) 6.2 6.7 8.8 IU L1 ‘week 6.8 55 IU L1 ‘week
S-ALP (mmol/L) 46.6+ 49.6+ 469+ 519z 291.8 £ 86.3 46.5+15.1 557+ 534+ 502+18.8 314.8+85.1 053¢t
15.8 155 14.3 19.2 mmol L1 week 15.6 15.3 mmol L1 week
U-GAA (umol/L) 1583 1953+ 190.7+ 1834+ 1111.6+£256.7 1621+ 231.3 + 239.8 + 264.3 +105.2 1368.6 + 468.6 0.09 *
+449 515 59.0 532 umol L1 week 43.7 109.9 90.1 umol ‘L1 -week
U-Creatine (mg/L) 220+ 263+ 257+ 27.1% 153.6 £45.0 21.0+£35 327+ 348+ 404+263 1964+61.6 0.07t
5.3 7.5 11.2 13.0 mg L1 week 17.7 15.6 mg L1 week
U-Creatinine (g/L) 1.1+ 12+ 12+ 12+03 72+19 11+04 13+ 13+ 18%04 8.0+21 035%
0.4 0.4 0.4 g L1 week 0.6 0.4 g L1 week

Note GAA - guanidinoacetic acid; AST - aspartate aminotransferase; ALT - alanine aminotransferase; CK - creatine kinase; Gamma-GT - gamma-glutamyl
transpeptidase; ALP - alkaline phosphatase; AUC - area under the curve, is defined as the area under the plot of serum/urine concentration of selected outcome
(not logarithm of the concentration) against time after intervention administration. * P value from two independent samples Wilcoxon rank sum test. T P value
from two-sample Welch's ¢ test. § P value from unpaired two-tailed Student’s ¢ test.

Discussion

The present study shows a significant increase in
fasting serum creatine in humans who ingest daily
supplements of 2.4 grams of GAA for 6 weeks. This
implies that GAA is absorbed from the intestinal tract,
enters the circulation and is methylated to yield crea-
tine. Although literature contains only limited data on
GAA digestibility and availability, a high efficiency of
absorption of GAA across gut mucosa is likely [11].
Recent findings confirm this general view for broilers,
with Lemme and colleagues [27] found true feacal
digestibility of 99.4% for GAA, suggesting a complete
absorption. The roughly 50% increase of serum crea-
tine levels for the present study is lower than the in-
crease observed by Stead and co-workers [8] who re-
ported that plasma creatine was about 6-fold higher in
rats fed with GAA (0.36% wt/wt GAA) for 2 weeks
than in control animals. Such discrepancy is likely to
be the result of higher dose of GAA administered for
animal study and/ or species difference. The intestinal
uptake of GAA resulted in both elevated serum GAA
and urinary excretion of GAA, leading to the conclu-
sion that the conversion of GAA to creatine is incom-
plete and that the excess of unmethylated GAA is
excreted in urine. The total amount of excreted GAA
could not be determined as to missing data for the
volume of the 24 h urine. Daily dose of 2.4 grams
GAA seems to be ample since a certain amount of
GAA and creatine were excreted in the urine. Since no
similar human studies are known to authors, distinct
GAA excretion through the kidney after oral admin-
istration may indicate either saturated utilization of
GAA through GAMT by the liver (or other tissues)

and/or limited uptake by various tissues (e.g. kidney,
skeletal muscle), but to fully elucidate the distribu-
tion, metabolism and excretion of GAA additional
studies would be required.

The only known fate of creatine (besides ener-
gy-related functions) is its irreversible nonenzymatic
conversion to creatinine which is excreted in the
urine. Serum creatinine is often used as a marker for
kidney function as increased serum level of creatinine
may point towards a kidney disorder. On the other
hand, serum creatinine is positively correlated with
lean body mass thus the serum creatinine level may
also reflect the bodily constitution [28, 29]. In the
context of creatine supplementation several authors
observed an increase of serum creatinine [30-32],
whereas others did not find the same effect [33-35].
Considering the correlation between the serum cre-
atinine level and the increased creatine pool after cre-
atine supplementation [36], a rise in serum and urine
creatinine levels after intake of GAA as a precursor of
creatine seems plausible. In this study, GAA obvi-
ously functioned as source of creatine by that aug-
menting the body own creatine pool leading to an
increase in serum and urine creatinine levels. The
assessment of the creatine content in skeletal muscle
via muscle biopsy could help to further substantiate
the indication of an elevated creatine pool after GAA
supplementation.

The incidence of most subjective side effects and
changes in clinical markers was not different between
the two groups, with most side-effects reported as
rather single episodes which disappeared during the
first week of intervention. The swallowing problems
can be clearly attributed to the number and size of
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ingested capsules and could be reduced by the appli-
cation of a different dosage form. The observation of
elevated plasma homocysteine in 58% of the subjects
is a metabolic consequence of exogenous GAA sup-
ply. Exogenous GAA enters the biochemical pathway
of creatine synthesis and is methylated by
S-adenosylmethionine  forming  creatine  and
S-adenosylhomocysteine (SAH). SAH formed during
this process is subsequently hydrolyzed, thus gener-
ating homocysteine, which may then enter either into
a new cycle of methyl group transfer or into the
transsulfuration pathway, or may be released into the
circulation [37, 38]. Previous animal studies reported
that feeding a methyl-group acceptor such as GAA
directly drives increased homocysteine production
which can be corrected by promoting the removal
mechanisms [8, 9]. For future studies, it seems rea-
sonable to either use methyl group donors or serine as
additives to suppress the hyperhomocysteinemia in-
duced by medium-term GAA intake [39, 40].

Despite the evidence that oral administration of
GAA for 6 weeks had an effect on serum and urinary
creatine, the present study has several limitations.
First, we did not evaluate the possible factors that
could affect GAA utilization after exogenous admin-
istration. These could include oral GAA bioavailabil-
ity, pharmacokinetics and biotransformation [11].
Second, the size of the experimental samples could be
considered partly limited, in particular considering
that both genders were equally considered for group
composition. Consequently, although seemingly dif-
ferent, the observed differences between the groups
for some outcomes (e.g. urinary GAA and creatine)
could not reach the statistically significant level. We
partially controlled extraneous factors such as nutri-
tion, yet calculation of GAA consumed from food
sources was not conducted for the present study.
Moreover, the total amount of urinary GAA, creatine
and creatinine excreted for 24 hours was not deter-
mined, as well as the excretion of GAA by feces was
not evaluated. Thus, the available data did not allow
to exactly balancing the difference between the intake
of GAA and creatine and the excretion of both com-
pounds. For this study we recruited young physically
active volunteers due to rather positive response rates
and low incidence of no-shows during experiment
[41]. On the other hand, older people probably need
more GAA and creatine due to sarcopenia and de-
clined renal function during ageing. Further investi-
gation on GAA should therefore evaluate the effects
of GAA administration on safety, creatine metabolism
and age-related muscle mass loss in this particular
population. During this study we assessed only a few
important key components of creatine metabolism

neglecting further parameters that are or might be
directly or indirectly connected to creatine metabo-
lism. Since arginine and homoarginine are suggested
to interact with creatine/energy metabolism [42-44], it
might be possible that both are potential confounders
for GAA mediated creatine generation through
AGAT. Although not measured in the present inves-
tigation, it will be interesting for future studies to see
whether additional consideration of arginine and
homoarginine impact on the effect of exogenous GAA
on serum and urine creatine/creatinine levels.

In conclusion, it appears that supplemental GAA
is converted to creatine, with a significant increase in
fasting serum creatine (up to 50% after 6 weeks). A
few participants experienced a fasting serum creatine
levels above 70 pmol/L. GAA had an acceptable
side-effects profile with a low incidence of biochemi-
cal abnormalities.
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