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11 girls). In addition, we investigated 24 healthy age- and 
gender-matched children (10 boys, 14 girls) with nor-
mal growth. In EDTA plasma samples of all children, 
we determined by mass spectrometry-based methods 
the concentrations of Arg, hArg and ADMA, and cal-
culated the Arg/ADMA and hArg/ADMA molar ratios. 
With respect to these biochemical parameters, we did 
not find statistically significant differences between the 
GHD and non-GHD groups. Comparing short with nor-
mal stature children, we found small differences regard-
ing plasma hArg concentrations [mean ± SD; median 
(25th–75th percentile)]: 2.06 ± 0.52 µM; 2.12 (1.74–
2.36) µM vs. 1.7 ± 0.5 µM; 1.6 (1.4–1.8) µM, P < 0.001. 
Compared to normal stature children, short stature chil-
dren had considerably higher plasma concentrations 
of ADMA [0.77 ± 0.15 µM; 0.77 (0.66–0.85) µM vs. 
0.57 ± 0.09 µM; 0.58 (0.50–0.63) µM, P < 0.001], but 
not of Arg [83.3 ± 19.2 µM; 82.2 (71.9–90.3) µM vs. 
86.5 ± 17.8 µM; 84.8 (77.2–94.8) µM, P = 0.336], or 
the hArg/ADMA ratio [2.74 ± 0.76; 2.7 (2.2–3.1) vs. 
3.1 ± 1.2; 2.85 (2.42–3.66), P = 0.161. hArg in the GHD 
group (r = 0.41, P = 0.004) and the hArg/ADMA ratio 
in both groups (r = 0.44, P = 0.002 in GHD; r = 0.55, 
P = 0.01 in non-GHD)], but not ADMA were positively 
correlated with insulin-like growth factor-1 (IGF-1). 
hArg and hArg/ADMA differed between girls and boys 
in the GHD and non-GHD groups but in the normal 
growth group. The hArg/ADMA ratio increased with age 
in all groups. Our study suggests that hArg and ADMA 
are involved in growth in the childhood, presumably in 
an antagonistic manner, with ADMA slowing and hArg 
accelerating growth.

Keywords ADMA · Arginine · Children · Growth 
hormone · Homoarginine · IGF-1 · Short stature

Abstract Adult subjects with growth hormone (GH) 
deficiency (GHD) are known to have reduced life expec-
tancy due to increased cardiovascular and cerebro-
vascular events. In adults, these events are associated 
with elevated circulating concentrations of asymmet-
ric dimethylarginine (ADMA) which is an endogenous 
inhibitor of l-arginine (Arg)-derived nitric oxide (NO). 
Low circulating concentrations of homoarginine (hArg) 
emerged as a cardiovascular risk factor. In adults, hArg 
seems to antagonize ADMA. In the present work, we 
tested the hypothesis that children with short stature 
without or with GHD have altered Arg/NO pathway as 
compared to children with normal growth. We studied 
66 short stature children (38 boys, 28 girls) aged 3.5–
17.3 years, who underwent the routine l-Arginine Test to 
diagnose presence of GHD. GHD was confirmed in 47 
children (GHD group; 30 boys, 17 girls) and was absent 
in the remaining 19 children (non-GHD group; 8 boys, 
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Abbreviations
ADMA  Asymmetric dimethylarginine
AGAT  Arginine:glycine amidinotransferase
Arg  l-Arginine
BMI  Body mass index
GH  Growth hormone
GHD  Growth hormone deficiency
hArg  l-Homoarginine
IGF-1  Insulin-like growth factor 1
IGFBP  Insulin-like growth factor binding protein
NO  Nitric oxide
NOS  Nitric oxide synthase
PTH  Parathyroid hormone
QC  Quality control
TSH  Thyroid stimulating hormone

Introduction

Nitric oxide (NO) is generated from l-Arginine (l-Arg) 
by nitric oxide synthase (NOS) isoforms virtually in all 
types of cells. Homoarginine (hArg), an l-Arg homo-
logue, may also serve as substrate for NOS (Hecker et al. 
1991; Moali et al. 1998). NO possesses several biological 
activities and exerts multiple pathophysiological roles. 
Thus, NO is a potent vasodilatator, an inhibitor of plate-
lets and leukocyte adhesion, an important neurotrans-
miter (Cines et al. 1998), and exerts anti-proliferative 
and anti-atherosclerotic actions (Cooke and Dzau 1997). 
Asymmetric dimethylarginine (ADMA) is an endogenous 
inhibitor of NOS activity and an established cardiovas-
cular risk factor in adults (Leiper and Vallance 2006). 
Recently, low circulating hArg concentrations emerged 
as a risk factor for stroke in patients that undergo coro-
nary angiography (Pilz et al. 2011a) and cardiovascular 
and hepatic morbidity and mortality (März et al. 2010; 
Drechsler et al. 2011; Pilz et al. 2011a, b, 2014, 2015a, 
b; Atzler et al. 2013). In patients with cardiovascular risk, 
elevated serum hArg concentration was found during 
normal pregnancy and they were related to flow-mediated 
vasodilatation (Valtonen et al. 2008; see also Khalil et al. 
2013).

Unlike in adults, the l-Arg/NO pathway in chil-
dren has been rarely investigated in the past. Increased 
ADMA levels have been reported in children with hyper-
tension (Goonasekera et al. 1997), citrullinemia (Lücke 
et al. 2006), focal-segmental glomerulosclerosis (Lücke 
et al. 2008), familial hypercholesterolemia (Jehlicka 
et al. 2009), chronic kidney disease (Brooks et al. 2009), 
homocystinuria (Kanzelmeyer et al. 2011) and hyper-
cholesterolemia type II (Chobanyan-Jürgens et al. 2012). 
ADMA plasma concentrations in young healthy children 

are much higher than in adults and decrease with advanc-
ing age to reach the levels prevailing in adulthood (Lücke 
et al. 2007). There is increasing evidence that the l-Arg/
NO pathway is differently regulated in children and 
adults.

Adults with growth hormone (GH) deficiency (GHD) 
are known to have reduced life expectancy due to increased 
cardiovascular (Rosen and Bengtsson 1990) and cerebro-
vascular (Bulow et al. 1997) events. GHD determinates a 
premature atherosclerosis (Colao et al. 2004, 2006) and is 
associated with a reduced bioavailability of NO (Capaldo 
et al. 2001). In GHD patients, GH replacement contributes 
to decreased cardiovascular risk by reducing ADMA levels 
and improving the Arg/ADMA ratio and endothelial dys-
function (Setola et al. 2008). Supplementation of GH in 
children with GHD was associated with the redistribution 
of adipose tissue from an abdominal to a more peripheral 
area, which may lead to decrease in obesity-related dis-
eases, such as hypertension, diabetes mellitus, stroke, and 
myocardial infarction (Rosenbaum et al. 1989).

Children with short stature have a length below the 3rd 
percentile in relation to gender, age and population. But 
only every fourth child with short stature is small due to 
a certain disease and needs therapy. GHD in children has 
a prevalence of 1:4000–1:30,000 and is about 100 times 
rarer than idiopathic or familiar short stature (Binder 2014). 
Formation and distribution of GH is decreased, with the 
cause being hereditary or acquired. The Muscatine Study 
linked childhood coronary risk factors to atherosclerosis 
in asymptomatic adults. One of the most predictive child-
hood risk factor was found to be increased body mass index 
(BMI) (Baars et al.1998; Davis et al. 2001; Dawson et al. 
2009).

In GHD children, significantly higher plasma ADMA 
levels, total cholesterol and LDL-cholesterol indicate that 
pre-pubertal GHD children like adults manifest increased 
cardiovascular risk markers (De Marco et al. 2014). After 
a 12-month GH treatment, ADMA, total cholesterol and 
LDL-cholesterol significantly decreased in GHD children, 
reaching values comparable to those in controls (De Marco 
et al. 2014). In contrast, another study showed no signifi-
cant differences in plasma ADMA levels between GHD 
children and healthy controls, and a significant increase in 
ADMA levels in patients receiving GH therapy compared 
to baseline (Önder et al. 2014).

The aim of the present study was to test the hypothesis 
that children with short stature have altered the l-Arg/NO 
pathway compared to children with normal growth. In con-
sideration of the importance of ADMA and its potential 
antagonist hArg in the circulation (Kayacelebi et al. 2014a; 
Tsikas and Kayacelebi 2014), the focus of our study was on 
circulating ADMA, hArg and Arg.
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Materials and methods

Subjects

Patients referred for suspected slow statural growth were 
included in the study and underwent the l-Arginine Test 
to diagnose GHD. All children were overnight fasting. 
Excluded were patients with other endocrinologic, organic, 
chromosomal, metabolic or psycho-social reasons for 
microsomia. All children were asked to abstain from fish 
consumption for the last 24 h. The clinical baseline charac-
teristics of the patients and of the healthy control children 
with normal growth are summarized in Table 1. Control 
children were recruited from those who had been referred 
for endoscopic diagnostic as in- or outpatient without 
chronic disease.

Patients with short stature (38 males, 28 females) aged 
from 3.5 to 17.3 years were tested for GHD by means of 
the l-Arginine Test. Thus, the patients received infusion of 
an l-Arg·HCl solution in 190 mL 0.9 g % NaCl (0.5 g Arg/

kg bodyweight) for 30 min. Positive GHD was based on 
failure to show serum GH concentration above 8 µg/L in 
two l-Arginine Tests. GHD was confirmed in 47 children 
(GHD group); in 19 children with short stature no GHD 
was detected (non-GHD group) (Table 1).

Venous blood samples (2.7 mL) from the children were 
collected in EDTA monovettes (Sarstedt, Germany). If the 
patients underwent the l-Arginine Test, blood sampling 
occurred before starting the infusion. EDTA plasma was 
stored at −80 °C until analysis.

The studies were approved by the Ethics Committees 
of the Bochum University. Written informed consent was 
obtained from the parents.

Biochemical analyses

ADMA in plasma samples was determined by gas 
chromatography-tandem mass spectrometry (GC–MS/
MS) as described elsewhere (Tsikas et al. 2003; Tsi-
kas 2009). Arg in plasma samples was analysed by gas 

Table 1  Baseline clinical characteristics and circulating biochemical parameters of the children enrolled in the study

Data are presented as mean ± standard deviation and/or median (range 25th–75th percentile)

GHD short stature Non-GHD short 
stature

P value 
GHD short stature 
vs. non-GHD short 
stature

Short stature 
total

Healthy controls 
with normal 
stature

P value 
Short stature total 
vs. healthy controls

Number of chil-
dren

47 19 Not applicable 66  24 Not applicable

Female 17 (36 %) 11 (58 %) 0.106 28 (42 %) 10 (42 %) 0.949

Age (years) 9.8 ± 3.2 9.1 ± 3.0 0.431 9.6 ± 3.2 10.7 ± 3.9
11 (8.2–13)

0.164

Weight (kg) 27.5 ± 10.9
23.5 (19.2–36.8)

23.0 ± 7.6
30.1 (16.5–30.1)

0.157 26.2 ± 10.2
23.1 (18.9–33.4)

39.6 ± 16.3
35 (27.9–52.5)

0.001

Height (cm) 125 ± 17
125 (113–136)

120 ± 16
120 (103–134)

0.484 123 ± 17
124 (112–135)

144 ± 24
150 (130–161)

<0.001

BMI (kg/m2) 16.9 ± 2.7
15.9 (15–19)

15.5 ± 2.0
15.1 (13.7–16.6)

0.037 16.5 ± 2.6
15.8 (14.5–18.3)

18.3 ± 3.3
17.6 (15.8–20)

0.011

Arg (µM) 85.3 ± 18.5
83.5 (72.7–92.2)

80.0 ± 20.7
75.3 (68–88)

0.313 83.8 ± 19.2
82.2 (71.9–90.3)

86.5 ± 17.8
84.8 (77.2–94.8)

0.336

hArg (µM) 2.05 ± 0.56
2.11 (1.75–2.35)

2.07 ± 0.43
2.24 (1.72–2.38)

0.909 2.06 ± 0.52
2.12 (1.74–2.36)

1.70 ± 0.50
1.6 (1.4–1.8)

<0.001

ADMA (µM) 0.76 ± 0.16
0.77 (0.66–0.86)

0.78 ± 0.14
0.77 (0.69–0.85)

0.704 0.77 ± 0.15
0.77 (0.66–0.85)

0.57 ± 0.09
0.58 (0.50–0.63)

<0.001

Arg/ADMA 116 ± 32
121 (95–130)

107 ± 37
91.8 (83–128)

0.304 113 ± 33
105 (89–129)

155 ± 33
158 (133–170)

<0.001

hArg/ADMA 2.75 ± 0.84
2.67 (2.16–3.13)

2.69 ± 0.54
2.80 (2.24–3.00)

0.86 2.74 ± 0.76
2.7 (2.2–3.1)

3.1 ± 1.2
2.85 (2.42–3.66)

0.161

TSH (mU/L) 2.93 ± 1.02 3.09 ± 1.15 0.622

IGF-1 (ng/mL) 140 ± 84 111 ± 43 0.055

IGFBP3 (mg/L] 3.57 ± 0.97 3.38 ± 1.02 0.502

GH (µg/L) 0.18 ± 0.10
0.87 (0–8)

0.32 ± 0.19
1.40 (0–6)

0.128
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chromatography–mass spectrometry (GC–MS) (Tsikas 
et al. 2003). hArg in plasma samples was quantitated by 
gas chromatography–mass spectrometry (GC–MS) as 
described elsewhere (Kayacelebi et al. 2014b, 2015a). 
Study samples were analyzed alongside quality control 
(QC) samples as described previously for each analyte and 
biological sample. ADMA, Arg and hArg were determined 
in the QC samples with accuracy (bias  %) and impreci-
sion (relative standard deviation  %) of less than ±20 % 
and ≤20 %, respectively. These data indicate the validity of 
the analytical results in study samples. All other parameters 
were measured by standard Clinical Chemistry assays.

Statistical analysis

Data are expressed as mean ± SD and/or median [25th–
75th percentile]. Differences between the two study groups 
in continuous variables were tested by unpaired t test for 
normally distributed variables or the Mann–Whitney test 
for non-normally distributed variables. P values <0.05 were 
considered statistically significant. Categorical analysis 
was tested by Chi-Quadrat. Statistical analysis was per-
formed using SPSS program (Statistical Package for Social 
Science), version 21.0 software for Windows (SPSS, Chi-
cago, IL, USA). Graphs were constructed by GraphPad 
Prism 5.04 (GraphPad Prism Software Inc. San Diego, Cal-
ifornia, USA).

Results

Clinical and biochemical characteristics of the children 
enrolled in the present study are summarized in Table 1. 
For comparison we used the baseline levels, i.e., those 
measured in blood samples taken before starting the l-Argi-
nine test. GHD was diagnosed in patients failing a GH-
response during the test (i.e., GH <8 µg/L). Before start-
ing the l-Arginine Test, there was no statistically difference 

in GH in children with GHD short stature and non-GHD 
short stature. There were no statistically significant differ-
ences in TSH, IGF-1, IGFBP3 and GH as baseline between 
the GHD and non-GHD groups (Table 1). Yet, IGF-1 levels 
failed narrowly statistical significance (P = 0.055).

Plasma Arg, hArg and ADMA concentrations as well 
as the Arg/ADMA and hArg/ADMA molar ratios did not 
differ between GHD and non-GHD short stature children. 
Compared to healthy normal stature children, with short 
stature children had significantly higher plasma concentra-
tions of ADMA [0.77 ± 0.15 µM; 0.77 (0.66–0.85) µM vs. 
0.57 ± 0.09 µM; 0.58 (0.50–0.63) µM, P < 0.001] and hArg 
[2.06 ± 0.52 µM; 2.12 (1.74–2.36) µM vs. 1.70 ± 0.50 µM; 
1.6 (1.4–1.8), P < 0.001], but not of Arg (83.8 ± 19.2 µM 
vs. 86.5 ± 17.8 µM, P = 0.336). In line with these findings, 
the Arg/ADMA molar ratio in plasma was higher in nor-
mal compared to short stature children (113 ± 33 µM vs. 
155 ± 33, P < 0.001).

In short stature children without GHD, the hArg/ADMA 
ratio but not ADMA (r = −0.22, P = 0.38) or hArg (Fig. 1a) 
correlated positively with IGF-1. With respect to BMI, Arg, 
ADMA and Arg/ADMA there was no statistical difference 
between non-GHD short stature girls and boys (Table 2). 
Girls had significantly (P = 0.043) higher circulating hArg 
concentrations, whereas the difference regarding hArg/
ADMA ratio was borderline (P = 0.137) (Table 2).

In short stature children with GHD, both hArg/ADMA 
and hArg (Fig. 1b) but not ADMA (r = −0.04, P = 0.80) 
were positively correlated with IGF-1. This correla-
tion was stronger in females (r = 0.611, P = 0.009 for 
hArg; r = 0.516, P = 0.034 for hArg/ADMA; n = 17) 
than in males (r = 0.355, P = 0.059 for hArg; r = 0.475, 
P = 0.009 for hArg/ADMA; n = 29). With respect to 
BMI, Arg, ADMA and Arg/ADMA there were no statisti-
cal differences between short stature GHD girls and boys 
(Table 3). Girls had significantly (P = 0.021) higher hArg/
ADMA ratios, whereas the difference regarding hArg was 
borderline (P = 0.095) (Table 3).

Fig. 1  Relationships between 
hArg or hArg/ADMA and 
IGF-1 in the circulation of 
a short stature children (11 
females, 8 males) without GHD 
and b short stature children (17 
females, 29 males) with GHD
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In healthy normal stature children, there were no dif-
ferences between girls and boys with respect to BMI, Arg, 
ADMA, Arg/ADMA, hArg and hArg/ADMA (Table 4).

In a previous work, we found that the concentration 
of ADMA in plasma of healthy children decreases con-
sistently until adulthood (Lücke et al. 2007). Compared 
to healthy elderly subjects (Tsikas and Kayacelebi 
2014), the healthy normal stature children of the present 
study have considerably lower hArg concentrations in 
plasma. This may suggest that hArg synthesis increases 
with age. As a consequence of decreasing ADMA and 

concomitant increasing hArg concentration in the cir-
culation, the hArg/ADMA molar ratio is expected to 
increase with age. Indeed, we observed a positive corre-
lation between the plasma hArg/ADMA molar ratio and 
age in short stature children without GHD (r = 0.641, 
P = 0.003) and with GHD (r = 0.411, P = 0.004), 
whereas this correlation failed narrowly statistical sig-
nificance in normal statute healthy children (r = 0.345, 
P = 0.097) (Fig. 2).

Discussion

l-Arginine belongs to the best investigated, semi-essential 
proteinogenic amino acids and plays multiple physiological 
roles (Wu et al. 2009). In the Arg/NO pathway, much less 
than 0.1 % of Arg is utilized in humans for the NOS-cata-
lysed formation of NO. Nevertheless, the Arg/NO pathway 
plays a pivotal role in health and disease. In adults, high 
circulating ADMA (Leiper and Vallance 2006) and low cir-
culating hArg concentrations (März et al. 2010; Drechsler 
et al. 2011; Pilz et al. 2011a, b, 2014, 2015a; Atzler et al. 
2013) are potential risk factors for stroke and cardiovascu-
lar morbidity and mortality. GHD is another well-known 
cardiovascular risk factor in adults (Rosen and Bengtsson 
1990). Yet, the importance of circulating ADMA and hArg 
and their potential relation to GHD in childhood are poorly 
understood. The aim of the present study was therefore to 
measure circulating concentrations of ADMA, hArg and 
Arg in short stature children without GHD or with GHD, as 
well as in normal stature healthy control children, in order 
to determine the status of the Arg/NO pathway and hArg in 
children in relation to GHD.

Table 2  Comparison between non-GHD short stature girls (n = 11) 
and boys (n = 8)

Data are presented as median [25th–75th percentile]. The Mann–
Whitney test was used

Parameter Females Males P value

BMI (kg/m2) 15.8 (14.2–18.0) 14.2 (13.6–15.9) 0.199

Arg (µM) 74.9 (67.8–90.7) 75.9 (62.7–82.1) 0.592

ADMA (µM) 0.81 (0.71–0.85) 0.74 (0.64–0.84) 0.361

Arg/ADMA 91.8 (83.3–117) 91.6 (80.5–128) 0.967

hArg (µM) 2.37 (1.80–2.62) 1.81 (1.43–2.29) 0.043

hArg/ADMA 2.93 (2.29–3.16) 2.70 (2.08–2.81) 0.137

Table 3  Comparison between GHD short stature girls (n = 17) and 
boys (n = 30)

Data are presented as median [25th–75th percentile]. The Mann–
Whitney test was used

Parameter Females Males P value

BMI (kg/m2) 15.6 (15–18.5) 16.3 (15.0–19.3) 0.465

Arg (µM) 83.4 (75.9–103.6) 84.4 (72.0–90.9) 0.682

ADMA (µM) 0.76 (0.64–0.82) 0.79 (0.67–0.87) 0.219

Arg/ADMA 121 (99–133) 101 (91.6–127) 0.173

hArg (µM) 2.23 (1.93–2.60) 2.01 (1.73–2.26) 0.095

hArg/ADMA 2.91 (2.69–3.59) 2.34 (2.11–3.09) 0.021

Table 4  Comparison between normal stature girls (n = 10) and boys 
(n = 14)

Data are presented as median [25th–75th percentile]. The Mann–
Whitney test was used

Parameter Females Males P value

BMI (kg/m2) 16.9 (15.5–18.5) 18.0 (16.3–21.6) 0.328

Arg (µM) 86.9 (83.2–94.8) 81.0 (72.3–96.3) 0.188

ADMA (µM) 0.58 (0.53–0.65) 0.55 (0.49–0.62) 0.597

Arg/ADMA 159 (150–167) 146 (127–127) 0.661

hArg (µM) 1.61 (1.38–1.78) 1.51 (1.38–2.03) 0.838

hArg/ADMA 2.91 (2.53–3.31) 2.85 (2.34–3.89) 0.792
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In the present study, we did not find differences in 
plasma Arg, hArg and ADMA concentrations between 
GHD and non-GHD short stature children. Short and nor-
mal stature children had very similar Arg plasma concen-
trations and little differing hArg plasma concentrations in 
our study. On the other hand, the ADMA plasma concentra-
tions were remarkably higher in the short stature compared 
to normal stature children, i.e., by about 26 %. This differ-
ence cannot be attributed to differences in the demographic 
characteristics of the population studied in the present work 
(Lücke et al. 2007). The finding with respect to ADMA 
concentrations agrees with recently reported findings 
(De Marco et al. 2014), but disagrees with those reported 
almost in parallel by another study (Önder et al. 2014). 
Differences in the populations investigated and in the ana-
lytical methods used to determine circulating ADMA con-
centrations are likely to have contributed to the discrepan-
cies observed by these two groups (De Marco et al. 2014; 
Önder et al. 2014).

It is still unknown why GHD and non-GHD children 
have similar circulating ADMA, Arg and hArg concen-
trations. One possible explanation may be that GH itself 
is not primarily associated with these amino acids under 
regular conditions such as normal circulating Arg concen-
trations. Also, GH supplementation may not be favourable 
with respect to the Arg/NO pathway, although GH replace-
ment may improve cardiovascular outcome by altering 
lipid profiles (Foster et al. 2014), presumably independent 
of the Arg/NO pathway. At first glance, because circulat-
ing Arg and hArg concentrations are not very different in 
short stature and normal stature children, respectively, Arg 
and hArg appear unlikely to be associated with stature in 

childhood. Unlike circulating Arg, circulating ADMA is 
largely independent of nutritional or pharmaceutical Arg. 
Nevertheless, the considerably higher ADMA plasma con-
centrations measured in short stature children compared 
to those measured in healthy children with normal stature 
may decrease the relative bioavailability of NO (expressed 
as the Arg/ADMA ratio) and may attenuate the protective 
effect of hArg (expressed as the hArg/ADMA ratio) in the 
vasculature (Kayacelebi et al. 2014a; Tsikas and Kayacel-
ebi 2014).

The difference in circulating ADMA concentrations 
between short and normal stature children observed in the 
present study is remarkable. Also, the positive correlation 
of IGF-1 with the hArg/ADMA molar ratio in the short 
stature children without GHD, and with hArg and hArg/
ADMA molar ratio in short stature children with GHD is 
interesting. Given that short stature children have consid-
erably higher plasma ADMA concentrations than normal 
stature children in our study may be of particular impor-
tance in the context of children’s growth. The results of the 
present study and a previous study indicating constantly 
decreasing ADMA synthesis until the adulthood (Lücke 
et al. 2007) suggest that ADMA may function as a regu-
lator, presumably as repressor of growth in the childhood 
(Fig. 3a). In general, NO is regarded as an angiogenic 
factor, and ADMA, being an inhibitor of NOS activity, is 
generally assumed to inhibit angiogenesis (Cooke 2006). 
Whether ADMA may inhibit growth by NO-independ-
ent mechanisms is unclear and remains to be elucidated 
(Fig. 3b). Our study suggests that hArg may positively con-
tribute to growth; however, the underlying mechanisms are 
unresolved. hArg, being a substrate of NOS, may elevate 

Fig. 3  Proposal of asymmetric 
dimethylarginine (ADMA) as a 
modulator of growth by mecha-
nisms (a) depending on nitric 
oxide (NO) and (b) independent 
of NO, and of the antagonis-
tic actions of l-homoarginine 
(hArg). In mechanism (a), 
ADMA inhibits the NOS-
catalyzed synthesis of NO from 
l-arginine and thus the NO-
dependent growth. hArg may 
attenuate this effect of ADMA 
by serving as substrate for NOS. 
In mechanism (b), ADMA itself 
or ADMA-containing proteins 
inhibit the production of GH/
IGF-1, thus repressing growth. 
hArg may attenuate this effect 
of ADMA and/or ADMA-con-
taining proteins
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NO synthesis by two ways: by serving as a substrate for 
NOS and by attenuating the inhibitory action of ADMA 
on NOS activity. Whether hArg may enhance growth, for 
instance by stimulating IGF-1 synthesis, by NO-independ-
ent mechanisms is unclear and remains to be elucidated as 
well (Fig. 3b). In a previous work, we suggested that hArg 
and ADMA may act antagonistically in the circulation. We 
assume that the value of the Arg/ADMA molar ratio may 
reflect the resulting net effect of hArg and Arg in the vas-
culature (Kayacelebi et al. 2014a; Tsikas and Kayacelebi 
2014). The present study suggests that the higher the hArg/
ADMA ratio is, the higher is the IGF-1 and, consequently, 
growth.

The idea of a growth-attenuating role of ADMA and a 
growth-promoting role of hArg is supported by several 
in vivo and in vitro findings. For example, in middle-aged 
healthy volunteers, administration of recombinant human 
GH decreased plasma ADMA concentration, without 
changing plasma and urinary concentrations of the NO 
metabolites nitrite and nitrate (Thum et al. 2007). Also, 
normalization of plasma testosterone concentration by 
transdermal testosterone administration to hypogonadal 
men decreased the plasma ADMA concentration (Leifke 
et al. 2008). In normal pregnancy, the hArg/ADMA ratio in 
maternal blood is higher than in non-pregnant women and 
increases in gestation to reach mean values around 10 (Val-
tonen et al. 2008; Khalil et al. 2013; Tsikas and Kayacelebi 
2014). In vitro, ADMA externally added to cultured human 
umbilical vein endothelial cells accelerated their senes-
cence (Scalera et al. 2004). In another in vitro study, GH 
was found to act directly on GH receptors in human aortic 
endothelial cells and on eNOS phosphorylation and activity 
as measured by the L-citrulline assay (Li et al. 2008). Yet, 
it is worth mentioning that ADMA is a very weak inhibitor 
(IC50 ≈ 12 µM) of eNOS activity (Kielstein et al. 2007). 
These observations argue for a much stronger negative 
effect of ADMA on growth by NO-independent mecha-
nisms. For example, in Indian children with GHD, one-year 
GH therapy was found to have beneficial effects on body 
composition and cardio-metabolic risk (Khadilkar et al. 
2014). Thus, GHD may be associated with an elevated car-
diovascular risk via abnormal body composition, presum-
ably independent of an NO-based mechanism.

Patients with primary hyperparathyroidism have elevated 
circulating concentrations of parathyroid hormone (PTH). 
Patients with primary hyperparathyroidism were found 
to have lower serum hArg levels compared with matched 
controls (Tomaschitz et al. 2015). Among a general older 
population, higher PTH concentrations are associated 
with higher all-cause mortality risk, mostly explained by 
fatal cardiovascular disease events (van Ballegooijen et al. 
2013). In a random population sample of women but not 
of men, IGF-1 was found to correlate negatively with PTH 

(Landin-Wilhelmsen et al. 1994). In post-menopausal 
women with primary hyperparathyroidism, GH admin-
istration increased IGF-1 but decreased PTH concentra-
tion (Lombardi et al. 2010). There is increasing evidence 
from clinical studies of an interaction between GH/IGF-1 
and PTH on bone in the adulthood. Arginine:glycine ami-
dinotransferase (AGAT) is considered the main enzyme 
responsible for the synthesis of hArg (Davids et al. 2012; 
Kayacelebi et al. 2015b; Pilz et al. 2015a). As AGAT gene 
expression and subsequent AGAT-catalyzed hArg synthesis 
are regulated by GH, IGF-1 and PTH are likely to modulate 
the biosynthesis of hArg in the childhood as well. Yet, as 
circulating PTH levels are not available from the children 
of our study, a potential interplay between PTH and GH/
IGF-1 remains to be investigated in forthcoming studies.

Conclusions

In short stature children without and with GHD and on the 
basis of the clinical l-Arginine test, ADMA but not Arg 
and hArg plasma concentrations are elevated compared to 
age- and sex-matched healthy children with normal stature. 
This may suggest that short stature children may have an 
increased cardiovascular risk independent of the GH status. 
The role of hArg and ADMA in the childhood is unrevealed. 
Our results suggest that ADMA and hArg may be involved 
in the regulation of growth in the childhood. Higher ADMA 
concentrations are likely to exert an inhibitory/slowing 
effect on growth, whereas higher hArg concentrations seem 
to promote/accelerate growth, presumably by NO-depend-
ent and NO-independent mechanisms. The hArg/ADMA 
molar ratio in the circulation is a quantitative measure of 
the actions of the antagonistically acting amino acids hArg 
and ADMA. In short stature children, hArg seems not to 
outweigh sufficiently the inhibitory effect of ADMA on 
growth. We propose that in the childhood, that is a phase of 
life in which the child organism is growing, higher ADMA 
synthesis is required than in the adulthood in order to con-
trol growth and slowdown excess growth. Forthcoming 
experimental and clinical studies are warranted to address 
these issues. Such studies need to consider that boys and 
girls behave differently with respect to hArg biosynthesis 
(circulating hArg concentration) and its antagonistic action 
on ADMA (circulating hArg/ADMA molar ratio).
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