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of hArg. AGAT catalyzes the formation of guanidinoac-
etate (GAA) that is methylated to creatine by guanidinoac-
etate methyltransferase (GAMT) which also uses SAM. 
The aim of the present study was to learn more about the 
mechanisms of ADMA and hArg formation in humans. 
Especially, we hypothesized that ADMA is produced 
by NG-methylation of free Arg in addition to the known 
PRMTs-involving mechanism. In knockout mouse models 
of AGAT- and GAMT-deficiency, we investigated the con-
tribution of these enzymes to hArg synthesis. Arg infusion 
(0.5  g/kg, 30  min) in children (n =  11) and ingestion of 
high-fat protein meals by overweight men (n =  10) were 
used to study acute effects on ADMA and hArg synthesis. 
Daily Arg ingestion (10 g) or placebo for 3 or 6 months by 
patients suffering from peripheral arterial occlusive disease 
(PAOD, n = 20) or coronary artery disease (CAD, n = 30) 
was used to study chronic effects of Arg on ADMA syn-
thesis. Mass spectrometric methods were used to measure 
all biochemical parameters in plasma and urine samples. 
In mice, AGAT but not GAMT was found to contribute to 
plasma hArg, while ADMA synthesis was independent of 
AGAT and GAMT. Arg infusion acutely increased plasma 
Arg, hArg and ADMA concentrations, but decreased the 
plasma hArg/ADMA ratio. High-fat protein meals acutely 
increased plasma Arg, hArg, ADMA concentrations, as 
well as the plasma hArg/ADMA ratio. In the PAOD and 
CAD studies, plasma Arg concentration increased in the 
verum compared to the placebo groups. Plasma ADMA 
concentration increased only in the PAOD patients who 
received Arg. Our study suggests that in humans a minor 
fraction of free Arg is rapidly metabolized to ADMA and 
hArg. In mice, GAMT and NG-methyltransferases contrib-
ute to ADMA and hArg synthesis from Arg, whereas AGAT 
is involved in the synthesis of hArg but not of ADMA. The 
underlying biochemical mechanisms remain still elusive.

Abstract  Asymmetric dimethylarginine (ADMA) is 
an endogenous inhibitor of nitric oxide (NO) synthesis, 
whereas l-arginine (Arg) and l-homoarginine (hArg) serve 
as substrates for NO synthesis. ADMA and other methyl-
ated arginines are generally believed to exclusively derive 
from guanidine (NG)-methylated arginine residues in pro-
teins by protein arginine methyltransferases (PRMTs) that 
use S-adenosylmethionine (SAM) as the methyl donor. 
l-Lysine is known for decades as a precursor for hArg, 
but only recent studies indicate that arginine:glycine ami-
dinotransferase (AGAT) is responsible for the synthesis 
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Abbreviations
ADMA	� Asymmetric dimethylarginine 

(l-NG,NG-dimethylarginine)
AGAT	� Arginine:glycine amidinotransferase
CAD	� Coronary artery disease
Cr	� Creatine
DDAH	� Dimethylarginine dimethylaminohydrolase
DMA	� Dimethylamine
GAA	� Guanidinoacetate
GAMT	� Guanidinoacetate methyltransferase
GC–MS	� Gas chromatography–mass spectrometry
GC–MS/MS	� Gas chromatography–tandem mass 

spectrometry
GHD	� Growth hormone deficiency
hArg	� Homoarginine
KO	� Knockout
Me	� Methyl
MMA	� l-NG-Monomethylarginine
NO	� Nitric oxide
NOS	� Nitric oxide synthase
PAOD	� Peripheral arterial occlusive disease
PRMT	� Protein arginine methyltransferase
SAM	� S-Adenosylmethionine
SDMA	� Symmetric dimethylarginine 

(l-NG,N´G-dimethylarginine)
WT	� Wild type

Introduction

l-Arginine (Arg), a nutritionally semi-essential proteino-
genic amino acid, is involved in many pathways and 
numerous physiological processes. As an example, Arg is 
the substrate of nitric oxide synthase (NOS; EC 1.14.13.39) 
isoforms which convert Arg to nitric oxide (NO) and l-cit-
rulline (Moncada and Higgs 1993) (see reaction R1). Guan-
idine (NG)-methylation of Arg residues in proteins (R2) and 
their subsequent proteolysis (R3) are generally believed to 
be the sole mechanism by which l-NG-monomethylarginine 
(MMA), l-NG,NG-dimethylarginine (asymmetric dimethy-
larginine, ADMA) and l-NG,N´G-dimethylarginine (sym-
metric dimethylarginine, SDMA) are produced in mam-
mals (Leiper and Vallance 1999). NG-Methylation of Arg 
residues in proteins is catalyzed by protein arginine meth-
yltransferases (PRMTs) which use S-adenosylmethionine 
(SAM) as the methyl ([CH3]) donor. MMA, ADMA and 
SDMA are endogenous inhibitors of NOS activity (Tsi-
kas et  al. 2000). Homoarginine (hArg), an Arg homolog, 
has an additional methylene group (CH2) in its main chain 
and may also serve as NOS substrate (Hecker et al. 1991; 

Moali et  al. 1998; Bretscher et  al. 2003). Yet, its consid-
erably lower physiological concentrations and affinity to 
NOS compared to Arg challenge the utility of hArg as an 
appreciable source of NO in humans. Arginine:glycine 
amidinotransferase (AGAT; EC 2.1.4.1; MIM 602360) is 
responsible for the synthesis of guanidinoacetate (GAA) 
from Arg and glycine (Ryan and Wells 1964; Ryan et  al. 
1968, 1969; Cathelineau et  al. 1974; Levin et  al. 1974; 
Kato et  al. 1988; Wyss and Kaddurah-Daouk 2000; Cul-
len et  al. 2006; Davids et  al. 2012a) (R4). AGAT is also 
involved in the synthesis of hArg in humans (Davids et al. 
2012a). This reaction (R5) utilizes lysine (Ryan and Wells 
1964; Ryan et  al. 1968, 1969) but the underlying mecha-
nism is not yet explored. GAA is methylated to creatine 
(Cr) by guanidinoacetate:N-methyltransferase (GAMT; 
EC 2.1.1.2; MIM 601240) which uses SAM as the methyl 
donor (Ogawa et al. 1983; Roberts and Walker 1985; Takata 
et al. 1991) (R6).

It is well established that high circulating concentra-
tions of ADMA are associated with cardiovascular dis-
eases (Siroen et al. 2006; Böger et al. 2009; Teerlink et al. 
2009). Recently, low circulating hArg concentrations have 
emerged as a risk factor for stroke (Pilz et al. 2011a), car-
diovascular morbidity and mortality (Schmidt et  al. 2004; 
März et al. 2010; Pilz et al. 2011b; Drechsler et al. 2011; 
Atzler et al. 2013; Choe et al. 2013a, b; Khalil et al. 2013; 
van der Zwan et  al. 2013; Atzler et  al. 2014; Kayacelebi 
et  al. 2014a; Pilz et  al. 2014, 2015a), and with liver dys-
function and mortality in chronic liver disease (Pilz et  al. 
2015b). Yet, the underlying mechanisms remain unclear. 
Elevated serum hArg concentrations during the third tri-
menon of pregnancy were related to increased flow-medi-
ated vasodilatation, thus suggesting involvement of hArg in 
endothelial function (Valtonen et al. 2008).

Given the incompletely understood mechanisms of 
action, biosynthesis, metabolism and elimination of hArg 
and ADMA, we investigated the l-arginine/nitric oxide 
(Arg/NO) pathway in children, overweight men, and in 
elderly patients suffering from cardiovascular diseases 
which are closely associated with altered Arg/NO pathway. 

(R1)Arg + O2 → Cit + NO

(R2)Arg-Protein+ SAM → N
G-methylated Arg-Protein

(R3)

N
G-methylated Arg-Protein → MMA + ADMA + SDMA

(R4)Arg + Gly ↔ Orn + GAA

(R5)Arg + Lys ↔ Orn + hArg

(R6)GAA + SAM → Cr
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We have hypothesized that acute administration of Arg, 
either with high doses using the intravenous route or with 
lower doses as protein in a meal, may reveal additional 
information about potential mechanisms of hArg and 
ADMA biosynthesis and metabolism. These mechanisms 
may have remained undiscovered using chronic oral admin-
istration of Arg either as a drug or in form of proteins. The 
latter leads to several times lower circulating Arg concen-
trations compared to intravenous Arg use in humans and 
animals (Bode-Böger et  al. 1998; Bode-Böger 2006; Wu 
et al. 2007; Yang et al. 2015).

Methods

Chemicals and reagents

The hydrochloride salts of Arg, hArg, MMA, ADMA and 
creatine were purchased from Sigma (Deisenhofen, Ger-
many). Tetradeuterated methanol (CD3OD, 99  % at 2H) 
was supplied by Aldrich (Steinheim, Germany) and used 
in the de novo synthesis of deuterium-labelled methyl 
esters of amino acids for use as internal standards (Tsi-
kas et  al. 2003; Tsikas 2009). Pentafluoropropionic anhy-
dride was obtained from Pierce (Rockford, IL, USA) and 
used for N-acylation of amino acids (Tsikas et  al. 2003). 
All other chemicals were obtained from Merck (Darm-
stadt, Germany). Vivaspin 2 Hydrosart cartridges (cut-off, 
10 kDa) were supplied by Sartorius (Göttingen, Germany) 
and used for generation of plasma ultrafiltrate in which 
the amino acids were finally analyzed (Tsikas et al. 2003). 
The Arg preparations used as drugs in the human studies 
are described below in the respective sections. The infusion 
solution of Arg, the effervescent tablets of Arg and the pla-
cebo tablets were analyzed by GC–MS (Tsikas et al. 2003; 

Kayacelebi et  al. 2014b). They were found to contain the 
declared content of Arg and to be free of hArg, ADMA and 
MMA (data not shown).

AGAT‑ and GAMT‑knockout mice

AGAT-knockout mice (AGAT−/−) and GAMT-knockout 
mice (GAMT−/−) were generated as described previously 
(Schmidt et al. 2004; Choe et al. 2013a, b). Some animals 
were fed a special diet containing 0.5 or 1 % creatine ad 
libitum after weaning (Ssniff, Germany). All experiments 
were approved by the local Ethics Committee for animals 
(TV-Nr. 08/08 and 110/10).

Infusion of Arg in children with suspected growth 
hormone deficiency

Children with short stature but not with other endocrino-
logic, organic, chromosomal, metabolic or psycho-social 
reasons for microsomia were routinely examined for 
growth hormone deficiency (GHD) by the so-called argi-
nine test as described below. Children consumed fish for 
the last 24  h were excluded from analysis in our study. 
All children were overnight fasting for at least 9  h prior 
to the test. Sixty-six children (38 boys, 28 girls; aged 
9.5 ±  3.2  years, range 3.5–17.3  years) with short stature 
were infused with an Arg hydrochloride solution in 0.9 % 
NaCl (Braun, Melsungen, Germany) at an infusion rate of 
0.5  g Arg/kg bodyweight for 30  min. In 47 (30 boys, 17 
girls) GHD was confirmed. In nine patients with confirmed 
and in two patients with non-confirmed GHD (Table  1), 
venous blood samples (2.7  mL) were collected in EDTA 
monovettes (Sarstedt, Germany) before starting the infu-
sion, and 30, 45, 60, 90, and 120 min thereafter. In addition 
to blood, urine samples from spontaneous micturition were 

Table 1   Clinical and anthropometric characteristics of the children involved in the l-arginine test study

a  GHD growth hormone deficiency
b  In these children the l-arginine test was performed twice

Child no. Gender Age (years) Weight (kg) Height (cm) BMI (kg/m2) GHDa Infused Arg amount (g)

5/6b Male 11.8 46.0 136 24.9 Yes 23.0

7 Male 10.6 24.2 123 16.0 No 12.1

9 Female 10.4 37.6 135 20.6 Yes 18.8

11 Female 11.3 32.2 134 18.0 No 16.1

12 Male 8.8 32.2 125 20.6 Yes 16.1

14 Male 12.4 41.8 136 22.6 Yes 20.9

16 Male 17.3 53.0 167 19.0 Yes 26.5

41 Female 7.8 22.8 117 16.7 Yes 11.4

45 Female 5.5 17.5 107 15.3 Yes 8.8

47 Male 7.1 20.3 116 15.1 Yes 10.2

52/53b Male 10.0 22.8 125 14.6 Yes 11.4
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collected just before and 120  min after starting the infu-
sion in 6 children. Urine (5 mL) and EDTA plasma (1 mL) 
samples were stored aliquoted at −20 and −80 °C, respec-
tively, until analysis. The study was approved by the Ethics 
Committee of the Ruhr University Bochum.

Postprandial changes after the ingestion of high‑fat 
protein meals in overweight men

Ten overweight (BMI > 25 kg/m2) men with enlarged waist 
circumference (>94  cm) (aged 21–50  years), without any 
serious illness, were recruited. The study was approved by 
the Institutional Review Board for Saint-Germain-en-Laye 
Hospital and the French Ministry for Health. All partici-
pants gave their written informed consent prior to enrol-
ment. Three high-fat meals of the same nutritional compo-
sition but differing in the protein source were tested in a 
randomized crossover design. Each period consisted of a 
postprandial study, separated by at least 2 weeks. The com-
position of the meals was as follows: energy, 1200 kcal; fat, 
93.3 g (70 % energy); carbohydrates, 45 g (15 % energy); 
crude protein, 45 g (15 % energy). The test meals consisted 
of a mixture of 233 g 40 %-fat cream, 45 g sucrose, 45 g 
protein as protein isolates, and 160  mL water. After the 
overnight fasting, the subjects ingested the meal and blood 
was sampled before the meal and 0.5, 1, 1.5, 2, 3, 4 and 
6 h after the meal. Blood was centrifuged (2000×g, 5 min) 
immediately and plasma EDTA samples were kept frozen 
at −80 °C until analysis.

Oral administration of Arg to elderly subjects suffering 
from cardiovascular diseases

We performed two placebo-controlled studies on patients 
suffering from peripheral arterial occlusive disease (PAOD) 
(Table  2) or coronary artery disease (CAD) (Table  3). 

Patients received effervescent tablets (C. Hedenkamp 
GmbH, Hövelhof, Germany) that contained 2 g Arg hydro-
chloride (1.66  g Arg) or 2  g mannitol (placebo group), 
thrice a day, for 3 months in the PAOD study or 6 months 
in the CAD study resulting in a total amount of 9.96 g Arg 
per day in each study. Blood (9 mL) and spot urine sam-
ples (40 mL) were collected at the start of the studies, after 
3  months (PAOD and CAD studies) and after 6  months 
(CAD study). Blood was centrifuged (2000×g, 5  min) 
immediately. EDTA plasma and urine samples were stored 
at −80 and −20  °C, respectively, until analysis. In the 
CAD study, plasma parameters were analyzed at the start 
and the end of study, yet not 3 months after the start. Both 
studies were approved by the Ethics Committee of the Han-
nover Medical School.

Biochemical analyses

Arg in plasma (Tsikas et  al. 2003), hArg in plasma and 
urine (Kayacelebi et  al. 2014b, 2015a) were measured by 
GC–MS. Plasma ADMA and MMA and urine ADMA con-
centrations were determined by GC–MS/MS (Tsikas et al. 
2003). Creatinine in urine was determined by GC–MS 
(Tsikas et al. 2010). Urinary biomarkers were corrected for 
creatinine excretion and are expressed as µmol analyte per 
mmol creatinine.

Calculations and statistical analyses

Statistical analyses were performed and graphs were con-
structed by Origin 7.5G, GraphPad Prism 5.04 (Graph-
Pad Prism Software Inc. San Diego, California, USA), or 
SigmaPlot. Distribution of variables was tested by Kol-
mogorov–Smirnov or D’Agostino and Pearson omnibus 
K2 test. Normally distributed parameters were compared 
by parametric tests (Student’s t test) and are presented 
as mean  ±  standard deviation (SD) or standard error of 
the mean (SEM). Non-normally distributed parameters 
were analyzed by non-parametric tests (Mann–Whitney 
test) and are presented as median and interquartile range 

Table 2   Clinical and anthropometric characteristics of the PAOD 
patients

a  Data are given as mean ± SD

Arginine group Placebo group P

Number (n) 20 20 –

Gender (male/female) 16/4 15/5 1.000

Age (years)a 67.3 ± 8.0 68.4 ± 8.0 0.651

Body mass index (kg/m2)a 27.4 ± 3.8 28.0 ± 4.4 0.700

Diabetes mellitus (%) 10 40 0.028

Arterial hypertension (%) 75 100 0.047

Hyperlipoproteinemia (%) 80 70 0.465

Coronary heart disease (%) 35 35 1.000

Heart insufficiency NYHA 
I–II (%)

0 5 1.000

Table 3   Clinical and anthropometric characteristics of the CAD 
patients

Arginine group Placebo group P

Number (n) 31 29 –

Age (years) 62 62 0.905

Body mass index (kg/m2) 27 27 0.938

Gender (male/female) 24/7 24/5 0.605

Diabetes mellitus (n) 9 9 0.866

Arterial hypertension (n) 24 19 0.307

Hypercholesterolemia 26 20 0.173
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(25th–75th percentile) or 95 % confidence interval. Corre-
lations between variables were assessed by Pearson (para-
metric) or Spearman (non-parametric) correlation. P values 
<0.05 were considered as statistically significant. Where 
needed additional information is provided in the respective 
sections.

Results

hArg and ADMA concentrations in plasma and urine 
of AGAT‑ and GAMT‑knockout mice

Plasma hArg concentrations in AGAT−/− mice were sig-
nificantly lower compared to AGAT-wild type (AGAT+/+) 
mice (Fig. 1a), suggesting that AGAT is a major contribu-
tor to plasma hArg in mice. The plasma hArg concentra-
tion did not differ in the GAMT−/− and GAMT-wild-type 
(GAMT+/+) mice (Fig. 1c), suggesting that GAMT is not 
a major contributor to plasma hArg in mice. The plasma 
ADMA concentration was similar in AGAT−/− and 
GAMT−/− mice compared to the wild-type mice (Fig. 1b, 
d), suggesting that neither AGAT nor GAMT are consid-
erable contributors to plasma ADMA in mice. The plasma 
hArg/ADMA molar ratio tended (P =  0.12) to be lower 
in the AGAT−/− mice compared to the AGAT+/+ mice 
(Fig. 1g). The plasma hArg/ADMA molar ratio did not dif-
fer in the AGAT+/+ and GAMT+/+ mice, while it differed 
significantly (P  =  0.02) in the AGAT−/− and GAMT−/− 
mice (Fig. 1g). Creatine supplementation tended (P = 0.08) 
to lower the plasma hArg concentration in AGAT+/+ mice 
(Fig. 1e), while it did not change plasma ADMA concen-
tration in these mice (Fig. 1f). Plasma hArg (Fig. 1e) and 
plasma ADMA concentration (Fig.  1f) did not change in 
AGAT−/− mice supplemented with creatine.

Metabolism of infused Arg in children with growth 
hormone deficiency

Arg infusion (0.5 g/kg) for 30 min in children resulted in 
several-fold (about 18-fold) increase in mean Arg plasma 
concentration (from 79 to 1435  µM), which began to fall 
immediately after stopping the infusion (Fig.  2a). At the 
end of the arginine test (120  min), the mean Arg plasma 
concentration (468 µM) was still far above baseline. hArg 
(Fig.  2b) and ADMA (Fig.  2c) plasma concentrations 
increased during the infusion period as well, albeit to a far 
lower extent compared to Arg. At the infusion end, mean 
hArg and ADMA plasma concentrations were increased 
each about twofold over their baseline levels. In contrast to 
Arg, hArg and ADMA plasma concentrations seem to have 
reached a 15-min lasting plateau. At the end of the arginine 
test, the hArg and ADMA plasma concentrations did not 

reach baseline values. Interestingly, the baseline plasma 
hArg/ADMA ratio did not change at the end of the infusion 
(2.76:1 vs 2.80:1), but it fell subsequently by about 20 % 
after 90 min (2.18:1) and 120 min (2.19:1) (Fig. 2d). With 
regard to the urinary excretion, ADMA but not hArg excre-
tion increased statistically significantly after Arg infusion 
(Fig. 3). ADMA excretion after the arginine test correlated 
well with the baseline ADMA excretion, while hArg excre-
tion varied remarkably.

Postprandial changes after ingestion of high‑fat protein 
meals in overweight men

For the purpose of the present study, results were aver-
aged and analyzed for the postprandial changes only, i.e., 
collapsing the protein factor, using a mixed model for 
analysis of repeated data (Proc Mixed, SAS). Post hoc dif-
ference from baseline value was analyzed using Bonfer-
roni corrections. Plasma concentrations of Arg, ADMA 
and hArg changed after meal ingestion (all P  <  0.001) 
(Fig.  4a). Mean plasma Arg concentrations were signifi-
cantly higher than the mean fasting value for the first 2 h 
after meals. Yet, the highest plasma Arg concentration 
was only by 10  % higher than its baseline concentration. 
Plasma hArg concentrations for the first 4  h and plasma 
ADMA concentrations for the first hour were significantly 
higher than the baseline values (Fig. 4a). The plasma hArg/
ADMA ratio increased from 5.6:1 (RSD, 7.2 %) at baseline 
to maximally 6.7:1 (RSD, 6.6 %) at 4 h and fell slightly to 
6.3:1 (RSD, 6.5 %) 6 h after meal (Fig. 4b). In the whole 
group, plasma hArg (Spearman’s r =  0.425, P  <  0.0001) 
and plasma ADMA concentrations (Spearman’s r = 0.539, 
P  <  0.0001) were positively correlated with plasma Arg 
concentration (Fig. 5a, b). There was also a positive even 
though weaker correlation between plasma concentrations 
of ADMA and hArg (Spearman’s r = 0.327, P < 0.0001) 
(Fig.  5c). The changes in circulating hArg concentrations 
seen upon ingestion of the high-fat protein meals may be 
due to their Lys content as Lys is a precursor of hArg (Ryan 
and Wells 1964).

Metabolism of orally administered Arg in elderly PAOD 
and CAD patients

In the PAOD and CAD studies we measured in plasma and 
urine samples of the verum and placebo groups Arg and its 
NG-methylated metabolites yet not hArg.

In the PAOD patients, Arg intake for 3 months signifi-
cantly (P = 0.002) increased the mean plasma Arg concen-
tration (1.4-fold from 56.5 to 80 µM); in the placebo group, 
the mean plasma Arg concentration (56.4 vs 50.9  µM) 
did not change significantly after 3  months (Fig.  6a). In 
the Arg group, the mean plasma ADMA concentration 
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increased significantly (P =  0.05) from 0.51 to 0.55  µM 
after 3 months of Arg supplementation (Fig. 6b). In the pla-
cebo group, no significant change in mean plasma ADMA 
concentration (0.59 vs 0.54  µM) was observed (Fig.  6b). 
Excretion of Arg (Fig. 6c) and ADMA (Fig. 6d) in the urine 
increased only in the Arg group.

In the CAD patients, Arg ingestion for 6  months sig-
nificantly (P  <  0.001) increased (1.4-fold) the median 
plasma Arg concentration from 67.7 to 94.7  µM; in the 
placebo group, the median plasma Arg concentration did 
not change (58.9 to 60.6 µM) significantly after 6 months 
(Table  4). The median plasma ADMA concentration did 
not change significantly in the Arg group (from 0.50 to 
0.50 µM) or in the placebo group (from 0.46 to 0.47 µM) 
after 6 months (Table 4). The median plasma MMA con-
centration increased significantly (P =  0.002) in the Arg 
group (1.6-fold from 0.15 to 0.24 µM) but not in the pla-
cebo group (from 0.15 to 0.15 µM) after 6 months. Excre-
tion of Arg (after 3 and 6  months) and ADMA (after 
3  months) in the urine increased only in the Arg group 
(Table 4). Interestingly, median Arg excretion increased by 
a factor of 1.8 after 3 months but only by a factor of 1.3 
after 6  months, while median ADMA excretion increased 
only marginally (by a factor 1.046 and 1.034, respectively). 

The considerable decrease in Arg excretion after 6 months 
toward the baseline level suggests improved reabsorption 
of Arg in the kidney.

Discussion

Arg and hArg

Arg belongs to the best investigated, nutritionally semi-
essential, proteinogenic, multi-functional amino acids (Wu 
et al. 2009). Less than 0.1 % of Arg is utilized in healthy 
untreated humans for the NOS-catalyzed formation of NO 
virtually in all types of cell. Nevertheless, the Arg/NO path-
way plays a pivotal role in health and disease. The endog-
enous NG-methylated Arg derivatives, MMA, ADMA and 
SDMA, and synthetic NG-substituted Arg analogs such as 
NG-nitroarginine (free acid, NNA; methyl ester, l-NAME) 
are inhibitors of NOS activity (Tsikas et  al. 2000; Kiel-
stein et al. 2007). Unlike Arg, our present knowledge of the 
biochemistry and pathophysiology of hArg, the methylene 
homolog of Arg, is fragmentary, although hArg is known 
for at least five decades (Ryan and Wells 1964). hArg only 
very recently received particular scientific attention in the 

0 30 60 90 120
0

500

1000

1500

2000

P
la

sm
a 

A
rg

 (
µ

M
)

Time (min)

INFUSION

0

1

2

3

4
INFUSION

P
la

sm
a 

h
A

rg
 (

µ
M

)

Time (min)

0

1

2

3

4
INFUSION

P
la

sm
a 

h
A

rg
/A

D
M

A
 r

at
io

 

Time (min)

0

1

2

3

4
INFUSION

P
la

sm
a 

A
D

M
A

 (
µ

M
)

Time (min)

0 30 60 90 120 0 30 60 90 120

0 30 60 90 120

A C

B D
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times the arginine test. Horizontal dotted lines indicate the levels of 
the respective baseline values
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area of human physiology and pathology. Low circulating 
hArg concentrations were found to be associated with car-
diovascular morbidity and mortality (Pilz et  al. 2011a, b; 
März et al. 2010; Drechsler et al. 2011; Atzler et al. 2013, 
2014; Choe et al. 2013a; Kayacelebi et al. 2014a; Pilz et al. 
2015a), as well as with liver dysfunction and mortality 
in chronic liver disease (Pilz et  al. 2015b). Although the 
underlying mechanisms of action of ADMA and much less 
of hArg are not yet fully understood, hArg seems to behave 
antagonistically to ADMA in the cardiovascular system 
(Siroen et al. 2006; Böger et al. 2009; Teerlink et al. 2009). 
We therefore introduced the hArg/ADMA molar ratio in 
order to take into account the supposed opposite actions 
of hArg and ADMA (Khalil et  al. 2013; Tsikas and Kay-
acelebi 2014). hArg can be utilized by NOS isoforms to 
produce NO, but the concentration of hArg in human cir-
culation (0.5–3 µM) and the affinity of hArg to NOS iso-
forms are several times lower than those of Arg (Hecker 
et  al. 1991; Moali et  al. 1998; Bretscher et  al. 2003). 
Therefore, circulating concentrations of hArg are unlikely 
to play a direct role in NO-related dysfunctions. Further-
more, as ADMA is a very weak inhibitor (IC50 ≈ 12 µM) 

of endothelial NOS (eNOS) activity (Kielstein et al. 2007), 
one may reasonably assume that ADMA may exert addi-
tional activities in the circulation beyond eNOS inhibition.

NG‑Methylation of Arg

MMA, ADMA and SDMA formation is assumed to exclu-
sively occur via NG-methylation of Arg residues in proteins 
by the action of PRMTs and subsequent regular proteoly-
sis (Leiper and Vallance 1999). We hypothesized that other, 
not yet explored biochemical pathways and physiological 
functions of ADMA and hArg are likely to exist and to be 
even more potent in the cardiovascular system than their 
involvement as inhibitors/substrates in the Arg/NO path-
way. Specifically, we assumed that MMA, ADMA and 
SDMA are also formed from NG-methylation of free Arg. 
hArg’s biochemistry includes Arg and the enzymes AGAT 
and GAMT (Ryan and Wells 1964; Ryan et al. 1968, 1969; 
Cathelineau et  al. 1974; Levin et  al. 1974; Ogawa et  al. 
1983; Roberts and Walker 1985; Kato et  al. 1988; Takata 
et al. 1991; Wyss and Kaddurah-Daouk 2000; Cullen et al. 
2006; Davids et  al. 2012a). We therefore performed an 
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animal study in knockout mouse models of AGAT- and 
GAMT-deficiency. As the mechanisms leading to hArg for-
mation in humans are not entirely delineated, we performed 
post hoc analyses of three human studies in order to better 
understand the pathways responsible for the hypothetical 
biosynthesis of hArg and ADMA from soluble Arg. For not 
yet fully elucidated analytical reasons (Tsikas et al. 2011) 
the quantitative determination of SDMA in plasma by 
our GC–MS and GC–MS/MS methods (Kayacelebi et  al. 
2015a) is not accurate and precise enough, so that we can-
not provide dependable data for circulating SDMA which 
is also an inhibitor of NOS activity (Tsikas et al. 2000) and 
a risk factor for morbidity and mortality in various diseases 
including chronic liver disease (Pilz et al. 2015b).

Role of AGAT and GAMT in the synthesis of hArg 
and ADMA

The results obtained from mice experiments (previous 
study Choe et  al. 2013a, b; and present study) suggest 
that AGAT is involved in the synthesis of hArg from Arg. 
In the AGAT+/+ mice, creatine supplementation resulted 

in borderline inhibition of hArg formation, suggesting 
that creatine, presumably at high concentrations, may 
inhibit AGAT-mediated formation of hArg. These find-
ings are supported by published work indicating that 
AGAT activity is inhibited in chick and rat tissues by 
creatine and its N-alkylated analogs rather than by GAA 
(Walker and Hannan 1976; Roberts and Walker 1985). 
It is also worth mentioning that creatine supplementa-
tion (0.4  %) led to a decrease in AGAT activity in rat 
pancreas (da Silva et al. 2014). A recent study provided 
evidence for the involvement of AGAT in hArg synthe-
sis in humans (Davids et  al. 2012a). These observations 
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suggest that AGAT plays a major role in hArg synthesis 
in mice and humans. The inherent reaction that is cata-
lyzed by AGAT has been suggested to be the reaction of 
Arg with Gly to produce GAA and Orn (R4) but not hArg 
(Humm et al. 1997). AGAT-catalyzed formation of hArg 
from Arg would therefore require either reaction of Arg 
with Lys to form Orn and hArg (R5) or reaction of GAA 
with Lys to form Gly and hArg (R7). The net reaction of 

(R4) and (R7) would be reaction (R5). The AGAT-cata-
lyzed formation of hArg from Arg could be regarded as a 
consecutive reaction consisting of the preceding reaction 
(R4) and the subsequent reaction (R7). This would mean, 
that reaction (R4) delivers GAA which is subsequently 
consumed in (R7) to produce hArg. In this concept, GAA 
would play a decisive role, reaction (R4) would be the 
rate-limiting step of the whole reaction (R5), and AGAT 
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Table 4   Plasma concentration and urine creatinine-corrected excretion rates of Arg and ADMA of patients suffering from CAD at baseline, 
after 3 months and after 6 months daily oral ingestion of 9.96 g Arg (arginine group, n = 31) or placebo (placebo group, n = 29)

Data are presented as median with 95 % confidence interval
a  P < 0.05

Plasma Arg (μM) Plasma ADMA (μM) Plasma MMA (μM)

Arginine group Placebo group Arginine group Placebo group Arginine group Placebo group

Baseline 67.7 (58.5–73.5) 58.9 (52.1–64.4) 0.50 (0.47–0.52) 0.46 (0.45–0.50) 0.15 (0.14–0.18) 0.15 (0.15–0.21)

6 months 94.7 (87.4–112)a 60.6 (52.9–66.4) 0.50 (0.46–0.53) 0.47 (0.44–0.62) 0.24 (0.20–0.28)a 0.15 (0.13–0.18)

Urinary Arg (μmol/mmol creatinine) Urinary ADMA (μmol/mmol creatinine)

Baseline 2.76 (2.39–3.33) 2.38 (2.23–3.07) 4.10 (3.73–4.85) 3.58 (3.52–4.53)

3 months 5.10 (4.47–6.69)a 2.59 (2.45–3.71) 4.29 (4.07–5.10)a 3.77 (3.48–4.26)

6 months 3.55 (3.67–6.05)a 2.71 (2.40–3.51) 4.24 (3.81–5.04) 3.67 (3.31–4.30)
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would have an additional catalytic activity that finally 
yields hArg after reaction (R7).

As GAA is a substrate for GAMT in reaction (R6), the 
activity of AGAT regarding reaction (R4) may also influ-
ence the activity of GAMT with respect to reaction (R6), 
and perhaps reversely. Thus, a mutual interaction between 
AGAT and GAMT appears reasonable, whereby AGAT 
activity could have a higher effect on GAMT activity than 
reversely, at least in mice. Supplementation of rats with 
creatine decreased SAM synthesis (da Silva et al. 2014). In 
our mice experiments, creatine supplementation borderline 
decreased plasma hArg concentrations. These findings are 
supportive of an overlap and interdependency of AGAT- 
and GAMT-catalyzed reactions.

Our results from the mice experiments suggest that nei-
ther AGAT nor GAMT are involved in ADMA synthesis 
in mice. Whether the observations of these experiments 
can be translated to humans, remains to be demonstrated. 
Reported data on hArg and ADMA in AGAT- and GAMT-
deficient humans are not available thus far. It is worth men-
tioning that mice had comparable plasma ADMA concen-
trations with those of children and men, but mice had 5–10 
times lower plasma hArg concentrations than humans. 
Thus, from the quantitative point of view considerable dif-
ferences between mice and humans regarding AGAT and 
GAMT activity may occur.

Effect of Arg infusion on hArg and ADMA

The children study was carried out in the setting of a rou-
tinely performed Arg infusion, the so-called arginine test, in 
the clinic. The arginine test includes a 30-min lasting infu-
sion of a concentrated Arg solution in physiological saline 
(i.e., 0.5 g Arg per kg bodyweight). This procedure results 
in high circulating free Arg concentrations and allows study 
acute effects of Arg and the derivatives that may be rapidly 
formed from Arg including NO (Bode-Böger et  al. 1999; 
Mariotti et al. 2013).

Arg infusion in the children resulted in average in 
18-fold increase of the plasma Arg concentration. At the 
end of the Arg infusion (time 30  min), the concentration 
of both, hArg and ADMA, in the plasma was two times 
higher than immediately before the infusion (time 0 min). 
At the end of the arginine test (120 min), a small portion 

(R4)Arg + Gly ↔ Orn + GAA

(R7)GAA + Lys ↔ Gly + hArg

(R5)Arg + Lys ↔ Orn + hArg

(R6)GAA + SAM → Cr

of circulating hArg and ADMA was found to be excreted 
in the urine. Impaired excretion of circulating hArg and 
ADMA is unlikely to explain the sudden increase in the 
plasma hArg and ADMA concentrations measured at the 
infusion end. A doubling of the plasma concentration of 
hArg and ADMA after 30 min would require an acute and 
almost complete displacement of intracellular hArg and 
ADMA, including erythrocytic hArg and ADMA. Because 
of the high molar excess of exogenous Arg over endoge-
nous Arg, hArg and ADMA, and because of the existence 
of cellular cationic amino acid transporters, such a dis-
placement cannot be fully excluded. Arg-induced proteoly-
sis of intracellular ADMA-rich proteins could explain an 
increase in ADMA but not in hArg plasma concentration. 
Thus, Arg-induced proteolysis upon Arg infusion seems to 
be of purely theoretical value. Rather, the changes in cir-
culating hArg concentrations seen upon infusion of Arg 
may be due to Arg-induced increases in growth hormone 
(McGuire et al. 1980). In theory, guanidination of Lys resi-
dues in proteins and their subsequent proteolysis could also 
yield hArg. However, guanidination of Lys moieties in pro-
teins requires high concentrations of activated urea deriva-
tives such as O-methylisourea and drastic reactions condi-
tions (Yin et al. 2015). Perhaps more likely is the formation 
of hArg from homocitrulline previously formed from free 
Lys by the catalytic action of ornithine transcarbamylase 
(OTC), although Lys is a much poorer substrate than Orn 
(Burnett and Cohen 1957).

Methionine is the precursor of SAM. A recent study 
demonstrated formation of methyl-trideuterated MMA, 
ADMA and SDMA just 60  min after starting infusion of 
[methyl-2H3]-1-[13C]methionine into humans (Davids 
et al. 2012b). Thus, another likely mechanism for the rapid 
increase seen in the plasma ADMA concentration in our 
infusion study could involve direct NG-methylation of the 
infused Arg prior to its incorporation in proteins. That free 
ADMA measured in the plasma samples of our children 
from blood taken just 30 min after starting the infusion is 
derived exclusively by the action of PRMTs on Arg resi-
dues in proteins cannot be excluded but is unlikely. A time 
period of only 30 min would most likely not suffice to syn-
thesize specific proteins that are subsequently NG-methyl-
ated on Arg and proteolyzed to finally release free ADMA 
in the plasma in an amount that would double its baseline 
plasma concentration (Miller et al. 1949; Yuile et al. 1951). 
The kinetics of ADMA and hArg observed in the children 
study argues against a considerable contribution of PRMTs 
to ADMA from infused Arg during the study. It is more 
likely that N-methyltransferases in organs such as liver and 
kidney and in cells such as erythrocytes have contributed 
to ADMA to a much higher extent than PRMTs during the 
short infusion period of 30  min. A driving force for the 
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rapid ADMA formation from infused Arg by N-methyl-
transferases could be the supraphysiological concentration 
of Arg in the children’s bodies.

Effect of short‑term and long‑term oral Arg 
administration on hArg and ADMA

The second and the third human study aimed at investigat-
ing short-term and long-term effects of Arg at circulating 
concentrations of the same order of physiological blood 
concentrations of Arg. Short-term effects of Arg were man-
aged by using protein-rich meals as a source of Arg. Long-
term effects of Arg were studied by oral intake of Arg at 
amounts that are comparable to those regularly ingested by 
adults daily (Brosnan and Brosnan 2004).

Interestingly, ingestion of high-fat protein meals by over-
weight men also resulted in acute increases of ADMA and 
hArg plasma concentrations, although the increase in plasma 
Arg concentration was very low (1.1-fold). Even just 30 min 
after the meals, the plasma concentrations of ADMA, hArg 
and Arg were all significantly increased. Although the kinet-
ics observed for these amino acids was different from that 
seen in children upon Arg infusion, the rapid appearance of 
ADMA in blood strongly argues for ADMA synthesis by a 
rapid mechanism that does not involve NG-methylation of 
Arg residues in proteins. It is worth mentioning that chil-
dren and men had comparable fasting plasma concentrations 
of Arg and ADMA, but different fasting plasma hArg con-
centrations. This resulted in quite different fasting plasma 
hArg/ADMA molar ratios, i.e., 2.8:1 in children and 5.6:1 
in adults. Yet, the most striking difference between children 
and adults concerns the course of the plasma hArg/ADMA 
molar ratios. During Arg infusion the plasma hArg/ADMA 
molar ratio remained unchanged and decreased slowly after 
stopping the infusion. By contrast, the plasma hArg/ADMA 
molar ratio increased slowly over 4 h after the meals. Con-
sidering that hArg and ADMA are likely to antagonize each 
other in the cardiovascular system (Tsikas and Kayacelebi 
2014), Arg infusion would shift the balance between hArg 
and ADMA in favor of ADMA. Because Arg is well toler-
ated by children and adults (Bode-Böger 2006), the acute 
and slight decrease of the hArg/ADMA caused by infused 
Arg seems to be of minor importance.

That the plasma hArg/ADMA molar ratio decreased 
after the end of Arg infusion and remained below the base-
line value for at least 90  min, suggests that Arg-derived 
amino acids, most likely ornithine (Orn), and other sub-
stances derived from Arg metabolism in the urea cycle, 
may have inhibited hArg formation from Arg. Such an 
effect was not observed in men who have received high-
fat protein meals, presumably because the concentration of 
Arg metabolites was not high enough to inhibit hArg for-
mation to a measurable extent.

Is free Arg NG‑methylated to MMA, ADMA 
and SDMA?

SAM is the common donor of methyl groups in transmeth-
ylation reactions which are catalyzed by numerous differ-
ent N-, O- and S-methyltransferases (Katz et al. 2003). In 
such a reaction, the first reaction product of free Arg would 
be free MMA which could be further NG-methylated to 
form free ADMA and SDMA. Such a reaction is supported 
by the observation that infusion of the SAM precursor 
[methyl-2H3]-1-[13C]methionine to humans did not result 
in formation of hexadeutero-ADMA (2H6-ADMA) and 
hexadeutero-SDMA (2H6-SDMA) (Davids et  al. 2012b). 
A possible explanation for this finding may be that already 
available endogenous unlabeled MMA was simply NG-
methylated by [2H3,

13C]SAM to produce trideutero-ADMA 
(2H3-ADMA) and trideutero-SDMA (2H3-SDMA). We are 
not aware from the literature that the NG-methyltransferases 
GAMT and PRMTs are also able to NG-methylate free 
(soluble) Arg. In the PAOD and CAD studies, orally admin-
istered Arg may also have contributed to the formation of 
ADMA via MMA from soluble Arg by the catalytic action 
of NG-methyltransferases. That in the CAD study plasma 
MMA concentration after 6  months of Arg ingestion had 
been doubled compared to the beginning, is supportive of 
NG-methylation of free MMA to yield ADMA and SDMA. 
The concentration of MMA in plasma of healthy adults is 
several times lower than that of SDMA and ADMA (e.g., 
Table  4) (Martens-Lobenhoffer and Bode-Böger 2012). 
This may be an indication that MMA (i.e., simply NG-
methylated Arg) is an intermediate product in the synthe-
sis of ADMA and SDMA (i.e., doubly NG-methylated Arg) 
from soluble (free) Arg.

An alternative mechanism for PRMTs-independent 
formation of MMA, ADMA and SDMA could be a com-
bination of GAMT- and AGAT-like activities. Thus, guani-
dinoacetate (GAA) could be N-methylated to intermediates 
(R8; Me is CH3), which subsequently react with Orn to 
generate Arg, MMA, ADMA, SDMA and N-methylglycine 
(i.e., sarcosine) (R9a–R9e). Such a mechanism is supported 
by findings indicating that the methyl group of N-methylg-
lycine is derived from methionine in humans (Walker and 
Hannan 1976) and in rats (Horner and Mackenzie 1950). 
The broad class of SAM-dependent methyltransferases is 
also supportive of such a mechanism (Yuile et  al. 1951). 
Yet, to the best of our knowledge there are no reports on 
the physiological appearance of [NG,NG-Me2]GAA and 
[NG,N´G-Me2]GAA.
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In the studies reported here, we did not measure SDMA, 
Cit, Orn and other members of the urea cycle. We can, 
therefore, not exclude that certain substances of this path-
way may have contributed to the enhancement of ADMA 
concentration seen upon Arg infusion. For instance, Cit at 
mM-concentrations has been reported to inhibit the activ-
ity of dimethylarginine dimethylaminohydrolase (DDAH) 
(MacAllister et al. 1996), i.e., the enzyme that hydrolyses 
ADMA to Cit and dimethylamine (DMA) (R10). However, 
in consideration of the weak inhibitory potency of Cit on 
DDAH activity, the increase in ADMA excretion and the 
parallel kinetics of hArg and ADMA upon Arg infusion 
argue against a considerable contribution of Arg-derived 
Cit to plasma ADMA concentration via DDAH activ-
ity inhibition. In contrast, in citrullinemic children, with 
plasma citrulline concentrations ranging between 0.3 and 
2.1  mM, we have observed even an elevated whole body 
ADMA synthesis (Lücke et al. 2006). This observation also 
argues against a contribution of Cit to the increased plasma 
ADMA concentrations seen upon Arg infusion.

In the present study, we observed remarkable correlations 
(P < 0.0001 for all cases) between the plasma concentra-
tions of hArg and Arg, ADMA and Arg (r =  0.539), and 
even between ADMA and hArg (r  =  0.327) before and 
after the meals (Fig. 5). In previous studies from our and 
other groups, considerable correlations were found between 
ADMA, hArg and Arg in plasma and urine of healthy and 
sick subjects at the basal state (e.g., Khalil et al. 2013; van 
der Zwan et al. 2013; Jaźwińska-Kozuba et al. 2013; Kay-
acelebi et al. 2014b; Tomaschitz et al. 2014). Yet, in other 
studies no correlations were found between hArg and 
ADMA, for instance in a large cohort of subjects referred 
to coronary angiography (März et al. 2010) or in rheumatic 
disease (Kayacelebi et al. 2015b). In general, reported asso-
ciations between ADMA and Arg or between hArg and Arg 
are stronger than between ADMA and hArg. A possible 
explanation for correlations found in the studies mentioned 

(R9a)Orn + GAA ↔ Arg + Gly

(R9b)Orn + Cr ↔ Arg + Sarcosine

(R9c)Orn +

[

N
G-Me

]

GAA ↔ MMA + Gly

(R9d)Orn +

[

N
G,NG -Me2

]

GAA ↔ ADMA + Gly

(R9e)Orn +

[

N
G,N ′G -Me2

]

GAA ↔ SDMA + Gly

(R10)ADMA → Cit + DMA

above may be that not only hArg, but also ADMA are 
derived directly from free Arg (Fig. 7).

Limitations of the studies

With exception of the knock out mice studies, the studies 
described in the present work were not primarily designed 
to address the questions of the present paper, but are rather 
post hoc analyses. In general, the hArg, ADMA and MMA 
content of the meals and chow in the studies is unknown 
and we cannot therefore entirely exclude that diet may have 
contributed to the changes we observed for some amino 
acids, notably in the short-term ingestion of high-fat pro-
tein meals study. Another limitation of our studies is the 
relatively small sample size and the possible problems of 
multiple testing. The availability of SDMA data would 
have certainly enhanced the informative value of our stud-
ies regarding the NG-methylation of free Arg to form MMA 
and ADMA.

Conclusions and perspectives

The results of the knockout mice experiments reported in 
the present work provide evidence that AGAT is involved in 
the synthesis of hArg from free Arg, but they do not reveal 
the underlying mechanism (Fig.  7). As AGAT-catalyzed 
hArg synthesis seems to be inhibited by creatine, i.e., the 
reaction product of GAMT, AGAT and GAMT pathways 
may overlap in the mouse, with GAA being probably the 
point of intersection (Fig.  7). In humans, hArg synthe-
sis has been reported to be regulated by AGAT. Although 
the present study does not provide direct evidence of the 
involvement of AGAT in the conversion of Arg to hArg in 
children and adults, our observations strongly suggest that 
hArg is biosynthesized from free Arg in humans. We also 
acknowledge that our human studies do not provide direct 
evidence of the NG-methylation of free Arg to ADMA. 
Yet, the almost parallel and sudden increases in hArg and 
ADMA plasma concentration upon acute Arg administra-
tion as an infusion or protein meal is a strong indication for 
the direct conversion of free Arg to ADMA. Our study also 
does not answer the question which enzymes catalyze NG-
methylation of free Arg to ADMA in humans. Yet, the mice 
experiments do not support the idea that GAMT belongs to 
these SAM-dependent NG-methyltransferases. This issue 
remains to be evaluated in forthcoming, highly challenging 
and therefore well-conducted studies.

Further investigations are warranted, which should 
involve measurement of a variety of analytes potentially 
being involved in Arg-related pathways, including Orn, 
Lys, Gly, GAA and creatine. Determination and use of 
the plasma hArg/ADMA molar ratio may help not only 
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delineate related biochemical pathways, but also moni-
tor, control and optimize nutritional and pharmacological 
treatments of cardiovascular diseases. The biosynthesis 
and metabolism of hArg has been only little investigated 
thus far. Forthcoming studies need to address whether the 
known Arg pathways also apply to hArg. For instance, 
decarboxylation of hArg would yield the biogenic amine 
homoagmatine. NG-Methylation of free hArg would yield 
homo-MMA (hMMA), homo-SDMA (hSDMA) and 
homo-ADMA (hADMA) (Fig.  7). Do these substances 
occur in human fluids and tissues? If existent, they would 
be expectable at much lower concentrations than their con-
geners MMA, SDMA and ADMA, and would represent a 
big analytical challenge.

The kidney and the liver play major roles in the biosyn-
thesis and metabolism of Arg, hArg and relatives. These 
both organs seem to be of decisive importance not only for 
their own wellness, but also for a healthy and well-func-
tioning cardiovascular system. l-Arginine is well tolerated 
by humans. Acute administration of Arg (i.e., the l-arginine 
test) in combination with the use of stable-isotope labeled 
Arg, notably [guanidine-15N2]-l-arginine, in vitro and in 
vivo studies in animals and humans should help delineate 

the biochemistry of hArg which lived in the shadow of Arg 
until very recently, and would also help evaluate the phar-
macological potential of this “exotic” amino acid.
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