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blood glucose levels in mice on high-fat diet (HFD) by a 
reduction of 7.3 ± 3.7 or 13.4 ± 3.8 %, respectively. Fast-
ing insulin concentrations were slightly, yet significantly 
affected (63.8 ±  11.3 or 162.1 ±  39.5  % of control ani-
mals, respectively), whereas body weight and glucose 
tolerance were unaltered. The substantial augmentation 
of hArg plasma concentrations in supplemented animals 
(327.5  ±  40.4 or 627.5  ±  60.3  % of control animals, 
respectively) diminished profoundly after the animals 
became obese (129.9  ±  16.6  % in control animals after 
HFD vs. 140.1 ±  8.5 or 206.3 ±  13.6  %, respectively). 
This hArg-lowering effect may contribute to the discrep-
ancy between the inverse correlation of plasma hArg levels 
with stroke and cardiovascular outcome, on the one hand, 
and the direct correlation with cardiovascular risk factors 
like obesity and blood glucose, on the other hand, that has 
been observed in human studies. Our results suggest that 
the glucose-lowering effects of hArg may reflect a com-
pensatory mechanism of blood glucose reduction by hArg 
upregulation in obese individuals, without directly influ-
encing body weight or glucose tolerance.
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Abstract  l-Homoarginine (hArg) is an endogenous 
amino acid which has emerged as a novel biomarker for 
stroke and cardiovascular disease. Low circulating hArg 
levels are associated with increased mortality and vas-
cular events, whereas recent data have revealed positive 
correlations between circulating hArg and metabolic vas-
cular risk factors like obesity or blood glucose levels. 
However, it is unclear whether hArg levels are causally 
linked to metabolic parameters. Therefore, the aim of our 
study was to investigate whether hArg directly influences 
body weight, blood glucose, glucose tolerance or insu-
lin sensitivity. Here, we show that hArg supplementation 
(14 and 28 mg/mL orally per drinking water) ameliorates 
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NO	� Nitric oxide
NOS	� Nitric oxide synthase
Wt	� Wild-type

Introduction

Homoarginine (hArg) is an endogenous non-proteino-
genic cationic amino acid in humans, which has been 
identified as a novel risk factor for stroke and cardiovas-
cular disease (Atzler et  al. 2015). Low circulating hArg 
levels are associated with cerebrovascular and cardiovas-
cular outcome and mortality (März et al. 2010; Pilz et al. 
2011a; Choe et al. 2013a). Although the underlying mech-
anism remains still unclear, previous studies have sug-
gested that hArg is involved in nitric oxide (NO) metabo-
lism and might therefore alter vascular function. hArg can 
serve as substrate for NO synthase (NOS) to produce NO 
(Lambert et al. 1992; Moali et al. 1998, 2000; Bretscher 
et al. 2003). Furthermore, hArg can competitively inhibit 
arginase activity, and could thereby indirectly increase 
arginine levels and facilitate NO production (Hrabak et al. 
1994; Reczkowski et  al. 1994; Pentyala and Rao 1999). 
Physiological functions of hArg, like inhibition of plate-
let aggregation and augmentation of flow-mediated dilata-
tion, have been suggested, but have not been confirmed 
so far (Radomski et al. 1990; Valtonen et al. 2008; Choe 
et al. 2013a). In this context, it should be considered that 
circulating hArg concentrations are several fold lower 
than those of its analog l-arginine and the affinity of hArg 
to NOS is also remarkably lower compared to arginine 
(Lambert et al. 1992; Moali et al. 1998; Moali et al. 2000; 
Bretscher et al. 2003).

Circulating hArg concentrations are inversely correlated 
with stroke and cardiovascular outcome. Conversely, some 
classical risk factors have been positively linked with hArg 
levels. In particular, the body mass index (BMI) positively 
correlated with hArg in several clinical studies, (März et al. 
2010; Ravani et al. 2013; van der Zwan et al. 2013; Atzler 
et  al. 2014). Furthermore, fasting blood glucose levels, 
hemoglobin A1c and presence of diabetes mellitus were 
positively correlated with circulating hArg (Pilz et al. 2014; 
Ravani et al. 2013; van der Zwan et al. 2013; Atzler et al. 
2014). At present, it is unclear whether hArg directly influ-
ences body weight or other metabolic parameters like glu-
cose homeostasis.

Previously, we have shown that l-arginine:glycine ami-
dinotransferase (AGAT) is required in human embryonic 
kidney cells and mice to synthesize hArg (Choe et  al. 
2013a), and hArg was not detectable in AGAT-deficient 
lymphoblasts (Davids et  al. 2012). Given that AGAT is 
the first and rate-limiting enzyme of creatine synthesis, it 
is not surprising that in AGAT-deficient mice creatine and 

hArg levels were below the detection limits of the methods 
used (Choe et al. 2013a, b). AGAT-deficient mice revealed 
reduced body weight, BMI, fasting blood glucose lev-
els and improved glucose tolerance; these effects were all 
completely reversible upon creatine supplementation and 
independent of hArg (Choe et al. 2013b). Effects of hArg 
on glucose metabolism in wild-type (wt) animals have not 
been studied so far. Therefore, we aimed to elucidate the 
role of hArg in body weight and glucose homeostasis. For 
this purpose, we supplemented C57BL/6J wt mice with 
hArg and analyzed body weight and glucose handling on 
normal- and high-fat diet (HFD).

Materials and methods

Care and treatment of mice

Animals used in this study were C57BL/6J male mice. Mice 
(<5 per cage) were kept in standard cages under a 12–12 h 
light–dark cycle, constant temperature and humidity, and 
received standard food and water ad libitum. Chronic hArg 
supplementation was achieved by adding to drinking water 
0  mg/L (control), 14 or 28  mg/L hArg (Sigma-Aldrich, 
Steinheim, Germany) to reach final concentrations of 0, 
~75 and 150 µM, respectively. After 8 weeks of hArg sup-
plementation on normal diet, mice received HFD for a min-
imum of additional 8 weeks with continuous hArg supple-
mentation. Normal diet (R/M-H, Ssniff, Soest, Germany) 
was essentially hArg free (165.6  ng/kg) and contained 
11.4 g/kg l-arginine (arg). It was composed of 19 % (w/w) 
protein [33 % metabolisable energy (kJ %)], 3.3 % (w/w) 
fat (9 kJ %) and 41 % (w/w) carbohydrate (58 kJ %). HFD 
contained 60 kJ % fat, 19 kJ % protein and 21 kJ % carbo-
hydrates (Ssniff E15741-34, acc. D12492 (II) mod., Ssniff, 
Soest, Germany). It contained 8.8 g/kg arg and was essen-
tially hArg free (21.6 ng/kg). Mice were 12.1 ± 0.5 weeks 
at the beginning of the hArg supplementation, with no dif-
ference of age between hArg treatment groups (P > 0.92 by 
one-way ANOVA), n =  19–20 animals per hArg supple-
mentation group. For calculation of the BMI (body weight/
body length2 expressed in kg/m2) the snout–anus length 
of the animals was measured. All experimental proce-
dures were in accordance with institutional guidelines and 
approved by the local animal Ethics Committee.

Glucose and insulin tolerance tests

Mice were fasted for 14–16 h and intraperitoneally injected 
with glucose (2 g per kg body weight) or insulin (0.5 U per 
kg body weight) (Sigma-Aldrich) as previously described 
(Choe et al. 2013b). Blood glucose was measured from tail 
capillary blood and collected at the indicated times.
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Blood collection and biochemical analyses

Venous EDTA-treated blood was retrieved by submandib-
ular puncture. Heparinized blood was obtained by direct 
cardiac puncture in isoflurane anesthesia. Leptin, insulin, 
C-peptide and glucagon plasma levels were measured from 
plasma of heparinized blood by ELISA according to the 
manufacturers’ protocols (Crystal Chemistry, CusaBio) as 
previously described (Choe et  al. 2013b). hArg measure-
ments in plasma were performed using a LC–MS/MS assay 
as described previously (Atzler et  al. 2011) on a Varian 
1200L Triple Quadrupole MS equipped with two Varian 
ProStar model 210 HPLC pumps (Agilent Technologies, 
Santa Clara, CA, USA). After addition of the stable isotope 
labeled internal standard [13C6]-hArg (to a final concentra-
tion of 10  µM), protein precipitation with methanol, and 
derivatization of hArg and [13C6]-hArg to their butyl ester 
derivatives, the analytes were dissolved in sample buffer 
(methanol–water, 25/75 v/v, containing 0.1 vol% ammo-
nium formate, adjusted to pH 5 with formic acid).

Statistical analyses

Data are given as mean ± SEM. The following statistical 
tests were applied: one-way ANOVA, two-way ANOVA or 
two-way ANOVA for repeated measurements, followed by 
Newman–Keuls post hoc comparisons (Graphpad Prism 5, 
Statistica 5, Statsoft). All tests were two-tailed and the level 
of significance was set at P < 0.05.

Results

Effect of chronic hArg supplementation on blood 
glucose in diet‑induced obese animals

To investigate a possible causal relation between plasma 
hArg and glucose, we determined blood glucose levels 
in mice supplemented with hArg on normal diet or HFD. 
Fasting blood glucose increased in all animals upon HFD. 
Following 8  weeks of HFD, however, chronic hArg sup-
plementation ameliorated fasting blood glucose in a dose-
dependent manner (Fig.  1a). Blood glucose levels in ad 
libitum fed state were similarly improved by hArg supple-
mentation in obese mice (0 mg/L hArg group: 181 ± 8 mg/
dL; 14 mg/L hArg group: 170 ± 7 mg/dL; 28 mg/L hArg 
group: 143 ± 5 mg/dL, n = 10, P < 0.01).

We have previously shown, that the HFD regime utilized 
here results in pronounced obesity, impaired glucose han-
dling and a diabetes-like phenotype in C57Bl/6J wt mice 
(Choe et al. 2013a). As expected, HFD induced pronounced 
obesity in all animals; however, hArg supplementation did 

not change the body weight of animals under either normal 
or HFD (Fig. 1b). Also, the BMI of animals after HFD were 
unaltered by hArg supplementation (0  mg/L hArg group: 
3.84 ± 0.16 kg/m2; 14 mg/L hArg group: 3.75 ± 0.13 kg/
m2; 28  mg/L hArg group: 3.85 ±  0.7  kg/m2, n =  7–10, 
P = 0.80).
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Fig. 1   Chronic hArg supplementation ameliorates blood glucose 
levels in diet-induced obese mice, without measurable effects on 
body weight. Comparison of fasted blood glucose levels (a) and 
body weight (b) before and during oral hArg supplementation 
(0, 14, or 28  mg/L hArg in drinking water) on normal diet and on 
HFD (n = 19–20). Data are expressed as mean ± SEM. **P < 0.01, 
***P < 0.001 by two-way ANOVA with repeated measurements
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Effect of hArg supplementation on glucose handling 
and insulin responses

We next analyzed the effect of hArg supplementation on 
glucose handling and insulin responses. Glucose toler-
ance decreased in obese animals. hArg supplementation, 

however, did not influence glucose tolerance (Fig. 2a, c, d).  
Consistent with progressing insulin resistance, glucose 
responses to insulin injections were slower and less 
pronounced in obese animals, but no significant differ-
ence was observed between the hArg treatment groups 
(Fig. 2b, e, f).

Fig. 2   Obesity-related changes 
of glucose and insulin tolerance 
were unaffected by chronic 
hArg supplementation. Glucose 
tolerance (a, c, e) (n = 19–21) 
and insulin tolerance (b, d, f) 
(n = 9–10) tests in mice on 
normal diet before (a, b) or 
after 8 weeks of hArg supple-
mentation (0, 14, or 28 mg/L in 
drinking water) (c, d) or after 
additional 8 weeks on HFD with 
hArg supplementation (e, f), 
data are given as mean ± SEM
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Effect of hArg supplementation on blood levels of hArg

To analyze the correlation between hArg supplementation 
and hArg blood levels, we determined hArg plasma con-
centrations in supplemented animals before and after diet-
induced obesity (DIO). Oral hArg supplementation via 
drinking water with 14 or 28 mg/L for 8 weeks resulted in 
3- or 6-fold increased plasma hArg concentrations, respec-
tively: 0  mg/L hArg group, 0.14  ±  0.02  µM; 14  mg/L 

hArg group, 0.46  ±  0.06  µM; 28  mg/L hArg group, 
0.88 ± 0.08 µM, (n = 18–20) (Fig. 3a). DIO had no impact 
on hArg levels in non-supplemented animals. However, 
HFD completely blunted any elevation of hArg plasma 
concentration by 14  mg/L hArg supplementation and 
reduced the hArg plasma concentration of animals supple-
mented with 28 mg/L hArg by 67 % to only about 1.5-fold 
increased levels compared with non-supplemented animals: 
0 mg/L hArg group, 0.19 ± 0.02 µM; 14 mg/L hArg group, 
0.20 ±  0.01  µM; 28  mg/L hArg group, 0.29 ±  0.02  µM, 
(n = 15–19) (Fig. 3b).

hArg effects on insulin, C‑peptide, leptin and glucagon 
levels in diet‑induced obese mice

With different glucose levels between hArg treatment 
groups, yet equal insulin responsiveness, we wondered 
whether secretion of glucose or lipid regulating hormones 
differed between hArg treatment groups. Therefore, we 
determined plasma levels of insulin, and glucagon, and as 
an independent measure for insulin secretory rate we also 
determined the pro-insulin connecting peptide (C-peptide) 
of diet-induced obese animals from different hArg sup-
plementation groups (Fig.  4a–c). Because leptin has been 
positively associated with hArg in clinical and population-
based studies (Atzler et  al. 2014) and leptin and insulin 
influence each other in the regulation of body weight and 
glucose homeostasis (Barr et al. 1997; Covey et al. 2006) 
we also measured leptin plasma levels (Fig.  4d). Plasma 
insulin (P = 0.03) (Fig. 4a), C-peptide (P = 0.03) (Fig. 4b) 
and leptin (P  <  0.01) (Fig.  4d) levels were significantly 
influenced by hArg, with post hoc group comparison 
revealing significant differences between the two animal 
groups supplemented with different hArg dosages. In con-
trast, glucagon levels (Fig. 4c) were not significantly influ-
enced by hArg supplementation (P > 0.23).

Discussion

In the current study, we have investigated for the first 
time the effects of chronic hArg supplementation on body 
weight and glucose homeostasis in mice before and after 
diet-induced obesity. In human studies, circulating hArg 
has emerged as marker for cardiovascular disease (Atzler 
et al. 2015). Furthermore, genome-wide association analy-
ses revealed hArg levels to be tightly linked with variants of 
the AGAT genomic locus (Choe et al. 2013a; Kleber et al. 
2013). Given that AGAT synthesizes hArg and also guani-
dinoacetate (Choe et al. 2013a, b), which is the precursor of 
creatine, we used an oral supplementation strategy to inves-
tigate AGAT-independent hArg effects on glucose handling 
and body weight homeostasis.

ho
m

oa
rg

in
in

e 
(µ

M
)

0mg/l 14mg/l 28mg/l

0mg/l 14mg/l 28mg/l

ho
m

oa
rg

in
in

e 
(µ

M
)

A

B 16 weeks homoarginine,
(8 weeks high fat diet)

0

0.2

0.4

0.6

0.8

1.0

8 weeks homoarginine

* * *
* * * * * *

1.2

***

0

0.2

0.4

0.6

0.8

1.0

1.2

Fig. 3   Plasma hArg levels are decreased in adipose animals. Plasma 
hArg concentrations after 8  weeks of hArg supplementation (0, 14, 
or 28  mg/L hArg in drinking water), before (a) or after additional 
8 weeks on HFD and hArg supplementation (b), data are expressed as 
mean ± SEM (n = 15–20), ***P < 0.001 by one-way ANOVA



1926 M. Stockebrand et al.

1 3

Population-based studies and clinical cohorts of car-
diovascular or dialysis patients suggested that hArg might 
increase BMI (März et  al. 2010; Ravani et  al. 2013; van 
der Zwan et al. 2013; Atzler et al. 2014). In this study, we 
show that a 3- to 6-fold increase of hArg plasma concentra-
tions did not significantly increase body weight. Recently, 
it was reported that weight loss of more than 30 kg in four 
obese subjects after bariatric surgery had no influence on 
hArg plasma concentration, and no correlation was found 
between hArg plasma concentration and BMI (May et  al. 
2015). Moreover, our data rather suggest that increased 
body weight and fat mass reduce hArg plasma levels, 
because the increased hArg concentrations observed after 
8 weeks of hArg supplementation were blunted after addi-
tional 8 weeks of HFD combined with hArg supplementa-
tion. Given that hArg in adipose tissue seems to be inde-
pendent of hArg plasma concentration (May et  al. 2015), 
it is plausible that increased adipose tissue mass could 
cause a reduction in hArg plasma concentration. In this 
context, cationic amino acid transporters might contribute 
to reduced hArg plasma concentrations by carrying hArg 
into different tissues (White and Christensen 1982; White 
et al. 1982). Glucosuria has been suggested to impair renal 
amino acid reabsorption (Bingham et al. 2001). Therefore, 

reduced renal hArg resaborption may also contribute to a 
reduction of hArg plasma levels after DIO. Increased levels 
of arginase have been described in obese adolescents (Kim 
et al. 2012; Jung et al. 2014), which might suggest another 
mechanism leading to reduced hArg plasma levels in obese 
subjects.

In addition to body weight, parameters of glucose home-
ostasis have been positively associated with hArg plasma 
concentrations in human studies (Pilz et  al. 2014; Ravani 
et  al. 2013; van der Zwan et  al. 2013; Atzler et  al. 2014). 
In contrast, diet-induced obese mice with elevated hArg 
plasma levels had significantly lower blood glucose levels. 
This result is in opposition to correlations of clinical stud-
ies, but suggests a compensatory mechanism—i.e., impaired 
glucose homeostasis triggering increased hArg plasma lev-
els to reduce blood glucose. In our study, hArg did not influ-
ence fasting blood glucose in mice on normal diet. There-
fore, the blood glucose-lowering effect of hArg does not 
seem to represent a generally applicable mechanism. Fur-
thermore, circulating hArg levels are lower in patients with 
long-lasting type 2 diabetes mellitus (Drechsler et al. 2011), 
which might suggest adaptive mechanisms under condi-
tions of chronic glucose intolerance. hArg supplementation 
did not alter glucose and insulin tolerance in our study, but 

Fig. 4   Plasma concentrations 
of the hormones insulin (a), 
the pro-insulin C-peptide (b), 
glucagon (c) and leptin (d) after 
8 weeks on HFD and 16 weeks 
oral hArg supplementation (0, 
14, or 28 mg/L hArg in drink-
ing water) (n = 9–10). Data 
are depicted as mean ± SEM. 
*P < 0.05, **P < 0.01 by one-
way ANOVA
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increased fasting insulin concentrations were detected in 
animals supplemented with the higher dose of hArg as com-
pared to the lower hArg dose. A similar increase of C-pep-
tide plasma concentration, which is an independent measure 
of insulin secretion, that is not influenced by insulin deg-
radation and undisturbed by exogenous insulin application 
(like in insulin tolerance tests), also indicated an elevation 
of insulin secretion. This could explain reduced fasting 
blood glucose. In line with this observation, a positive cor-
relation between insulin and hArg has also been observed 
in population-based studies (Atzler et al. 2014). And previ-
ous studies with isolated pancreatic islet cells have shown 
that hArg can dose-dependently stimulate insulin release 
(Blachier et  al. 1989; Weinhaus et  al. 1997; Henningsson 
and Lundquist 1998), which is consistent with our findings 
in hArg-supplemented mice and in clinical correlations. In 
our study, hArg lowered blood glucose levels only in diet-
induced obese mice, therefore suggesting a compensatory 
mechanism under conditions of severely impaired glucose 
tolerance. Although cell-based experiments have suggested 
that hArg also increases glucagon secretion, glucagon levels 
were unaltered in our hArg treatment groups (Henningsson 
and Lundquist 1998).

This is the first report of an intervention testing the influ-
ence of hArg on glucose homeostasis and the study has 
been designed for analyzing hArg effects on DIO and asso-
ciated changes in glucose handling, with repeated measure-
ments before and after HFD. Therefore, this study lacks a 
control group of age-matched lean animals on normal, low-
fat diet for the entire duration of the experiment. There was 
no hArg effect on the induction of adiposity with regard to 
body weight gain and BMI, and all animals became obvi-
ously obese. Yet a comparison with age-matched lean ani-
mals on normal low-fat diet or a careful analysis of body fat 

content might reveal additional interactions between hArg 
supplementation and HFD which we may have missed in 
our study. Also, pharmacokinetic data of oral hArg supple-
mentation are still missing, and this can impede the inter-
pretation of differences in plasma hArg levels between the 
lean and obese state. However, preliminary experiments 
with small-sized supplementation groups indicated the 
adjustment of stable circulating hArg levels already within 
2 weeks of treatment.

Given the positive correlation of hArg with creatine in 
clinical studies, it was argued that hArg levels might indi-
cate intracellular energy stores, i.e. the phosphocreatine 
pool (März et  al. 2010; Pilz et  al. 2011b). Previously, we 
have shown that hArg itself reduces infarct size and neu-
rological outcome in a murine experimental stroke model 
(Choe et  al. 2013a). The data of the presented study sug-
gest that the metabolic effects of hArg are also independ-
ent of AGAT expression and AGAT-related products such 
as guanidinoacetate and creatine.

In summary, our data reveal glucose-lowering effects of 
hArg in diet-induced obese mice (summarized in Fig.  5). 
This observation may suggest a compensatory mechanism 
under conditions of glucose intolerance and in patients 
with type 2 diabetes mellitus. Although clinical correlative 
data revealed a positive correlation between hArg and body 
weight, our results do not support a direct role of hArg in 
body weight regulation in humans.
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Fig. 5   Schematic summary 
of hArg supplementation and 
diet-induced obesity. hArg 
supplementation increases cir-
culating hArg on normal low-fat 
diet (LFD), whereas after HFD 
only high dosage supplementa-
tion (28 mg/L drinking water) 
(++hArg++hArg) yields 
increased hArg levels, but 
low dosage supplementation 
(14 mg/L) (+hArg) does not. 
Arrows indicate the direction 
and strength of hArg effects 
on diabetes, glucose tolerance, 
blood glucose and DIO
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