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Abstract

Guanidinoacetic acid (GAA) is the natural biosynthetic precursor of creatine, in a metabolic reaction that requires only a methyl group

transfer. The use of GAA as a food additive for restoring creatine load in human tissues is rather unexplored and data on efficacy and

safety are limited. In particular, an increase in serum homocysteine after GAA administration can be regarded as critical and should be

prevented. The present study evaluated the effects of orally administered GAA with and without methyl group donors on serum and

urine creatine concentrations, and the occurrence of adverse events during an intervention in healthy human subjects. A total of twenty

male and female volunteers were randomised in a double-blind design to receive either GAA (2·4 g/d) or GAA with methyl donors

(2·4 g/d of GAA and 1·6 g/d of betaine HCl, 5mg/d of vitamin B12, 10 mg/d of vitamin B6 and 600mg/d of folic acid) by oral administration

for 8 weeks. Serum and urine creatine increased significantly from before to after administration in both groups (P,0·001). The proportion

of participants who reported minor adverse events was 33·3 % in the GAA group, and 10·0 % in the GAA with methyl donors group

(P¼0·30). Hyperhomocysteinaemia was found in 55·6 % of participants supplemented with GAA, while no participant experienced hyper-

homocysteinaemia in the group supplemented with GAA and methyl donors (P¼0·01). In summary, both interventions strongly influenced

creatine metabolism, resulting in a significant increase in fasting serum creatine. The concomitant supplementation of methyl donors along

with GAA largely precluded the elevation of serum homocysteine caused by GAA administration alone.
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Guanidinoacetic acid (GAA) occurs naturally in the human body

and is the direct biosynthetic precursor of creatine, the latter

playing an important role as an energy carrier and mediator in

the cell(1,2). GAA itself along with L-ornithine is formed in an

enzyme-catalysed step from L-arginine and glycine, mainly in

the kidney and pancreas. The second enzyme in the pathway

is guanidinoacetate N-methyltransferase, which catalyses the

transfer of a methyl group from S-adenosylmethionine to GAA

to form creatine and S-adenosylhomocysteine. Methylation

takes place mainly in the liver. Creatine is then released from

the liver into the circulation where it can be taken up, via a

specific transporter, by various tissues(3). Creatine synthesis

from GAA is considered to be a major user of labile methyl

groups from S-adenosylmethionine and could affect homocys-

teine metabolism, although studies testing the effect of creatine

supplementation on plasma homocysteine concentration have

shown inconsistent results(4–7).

The metabolic and clinical effects of oral application of GAA

alone or with methyl donors (e.g. betaine, choline, serine)

have been evaluated in several studies. According to research

in rodents(8), short-term oral administration of GAA increases

the plasma level of creatine to a similar extent as an equimolar

dose of creatine, thus affecting creatine metabolism. The

increase in plasma creatine was accompanied by a 49 %

higher plasma homocysteine level compared with control ani-

mals. In a few animal studies, GAA has been used as a methyl

group acceptor to induce experimental hyperhomocysteinae-

mia by augmenting the conversion of S-adenosylmethionine

to S-adenosylhomocysteine and then to homocysteine(9–11).

Often, hyperhomocysteinaemia can be, at least partly, cor-

rected by promoting the homocysteine removal mechanisms
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either through trans-sulfuration to cysteine, remethylation to

methionine, or in combination(12,13). In this context, nutrients

such as betaine, choline and vitamin B6, vitamin B12, folic acid

and vitamin B2 have been extensively studied for the preven-

tion or treatment of hyperhomocysteinaemia(14–16). In rodents,

the addition of methyl donors such as choline or betaine effec-

tively suppressed hyperhomocysteinaemia induced by

GAA(10,11). It is usually assumed that dietary choline (after

oxidation to betaine) or betaine stimulates homocysteine

remethylation via betaine-homocysteine S-methyltransferase,

but other mechanisms have also been considered(10). Early

clinical studies have revealed an improved sense of well-

being, less fatigue and enhanced work capacity after oral

administration of GAA and the methyl donor betaine in patients

with heart disease and disability resulting from acute anterior

poliomyelitis(17–19). In these studies, betaine was supplied in

a three- to fivefold molar excess in relation to GAA. The trans-

formation of GAA to creatine was monitored via the excretion

of creatine in the urine. The combination was effective

as adjunctive therapy in the management of anxiety-fatigue

syndrome(20), but did not show an advantage in the treatment

of arthritis and motor neuron disease(21,22). Independently of

the therapeutic success, the studies found no side effects

except for occasional gastrointestinal disturbances, although

information about the effect of GAA and betaine on clinical

markers of health status is limited. Higgins et al.(21) observed

no change in serum protein, urinary excretion of Na, K, Ca

and P, and serum alkaline phosphatase after the administration

of GAA and betaine. Recently, we have shown that the daily

administration of 2·4 g GAA alone for 6 weeks to young healthy

volunteers had a significant impact on creatine metabolism by

increasing serum and urine creatine and creatinine, but was

accompanied by a 28 % increase in fasting plasma homocys-

teine (SM Ostojic, B Niess and MD Stojanovic, unpublished

results). Other disturbances of clinical markers were not

observed and the occurrence of self-reported adverse events

was rather low. Nevertheless, total homocysteine is a possible

risk factor for CVD and an increase may be regarded as critical.

The aims of the present study were: (1) to investigate whether

oral administration of GAA for 8 weeks with and without methyl

donors affected creatine metabolism differently in young

healthy volunteers; (2) to evaluate the effects of both interven-

tions on fasting total plasma homocysteine; (3) to monitor the

occurrence of clinical and biochemical adverse events during

the intervention.

Methods

Subjects

A total of twenty healthy volunteers (age 22·6 (SD 3·0) years,

weight 70·6 (SD 12·3) kg and height 174·2 (SD 7·7) cm; ten

men and ten women) were recruited to participate in the pre-

sent study. The study was conducted according to the guide-

lines laid down in the Declaration of Helsinki, and all

procedures involving human subjects were approved by the

Center Ethical Committee (approval no. 176/11-EUTC-49).

Written informed consent was obtained from all subjects.

Inclusion criteria were as follows: age between 18 and

30 years; no pre-existing clinical or medical conditions; mod-

erately physically active participants; no use of any dietary

supplements within the 60 d before the study. The present

trial has been registered at ClinicalTrials.gov (identification

no. NCT01371357).

Study protocol

A double-blind, GAA-controlled, randomised trial was per-

formed to assess the effect of the oral administration of GAA

alone when compared with GAA with methyl donors on

serum and urine creatine, creatinine and GAA, total plasma

homocysteine and the rate of adverse events. Subjects were

assigned into two groups receiving either 2·4 g GAA/d, or

2·4 g/d of GAA with 1·6 g/d of betaine HCl, 5mg/d of vitamin

B12, 10 mg/d of vitamin B6 and 600mg/d of folic acid. The

treatment formulation was provided by AlzChem AG in pre-

packed powder form. Appearance, taste and powder mass

were standardised by the addition of citric acid, maltodextrin,

lemon flavour and sucralose to be undistinguishable from

each other. The daily dose was taken in two portions (1·2 g

GAA at each dose) and the participants were instructed to dis-

solve each dose in a drink right before consumption. Of these

doses, one was taken in the morning upon waking before

breakfast and the other in the evening before the last meal.

Both formulations were administered for 8 weeks to the par-

ticipants. The twenty volunteers were randomly assigned to

receive GAA (ten participants) or GAA with methyl donors

(ten participants), and women had an equal probability of

assignment to the groups. All subjects who started the treat-

ment were included in the intention-to-treat population.

Blood and urine analyses

At baseline and after 8 weeks, participants provided 24 h urine

and fasting blood samples, with analyses completed after the

completion of the study. Urine was collected in a plastic

bottle and the volume was measured. An aliquot (10 ml) of

the homogenised sample was stored at 2208C and analysed

for GAA, creatine and creatinine. Blood was collected from

a radial vein in a gel vacutainer for biochemical variables,

and 7·5 % K3-EDTA vacutainer for homocysteine. Gel vacutai-

ners were centrifuged within the next 30 min at 3000g for

15 min, with serum stored at 2208C. The K3-EDTA tubes

were centrifuged within the next 10 min at 3000 g for 10 min.

Plasma was separated, stored at 2208C and analysed for

homocysteine. Total plasma homocysteine was measured

with a fluorescence polarisation immunoassay method (DPC

Immulite 2000; Siemens AG). Hyperhomocysteinaemia was

defined as total plasma homocysteine .10·4mmol/l for

women and .11·4mmol/l for men(23). Creatine, GAA and

creatinine in both serum and urine samples were analysed

by pre-column derivatisation(24) with a modular system (HP

Agilent 1100 HPLC; Hewlett-Packard Company). Serum creati-

nine .90mmol/l in women and .110mmol/l in men was

considered as indicative of renal damage(25). Concerns have

been raised that GAA administration may induce liver
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and/or muscle damage(8). These changes in hepatocytes and

myocytes can lead to the leakage of parenchymal (transamin-

ases) and membranous (alkaline phosphatase) enzymes of the

liver and muscle (creatine kinase) into the circulatory system.

Therefore, serum activities of aspartate aminotransferase,

alanine aminotransferase, alkaline phosphatase, g-glutamyl

transpeptidase and creatine kinase were analysed (RX

Daytona; Randox Laboratories Limited), with abnormal find-

ings for enzyme levels being identified according to the clini-

cal guidelines(26). Participants were instructed to report any

adverse event of the supplementation protocol through an

open-ended questionnaire for self-assessment of well-being

during the study. The primary endpoint was the change in

total plasma homocysteine after 8 weeks of administration.

The primary safety outcome was the frequency of adverse

events during the treatment period.

Statistical analysis

The required sample of ten subjects in each of the two groups

was estimated with the goal of rejecting the null hypothesis if

the means of the total plasma homocysteine, with equal stan-

dard deviations of 2·0mmol/l, differed by at least 1·0mmol/l

according to the Mann–Whitney U test, with a type I error

of 0·05 (two-sided) and 90 % power. All results are expressed

as means and standard deviations for continuous variables,

and rates for categorical variables. The frequency of adverse

event occurrence was compared between the groups using

the Fisher exact probability test. Baseline characteristics of

study participants were compared with the two-sample t test.

Two-way ANOVA with repeated measures was used to estab-

lish whether any significant differences existed between sub-

jects’ responses over time of the intervention (0 v. 8 weeks).

Where significant differences were found, the Tukey test

was employed to identify the differences. P values of less

than 0·05 were considered to be statistically significant.

Results

Most baseline characteristics of the study participants were simi-

lar between the two groups (Table 1). Significant differences

were observed for alkaline phosphatase (P¼0·006), g-glutamyl

transpeptidase (P¼0·033) and creatine kinase (P¼0·046), but

not for aspartate aminotransferase and alanine aminotransfer-

ase. However, all values for liver and muscle function were

within the normal clinical range. No biochemical abnormalities

at baseline were detected and values were comparable with

other data obtained from this age group and population(27).

A total of seventeen participants completed the follow-up

measures after 8 weeks. No single participant was excluded

during the study due to adverse events. Only one female par-

ticipant from the GAA group left the study before starting the

treatment due to a significant change in health status not

related to the present study. During the intervention period,

one female and one male participant from the GAA group

were lost due to reasons not connected to the study per se.

The proportion of participants who reported minor adverse

events was 33·3 % (three of nine) in the GAA intervention

group, and 10·0 % (one of ten) in the GAA with methyl

donors group (cumulative incidence difference 23·3 %; 95 %

CI 55·6, 13·8 %, P¼0·30). Mild nausea was reported in two par-

ticipants from the GAA group (two of nine), with a change in

saliva taste, a change in body odour and stomach burning

being reported once per event (one of nine). Similarly, one

participant from the group supplemented with GAA and

methyl donors reported an episode of frequent urination

(one of ten). The frequency of reported adverse events was

similar in the two groups. The rate of biochemical adverse

events was low (Table 2). Hyperhomocysteinaemia was

found in 55·6 % of participants supplemented with GAA,

whereas not a single participant from the group supplemented

with GAA plus methyl donors experienced hyperhomocystei-

naemia (cumulative incidence difference 55·6 %; 95 % CI 81·1,

15·5 %, P¼0·01). Proteinuria was not found in either group.

Changes in serum and urine profiles of guanidino com-

pounds during the study are presented in Fig. 1. The results

indicated no significant treatment £ time interaction for

serum and urinary creatine and creatinine, while a significant

interaction effect was found for both serum and urine concen-

trations of GAA (P,0·05).

Serum and urine creatine increased significantly from before

to after administration in both intervention groups (P¼0·002).

After 8 weeks of administration, the GAA group had a similar

level of serum creatine to the GAA with methyl donors group

(36·9 (SD 8·9) v. 36·1 (SD 9·0)mmol/l, P¼0·73). Urinary

excretion of creatine was similar in both intervention groups

at post-administration (102·0 (SD 181·01) mg/24 h for the

GAA group v. 117·8 (SD 78·9) mg/24 h for the GAA with

methyl donors group, P¼0·71). Serum and urine GAA were

Table 1. Baseline characteristics of the study participants

(Mean values and standard deviations)

GAA (n 9)

GAA with
methyl donors

(n 10)

Mean SD Mean SD P*

Age (years) 23·7 3·0 21·6 2·8 0·134
Weight (kg) 72·6 14·3 68·9 10·6 0·535
Height (cm) 175·0 9·1 173·4 6·7 0·671
AST (IU/l) 23·8 10·5 28·0 9·8 0·381
ALT (IU/l) 27·0 14·9 28·2 22·7 0·892
ALP (mmol/l) 75·6 19·1 50·9 12·9 0·006
g-GT (IU/l) 27·7 4·9 19·8 9·2 0·033
CK (IU/l) 124·9 51·2 217·1 120·2 0·046
T-Hcy (mmol/l) 7·2 1·8 7·4 1·5 0·797
Serum

Creatine (mmol/l) 23·6 8·1 22·9 10·9 0·874
Creatinine (mmol/l) 97·0 14·2 94·1 9·9 0·617
GAA (mmol/l) 1·8 0·3 1·5 0·4 0·081

Urinary
Creatine (mg/24 h) 19·6 6·2 18·6 6·8 0·742
Creatinine (mg/l) 8·3 6·4 8·1 6·3 0·947
GAA (mmol/l) 94·1 47·6 122·7 32·4 0·152

GAA, guanidinoacetic acid; AST, aspartate aminotransferase; ALT, alanine amino-
transferase; ALP, alkaline phosphatase; g-GT, g-glutamyl transpeptidase; CK,
creatine kinase; T-Hcy, total plasma homocysteine.

*P values from the two-sample t test.
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elevated by 3·3 (95 % CI 4·4, 2·1)mmol/l, and by 19·2 (95 % CI

27·4, 11·0) mg/24 h, respectively, after 8 weeks of adminis-

tration in the GAA group. Intake of GAA with methyl donors

significantly increased serum GAA from 1·5 (SD 0·4) to 1·9

(SD 0·3)mmol/l at post-administration (P¼0·01), while urinary

excretion of GAA was not affected by the intervention (17·9

(SD 6·9) mg/24 h at baseline v. 28·4 (SD 16·62) mg/24 h at

post-administration, P¼0·09). Serum and urine creatinine

were not affected by either intervention (P.0·05). Further-

more, total plasma homocysteine increased significantly from

before to after administration in GAA-administered partici-

pants (7·2 (SD 1·8) v. 12·8 (SD 2·5)mmol/l, P,0·001). There

was no significant difference in total plasma homocysteine

from before to after administration in the GAA plus methyl

donors group (7·4 (SD 1·5) at baseline v. 6·8 (SD 0·9) mmol/l

at post-administration, P¼0·30).

Discussion

The present study shows a significant increase in serum cre-

atine and urine creatine excretion in human subjects sup-

plemented with 2·4 g/d of GAA for 8 weeks. Creatine

concentration in serum and the amount of creatine excreted

in the urine were not different between the groups regardless

of whether GAA was administered alone or along with methyl

donors. This implies that GAA is absorbed from the gastroin-

testinal tract, enters the circulation and is methylated to yield

creatine in healthy human subjects, independent of the pre-

sence of methyl donors. These results support those of Stead

et al.(8), and Borsook & Borsook(17), and indicate that exogen-

ous GAA is a source of creatine. It seems that the dietary pro-

vision of GAA drives creatine synthesis through the

guanidinoacetate N-methyltransferase reaction. After 8 weeks

of administration, GAA clearly induced elevated serum

creatine by up to 50 % and the fractional excretion of creatine

increased up to approximately 20 % of the total ingested

amount of GAA (calculated as creatine). So far, it seems as if

methyl donors do not affect creatine clearance dynamics (urin-

ary clearance). During the present study, no muscle biopsies

were taken; thus, the question remains to be answered

whether the presence of methyl donors has an influence on

the muscular accumulation of creatine.

The gastrointestinal uptake of GAA resulted in both elev-

ated serum GAA and slightly increased urinary excretion of

GAA, leading to the conclusion that excess GAA that is not

methylated to creatine is excreted in the urine. Yet, serum

and urinary GAA responses are rather different between sole

GAA and GAA with methyl donors application. The appli-

cation of GAA with methyl donors influenced the conversion

of GAA by the liver (or other tissues) and/or resorption in

the gut or kidney, with an attenuated rise in serum GAA

after administration (perhaps due to a more efficient trans-

formation to creatine) and a lesser rate of urinary GAA

excretion, when compared with sole GAA. Additionally, low

GAA excretion through the kidney for both groups during
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Fig. 1. Mean percentage change in (a) serum and (b) urine guanidino com-

pounds 0 v. 8 weeks for the guanidinoacetic acid (GAA, ) (n 9) and GAA

with methyl donors groups ( , n 10). Values are means, with standard

deviations represented by error bars. * There was a significant effect for the

treatment £ time interaction (P,0·05).

Table 2. Biochemical adverse events during the study

(Number of subjects and percentages)

GAA (n 9)

GAA with
methyl donors

(n 10)

Events n % n %

AST .40 IU/l† 1 11·1 1 10·0
ALT .56 IU/l† 1 11·1 1 10·0
ALP .140 mmol/l† – –
g-GT .51 IU/l† – –
CK .400 IU/l† 1 11·1 3 30·0
Hyperhomocysteinaemia‡ 5* 55·6 –
Elevated serum creatinine§ 3 33·3 1 10·0
Proteinuriak – –

GAA, guanidinoacetic acid; AST, aspartate aminotransferase; ALT, alanine amino-
transferase; ALP, alkaline phosphatase; g-GT, g-glutamyl transpeptidase; CK,
creatine kinase.

* Values were significant in the rate of adverse events between the groups
(P,0·05).

† Cut-off points for enzyme levels were identified according to the clinical guide-
lines(26).

‡ Total plasma homocysteine .10·4mmol/l for women and .11·4mmol/l for men(23).
§ Serum creatinine .90mmol/l for women and .110mmol/l for men(25).
kProteinuria was defined as 2 þ or greater protein on urinalysis during the

follow-up period in participants with a negative finding or trace protein at
baseline.
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the present study may indicate either high utilisation and/or

excretion through other organs (e.g. bile, faeces). To fully elu-

cidate the distribution, metabolism and excretion of GAA,

additional studies would be required. Although an upward

trend for creatinine dynamics was noted in the present

study, no differences between the groups were found for

serum and urine creatinine during the intervention and the

observed values for creatinine were well within the reference

limits; the possibility that GAA alone or in combination with

methyl donors may increase renal stress is highly unlikely.

For the present study, subjectively reported adverse events

during 8 weeks of administration of different GAA formu-

lations were rather transient, minor and clinically irrelevant,

with no major disturbances of indicators of health status.

The incidence of subjective adverse events and most changes

in clinical markers was not different between the two groups.

Yet, hyperhomocysteinaemia was found in 55·6 % of partici-

pants supplemented with GAA alone, while no participant

experienced hyperhomocysteinaemia in the group sup-

plemented with GAA in combination with methyl donors.

Hyperhomocysteinaemia in humans is discussed as a risk

factor for CVD and neurodegenerative disease(28–31), preg-

nancy complications(32) and osteoporosis(33). The observation

of elevated serum homocysteine in participants receiving sole

GAA reflects the metabolic consequence of exogenous GAA

supply: exogenous GAA enters the biochemical pathway of

creatine synthesis and is methylated by S-adenosylmethionine

forming creatine and SAH. S-Adenosylhomocysteine formed

during this process is subsequently hydrolysed, thus generat-

ing homocysteine, which may then enter either into a new

cycle of methyl group transfer, into the trans-sulfuration path-

way, or may be released into the circulation(12,13). Previous

animal studies reported that feeding a methyl group acceptor

such as GAA directly drives homocysteine production(8),

which can be corrected by promoting the removal mechan-

isms(10,11). We found that methyl donors and relevant cofactors

such as the mixture of betaine, vitamin B12, vitamin B6 and

folic acid were powerful nutrients to suppress hyperhomocys-

teinaemia during GAA supplementation in human subjects.

Remarkably, even with a submolar amount of methyl donors

(betaine in particular) compared with GAA and vitamin

supply in the range of three to five times the recommended

daily allowance(34), an increase in the homocysteine level

could be efficiently prevented. The average level of serum

homocysteine in participants receiving GAA with methyl

donors stayed below 7mmol/l at post-administration.

The data of the present study suggest that supplementing

GAA improves creatine load in healthy human subjects, with

a reduced incidence of hyperhomocysteinaemia when GAA

is co-administered with methyl group donors. Since creatine

is heavily involved in energy metabolism, supplementation

with GAA with methyl donors might be considered as a prom-

ising and safe option for general strengthening of cellular

energetics in population with critical energy requirements

(e.g. athletes, elderly, patients with neuromuscular diseases).

Yet, implications for human health and performance are yet

to be established. To fully explore applications for the nutri-

tional or therapeutic use of oral GAA in combination with

methyl donors, additional studies would be required to

establish pharmacokinetic information and elucidate physio-

logical effects of exogenous GAA via pharmacodynamics

modelling.

In conclusion, it was shown that the administration of

2·4 g/d of GAA alone or in combination with methyl donors

strongly influences creatine metabolism, with a significant

increase in fasting serum creatine (up to 50 %). The concomi-

tant administration of methyl donors together with GAA

largely prevented hyperhomocysteinaemia induced by GAA

alone. GAA had an acceptable safety profile with a low

incidence of adverse events.
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