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Abstract Increased cardiovascular risk associated with
obesity cannot be fully explained by traditional risk mark-
ers. We therefore assessed plasma and interstitial con-
centrations of the novel cardiovascular risk biomarker
homoarginine (hArg) in 18 individuals without signs of
cardiovascular disease, including 4 morbidly obese sub-
jects before and after bariatric surgery and subsequent
weight reduction of 36 £ 7 kg. hArg concentrations were
greater in skeletal muscle compared with adipose tissue.
Plasma and tissue hArg concentrations did not correlate
with BMI. Adipose tissue interstitial hArg concentrations
were not affected by obesity, an oral glucose load, or dra-
matic weight loss. In conclusion, obesity seems not to
have a major effect on hArg homeostasis, and hArg may
not explain the added cardiovascular risk associated with
obesity. Yet, given the small sample size of the study, the
significance of hArg in obesity should be investigated in a
larger population.
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Abbreviations

ADMA NS NS-Dimethyl-L-arginine

BMI Body mass index

hArg L-Homoarginine

HOMA-IR Homeostasis model assessment-insulin
resistance (index)

MD Microdialysis

NO Nitric oxide

NOS Nitric oxide synthase

SRM Selected-reaction monitoring

Introduction

The L-arginine homologue L-homoarginine (hArg) is a non-
essential, non-proteinogenic amino acid. L-Arginine plays
multiple physiological roles in nutrition, growth, health
and disease (Wu et al. 2009). A small portion of free L-argi-
nine (<0.1 %) serves as the substrate for nitric oxide (NO)
synthesis by nitric oxide synthase (NOS) isoforms. hArg
may inhibit NOS activity (Bretscher et al. 2003; Moali
et al. 1998, 2000), and low plasma hArg concentrations
were recently associated with cardiovascular and all-cause
mortality in humans (Choe et al. 2013a; Kayacelebi et al.
2014b; Mirz et al. 2010; Pilz et al. 2011). Importantly,
plasma concentrations of arginine, asymmetric dimethy-
larginine (ADMA), and hArg do not necessarily reflect
intracellular concentrations (Davids et al. 2012; Davids and
Teerlink 2013). Obesity is an important predictor of overall
and cardiovascular mortality (Prospective Studies Collabo-
ration et al. 2009). The role of hArg in obesity and insulin
resistance has not yet been explored and interstitial hArg
concentrations in major target organs of obesity-associated
pathophysiology, adipose tissue and skeletal muscle, are
unknown. Plasma hArg was found to correlate with BMI
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in different populations (Atzler et al. 2014a; Pilz et al.
2014). Moreover, hArg may stimulate insulin secretion
(Henningsson and Lundquist 1998) and a correlation to
HOMA-IR was seen (Atzler et al. 2014a; Pilz et al. 2014).
L-Arginine:glycine amidinotransferase (AGAT) is respon-
sible for the synthesis of hArg (Choe et al. 2013a), and
AGAT deficiency protects against the metabolic syndrome
in mice (Choe et al. 2013b).

The aim of the present study was to determine plasma
and interstitial hArg concentrations in relation to body
mass index (BMI) and obesity-associated insulin resistance
in humans. Because ADMA inhibits NOS activity, while
hArg may serve both as an inhibitor and as a substrate for
NO synthesis, hArg and ADMA may act antagonistically
in the cardiovascular system (Tsikas and Kayacelebi 2014).
As the hArg-to-ADMA (hArg/ADMA) molar ratio in the
circulation may better evaluate the relative effects of hArg
and ADMA on cardiovascular diseases (Tsikas and Kay-
acelebi 2014), we also explored the ratio of hArg/ADMA
in our study.

Materials and methods
Human studies

hArg was measured in 18 individuals: 10 healthy non-
obese subjects from a previously reported dietary inter-
vention study (Engeli et al. 2012), 4 obese subjects before
and after bariatric surgery, and 4 healthy age-matched
controls. There was no overlap between the study pop-
ulations. BMI was calculated from the ratio of body
weight (kg)/body height (m?) and subjects were clas-
sified according to WHO classification (WHO 2000).
HOMA-IR was calculated with the formula: HOMA-
IR = (glucose[mM] x insulin[mU/L])/22.5) to quantify
insulin resistance (Matthews et al. 1985). Glucose and
insulin were measured by standard procedures in a certified
Clinical Chemistry laboratory. Individuals’ characteristics
are listed in Table 1. In 10 healthy individuals, two of which
were overweight, blood samples were taken after 2 weeks
on an isocaloric reduced-fat diet in the fasting state.

Table 1 Overview of study participants (all data are mean = SEM)

Subjects did not take any drugs and were weight-stable
for at least 3 months prior to study participation. To deter-
mine interstitial hArg concentrations in subcutaneous adi-
pose tissue and skeletal muscle by microdialysis (MD), we
also studied four morbidly obese patients before and after
substantial weight loss through bariatric surgery, as well
as four healthy, non-obese, and age-matched individuals
as controls. These participants were also subjected to oral
glucose tolerance testing (75 g glucose in 300 mL water).
We included only non-smokers without history of allergy,
gastrointestinal, endocrinological or psychiatric disorders,
and with normal blood pressure and electrocardiograms.
MD catheters (CMA 60, CMA/uDialysis, Stockholm, Swe-
den) were inserted into abdominal subcutaneous adipose
tissue and into the vastus lateralis muscle, and were con-
nected to mini-pumps (CMA 107) as described elsewhere
(May et al. 2013). After probe insertion, catheters were
perfused at a flow rate of 1 pL/min with Ringer solution
containing 50 mM ethanol (Fellander et al. 1996). After
30 min of equilibration, MD samples were collected every
15 min during 30 min baseline and 2 h glucose challenge as
described elsewhere (May et al. 2014). MD samples were
placed on ice after collection and stored at —80 °C until
analysis. All subjects provided written informed consent
prior to study participation. Study protocols were approved
by the Ethics Committees of Charité University Medicine
and Hannover Medical School (MD study).

Processing of biological samples

EDTA blood samples were centrifuged (1,500 x g, 4 °C,
15 min) and resulting plasma was analysed immedi-
ately or stored at —80 °C until analysis. Ultrafiltrates from
0.5-mL plasma aliquots were obtained by centrifugation
(15,000 x g, 4 °C, 30 min) using Vivaspin 2 Hydrosart car-
tridges (cut-off 10 kDa; Sartorius, Gottingen, Germany).
In 10-pL plasma aliquots, hArg, arginine and ADMA
were derivatized first to their methyl esters using 2 M HCl
in CH;0H for endogenous amino acids and 2 M HCI in
CD;OD for the de novo synthesized trideutero (d)-internal
standards; then pentafluoropropionyl derivatives were pro-
duced (Kayacelebi et al. 2014a; Tsikas et al. 2003).

Group/ treatment n Age

Gender Weight (kg) BMI (kg/m?)

(years) (m/f)
Dietary intervention 10 32 +4 2/8 71+£1 227+12
Healthy controls 4 384 4/0 77 +2 239+ 1.8
Bariatric surgery 4 38+4 212 135+ 6 447+0.9
9 +5 328+ 1.8

Intervention HOMA-IR Homoarginine (uM)
(range)

2 weeks low fat diet 0.34+0.1 1.95+0.24 (0.64-3.09)

None 1.24+03 1.74 £ 0.25(1.37-2.47)

2 x gastric banding 53+£27 197 +0.36(1.37-3.0)

1 x sleeve gastrectomy 14405 2.0240.26(1.7-2.8)

1 x Roux-en-Y-gastric bypass
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Chemicals

The hydrochloride salts of hArg, arginine and ADMA were
purchased from Sigma (Deisenhofen, Germany). Pentafluo-
ropropionic anhydride was obtained from Pierce (Rock-
ford, IL, USA). CD,0OD (99 % at *H) was supplied by
Aldrich (Steinheim, Germany). All other chemicals were
obtained from Merck (Darmstadt, Germany).

Measurement of homoarginine and ADMA

hArg (Kayacelebi et al. 2014a) and ADMA (Tsikas et al.
2003) were measured in plasma and native MD samples by
previously reported, fully-validated gas chromatography-
tandem mass spectrometry (GC-MS/MS) methods using
the triple-stage quadrupole mass spectrometer Thermo-
Quest TSQ 7000 (Finnigan MAT, San Jose, CA) directly
interfaced with a Trace 2000 series gas chromatograph
equipped with an autosampler AS 2000 (CE Instruments,
Austin, TX). Other instrumental conditions were described
elsewhere (Kayacelebi et al. 2014a; Tsikas et al. 2003).
Quantification of hArg was performed by selected-reac-
tion monitoring (SRM) of the mass transition m/z 600 —
m/z 366 for hArg and m/z 603 — m/z 366 for the internal
standard d;-hArg. Quantification of ADMA was performed
by SRM of the mass transition m/z 634 — m/z 378 for
ADMA and m/z 637 — m/z 378 for the internal standard
d;-ADMA.

Statistical analysis

All data are shown as mean and standard error. Statistical
analysis was performed using IBM SPSS Statistic 22. Intra-
individual differences were compared by Students 7 test for
paired or unpaired samples, as appropriate. ANOVA test-
ing for repeated measures was used for multiple compari-
sons. Univariate correlation was calculated by the method
of Pearson. In all analyses, P < 0.05 was considered to be
statistically significant.

Results

The plasma hArg concentrations measured in the present
study are within the range reported for healthy humans,
Plasma hArg concentration and BMI were not correlated in
the healthy individuals examined after 2 weeks on reduced-
fat diet (n = 10; ? =002, P= 0.73). The same was true
for the correlation between hArg/ADMA ratio and BMI
(" = 0.0; P = 0.95) (Fig. 1a). However, when looking only
at the seven subjects within the normal BMI range (18.5—
25 kg/m?), we found a strong correlation between BMI and
plasma hArg (r2 = 0.8; P = 0.006), as well as between BMI

and the hArg/ADMA ratio (+* = 0.82; P = 0.005). Further-
more, plasma hArg concentrations did not differ between
lean individuals and morbidly obese patients before weight
loss (1.74 £ 0.25 vs. 1.97 £ 0.36 uM; n = 4 each) in the
second set of the studied individuals. Mean weight loss
of 36 = 7 kg over 6 months had no influence on hArg
plasma concentration (1.97 + 0.36 vs. 2.02 £+ 0.26 uM;
n = 4). When combining all data sets (n = 18), no corre-
lation between plasma hArg and BMI was observed, but
the correlation within the normal BMI range (n = 9) per-
sisted. A correlation between plasma hArg and HOMA-IR
was not found, despite significant HOMA-IR differences
between lean and obese subjects (P < 0.01) and a trend to
lower HOMA-IR indices after massive weight reduction
(P=0.1).

Plasma values of homoarginine did not correlate to
adipose tissue homoarginine values but tended to corre-
late to skeletal muscle homoarginine (r2 =02, P =07
and » = 0.7; P = 0.1 respectively). Interstitial hArg
(1.25 £ 0.21 vs. 0.75 &£ 0.16 pM, P = 0.02) and ADMA
concentrations (0.27 & 0.02 vs. 0.17 £ 0.03 uM, P = 0.02)
in skeletal muscle were significantly higher compared to
adipose tissue in four lean subjects (Fig. 1b). The hArg/
ADMA ratio did not differ between skeletal muscle and
adipose tissue (4.4 + 0.8 vs. 4.8 £ 1.0, P = 0.09). Oral glu-
cose challenge did not change skeletal and adipose tissue
hArg and ADMA concentrations (Fig. 1b). When compar-
ing adipose tissue interstitial hArg concentrations between
lean and morbidly obese subjects (n = 4 each, Fig. 1c), we
observed significantly higher hArg concentrations in lean
subjects (0.75 & 0.16 vs. 0.39 + 0.03 uM; P = 0.03; each
n = 4), whereas interstitial ADMA concentrations were
similar (0.17 &+ 0.03 vs. 0.15 £ 0.02 uM; P = 0.3). The
hArg/ADMA ratio was about four in lean individuals and
about three in obese patients. Massive weight loss did not
affect interstitial hArg and ADMA concentrations in adi-
pose tissue (Fig. 1c). During an oral glucose challenge,
interstitial adipose tissue hArg and ADMA concentrations
did not change upon oral administration of glucose, unlike
the interstitial glucose concentrations (Fig. lc, d).

Discussion

This is the first study reporting interstitial hArg concen-
trations assessed by serial MD sampling and GC-MS/MS
analysis in human subjects. hArg is a naturally occurring
amino acid derived from lysine (Ryan and Wells 1964)
and may be involved in the NOS-catalysed generation of
the vasodilator NO (Valtonen et al. 2008), as well as in
the inhibition NOS activity (Bretscher et al. 2003; Moali
et al. 1998, 2000). hArg can be formed through reactions
homologous to those of the urea cycle (Mérz et al. 2010).
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Furthermore, hArg generation is catalysed by AGAT (Choe
et al. 2013a; Kleber et al. 2003), which is the rate limiting
enzyme in skeletal muscle creatinine synthesis (Wyss and
Kaddurah-Daouk 2000). AGAT seems to protect against
the metabolic syndrome in mice (Choe et al. 2013b). Previ-
ously, we demonstrated that adipose tissue ADMA does not
play a major role in NO-dependent regulation of adipose
tissue blood flow and metabolism, and is not subject to reg-
ulation by glucose challenges in humans (May et al. 2014).
Our current study extends this finding to hArg, because
rapid increases in plasma and tissue glucose concentrations
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did not elicit significant increases in tissue hArg concentra-
tions. Glucose and the associated increase in insulin there-
fore appear not to play a major role in hArg biosynthesis or
degradation.

Larger population-based studies have found a positive
correlation between hArg and BMI or HOMA-IR (Atzler
et al. 2014a; Pilz et al. 2014). In our admittedly small study
cohort, plasma hArg concentrations did not differ between
lean and obese individuals, and only in subjects within the
normal BMI range plasma hArg correlated with BMI. Fur-
thermore, despite lower HOMA-IR indices after weight
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reduction and significant differences in HOMA-IR between
the examined study groups, hArg and HOMA-IR did not
correlate at all. The lack of correlation might be accounted
to the small sample size of our study, especially when the
small differences seen in larger population studies are con-
sidered (Atzler et al. 2014a; Pilz et al. 2014). Nevertheless,
a significant negative correlation between plasma ADMA
and weight reduction was observed in only 29 patients
after bariatric surgery, with a decrease of 45 % in patients
after 18 kg weight loss (Patle et al. 2012). Despite a larger
mean weight reduction in our study (36 = 7 kg), we did
not observe significant changes in our 4 morbidly obese
subjects. However, plasma hArg is higher in men compared
to women (Pilz et al. 2014), which might have biassed our
results as our study populations were not equally distrib-
uted with regard to gender.

Interstitial adipose tissue hArg concentrations were
about two times higher in lean individuals compared to
morbidly obese patients, but substantial weight loss did
not change hArg concentrations, neither in plasma nor in
adipose tissue. Interstitial hArg concentrations in healthy
subjects were two-fold higher in skeletal muscle compared
to adipose tissue, which might reflect the mentioned con-
nection to creatinine metabolism (Choe et al. 2013a). How-
ever, MD results are depending on the recovery rate of the
targeted molecule, and recovery rates are influenced by
local blood flow (Plock and Kloft 2005) which is higher
in skeletal muscle than in adipose tissue, even under rest-
ing conditions. Thus, differences in MD results for hArg
between skeletal muscle and adipose tissue are possibly
explained by different MD recovery rates. The same may
be true for the difference in adipose tissue hArg between
groups, as adipose tissue blood flow is inversely related to
adiposity.

Low plasma and serum hArg concentrations are sup-
posed to be associated with cardiovascular morbidity and
mortality (Atzler et al. 2014b; Choe et al. 2013a; Drechsler
et al. 2013; Tomaschitz et al. 2014). This was recently con-
firmed in two large population-based studies (Atzler et al.
2014a; Pilz et al. 2014). Low hArg concentrations were
also detected in plasma of male smokers compared to male
non-smokers, both groups being without overt cardiovas-
cular disease (Sobczak et al. 2014a). In the same study,
smoking was associated with higher ADMA plasma con-
centrations (Sobczak et al. 2014a). We hypothesized that
the hArg/ADMA molar ratio rather than the individual
circulating concentrations of hArg and ADMA would be
more useful to improve cardiovascular disease risk predic-
tion (Tsikas and Kayacelebi 2014). In accordance with this
proposal, cardiovascular disease risk would be the higher,
the lower the hArg/ADMA would be. Thus, healthy smok-
ers with a hArg/ADMA ratio of 5.7 would have a higher
cardiovascular disease risk than non-smokers with a hArg/

ADMA ratio of 4.2 (Tsikas and Kayacelebi 2014; Sobc-
zak et al. 2014b). Higher circulating hArg concentrations
were measured in normal pregnancy and in preeclampsia,
while circulating ADMA concentrations are rather normal
(Khalil et al. 2013; Valtonen et al. 2008). Based on these
reports and since obesity is an important cardiovascular
risk factor, we reasoned that plasma hArg concentrations
could be lower in obese subjects. The results of the present
study argue against this assumption. However, we acknowl-
edge the small sample size and the preliminary nature of
our study, which are major limitations of our study. Evalu-
ation of hArg and ADMA in a sufficiently large population
of obese and lean individuals is warranted. In the present
study we report for the first time interstitial concentrations
for hArg, and ADMA and their hArg/ADMA ratio which
was lower in morbidly obese subjects compared to healthy
subjects (i.e., about 3 vs. 4). Yet, the significance of the
interstitial hArg/ADMA ratio as a predictor of cardiovascu-
lar risk also remains to be evaluated in larger populations.
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