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Abstract

L-Arginine (Arg) is the enzymatic precursor of nitric oxide (NO) which has multiple biological functions. Asymmetric
dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) are endogenous inhibitors of NO. We hypothesized
that the ADMA and SDMA have additional biological functions in pregnancy, beyond NO synthesis, and may play a role
in the regulation of birthweight (BW). To investigate this issue, we measured the plasma concentration of ADMA, SDMA,
Arg and the NO metabolites nitrite and nitrate, at 2325 weeks of gestation in women with normal placental function (Group
1) and in women with impaired placental perfusion; 19 of these women had normal outcome (Group 2), 14 had a fetus that
was growth restricted (Group 3), and 10 women eventually developed preeclampsia (Group 4). BW percentile was found
to inversely correlate with maternal plasma ADMA concentration in Group 3 (r = — 0.872, P < 0.001) and in Group 4
(r=—0.800, P < 0.05). But, BW percentile did not correlate with the maternal plasma concentration of Arg, SDMA, nitrate
or nitrite. Our results suggest that maternal plasma ADMA concentration is an important indicator of fetal growth restriction
in women with impaired placental perfusion independent of NO.
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Abbreviations IUGR  Intrauterine growth restriction
ADMA Asymmetric dimethylarginine LGA Large for gestational age

AGA Appropriate for gestational age NO Nitric oxide

BW Birthweight NOS Nitric oxide synthase

FGR Fetal growth restriction eNOS  Endothelial NOS

FMD Flow-mediated dilatation PE Preeclampsia

GA Gestational age PRMT  Protein arginine methyltransferase
GH Growth hormone SDMA  Symmetric dimethylarginine
GHD Growth hormone deficiency SGA Small for gestational age

IGF-1  Insulin-like growth factor-1

Introduction
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L-Arginine (Arg) is the physiological substrate of nitric oxide
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is thought to lead to a high-resistance utero-placental cir-
culation. This abnormal placental function can lead to the
development of PE and fetal growth restriction (FGR), that
can be detected non-invasively by a Doppler examination
of the maternal uterine arteries at 23-25 weeks’ gestation
(Albaiges et al. 2000). A deficiency of maternal NO is con-
sidered important in the development of PE (Cockell and
Poston 1997).

Most studies reported elevated maternal concentrations
of ADMA, but not of SDMA, in women that are destined to
develop preeclampsia (PE) later on in the pregnancy (Sav-
vidou et al. 2003; Speer et al. 2008; Laskowska et al. 2011,
2015; Khalil et al. 2013; Lépez-Alarcén et al. 2015; Gumus
et al. 2016; Yuan et al. 2017). Furthermore, maternal plasma
concentration of ADMA, but not of SDMA, correlated
inversely with maternal endothelial function, as assessed by
brachial flow-mediated dilation (FMD), suggesting ADMA
as a possible causative factor for PE (Savvidou et al. 2003).
Even after 10 years following the pregnancy complicated
by PE, maternal levels of ADMA were found to be elevated
in women that had PE together with a small for gestational
age (SGA) offspring (Sandvik et al. 2013). Some studies
investigated the relationship between umbilical cord ADMA
levels and neonatal birthweight (BW) and found that circu-
lating ADMA was significantly higher in SGA and large for
gestational age (LGA) compared to the appropriate for gesta-
tional age (AGA) neonates (Chiavaroli et al. 2014). Yet, cor-
relations between circulating ADMA concentration and BW
in SGA, LGA or AGA neonates have not been reported in
that study. More recently, a relationship was found between
BW and umbilical cord plasma ADMA which followed a
U-shape curve (Takaya et al. 2017). With respect to pre-
term neonates, currently there is no consensus regarding the
relationship between circulating ADMA, SDMA, Arg con-
centrations and BW (Richir et al. 2008; Moonen et al. 2014,
Vida et al. 2009; Buck et al. 2017). Interestingly, in young
adults (age 17-29 years) born preterm at extremely low birth
weight (< 1000 g), plasma ADMA concentration was found
to correlate inversely with their BW (Bassareo et al. 2012).

ADMA and SDMA are cardiovascular risk factors/mark-
ers in adults (Schlesinger et al. 2016; Emrich et al. 2017,
Zobel et al. 2017). ADMA’s cardiovascular risk is generally
considered to be due to its inhibitory action of endothelial
NOS (eNOS) activity. However, the half-maximal inhibi-
tory concentration (ICs;) of ADMA towards eNOS is almost
25 times higher compared to plasmatic and cellular ADMA
concentrations (Tsikas 2017). Furthermore, SDMA is even
less potent than ADMA towards NOS activity (Tsikas et al.
2000a). Therefore, the cardiovascular risks arising from
ADMA and notably from SDMA are hard to be explained
by their inhibitory action of NOS and point out to the addi-
tional, NO-independent, not yet recognized activities of
ADMA and SDMA. Circulating ADMA and SDMA are
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considered to derive exclusively from the Arg residues in
certain proteins which are methylated on their guanidine
(N®) group by protein arginine methyltransferases (PRMT)
(Morales et al. 2016). Proteolysis of such NS-methylarginine
proteins is thought to release ADMA and/or SDMA which
can inhibit NOS activity in endothelial cells, thus leading
to cardiovascular disease, in other types of cells such as in
neurons, thus contributing to other types of disease. The
biological activities of NS-methylarginine proteins have been
poorly investigated until now. We have hypothesized that
ADMA, SDMA, Arg and NS-methylarginine proteins may
be involved in fetal growth in a manner independent of NO.

In the present study, we addressed this hypothesis and
re-examined the data reported in a previous study on women
with normal or impaired placental function (Savvidou
et al. 2003). We especially tested the potential correlations
between maternal plasma ADMA, SDMA and Arg concen-
trations at mid-pregnancy and neonatal BW percentile. From
the same population, we also reported the maternal plasma
nitrate and nitrite levels.

Materials and methods

The original population of the study has been described in
our previous publication (Savvidou et al. 2003) (Table 1). In
summary, we had included 43 pregnant women with normal
placental perfusion, as assessed by uterine artery Doppler
examination (Group 1) and 43 women with abnormal pla-
cental perfusion, as defined by the presence of early diastolic
notch bilaterally in the uterine artery Doppler waveforms,
at 23-25 weeks of gestation. None of the women in Group
1 developed PE and all of them delivered a phenotypically
normal, appropriate for gestational age neonate. The latter
group was subdivided into three subgroups; Group 2 con-
sisted of 19 women with abnormal placental perfusion but
normal outcome, Group 3 comprised 14 women with abnor-
mal uterine artery Doppler examination who subsequently
delivered a growth restricted baby. Group 4 consisted of ten
women who had abnormal uterine artery Doppler waveform
and subsequently developed PE (Davey and MacGillivray
1988). The study was approved by the King’s College Hos-
pital (London, UK) Ethics Committee (98-306), and all the
patients gave written informed consent. BW percentiles were
calculated after adjustment for gestational age at delivery
(Poon et al. 2012). Amino acids were analyzed simultane-
ously in 0.5-mL plasma aliquots by HPLC with fluorescence
detection as o-phthaldialdehyde derivatives (Tsikas et al.
1998). Nitrite and nitrate in maternal plasma were measured
by GC-MS (Tsikas 2000).

Data distribution was evaluated by the D’Agostino
and Pearson omnibus K2 normality tests. The non-para-
metric Mann—Whitney test was used for the not normally
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Table 1 Clinical characteristics and plasma concentrations of biochemical parameters in the study’s pregnant women, gestational age (GA) at
delivery, birth weight (BW) of the neonates and BW percentile

Measure Group 1
Normal placental perfusion
Normal outcome (n = 43)

Group 2

Abnormal placental perfusion
Normal outcome (n = 19)

Group 3
Abnormal placental

perfusion-FGR (n = 14)

Group 4
Abnormal placen-
tal perfusion PE

(n=10)
Maternal age (year) 29.0+5.3 27.1+£5.8 263 +6.2 282 +4.7
Nulliparity (%) 20 (51.2) 10 (52.6) 12 (85.7) 7 (70)
SBP (mmHg) 113.9 £ 8.9 1142 +7.2 1147+ 9.6 125.6 + 7.2%*%*
DBP (mmHg) 66.7 + 6.8 642 + 16 6659 75.4 £ 9%*
GA (weeks) 394 +1.6 400+ 1.7 38.6 £4.0 34.8 + 3.5k
BW (g) 3326 + 460 3207 + 408 2301 + 727%%* 2074 + 723%%*
BW percentile 41.5[22.1-78.1] 22.5[13.6-32.3]* 1.00 [0.45-2.85] 12.8 [4.75-30.7]**
Arg (uM) 21.9[19.4-25.8] 23.5[22.2-27.6] 28.3 [23.6-33.71" 31.1 [24.6-35.0]***
ADMA (uM) 0.81 [0.49-1.08] 1.99 [1.69-2.38 ] 3.04 [2.39-3.54 ]+ 2.7 [2.21-3.21 ]+
SDMA (uM) 0.61 [0.43-0.76] 0.51 [0.18-0.69] 0.54 [0.34-0.70] 0.51 [0.27-0.77]
Arg/ADMA 31.1[21.4-39.7] 11.1 [8.9-15]*** 8.9 [7.4-14.2]*** 11.3 [8.7-15.2]***
ADMA/SDMA 1.27 [0.97-1.68] 4.6 [3.1-13.5]*** 5.65 [3.97-8.87]*** 6.8 [3.92-8.72]%**
Nitrite (uM) 2.38 +0.56 1.87 + 0.25%* 1.85 + 0.22%* 1.76 + 0.14%***
Nitrate (uUM) 28.9 [22.7-34.7] 27.6 £5.7 33.9+10.6 23.7 [20.7-27.6]

Values are expressed as median [interquartile range] or mean + standard variation. Data are given from our previous publication (Savvidou et al.

2003)

All the comparisons were done with Group 1 (normal placental perfusion, normal outcome). Significance is indicated by bold figures:

* P < 0.05; ** P < 0.001; *** P < 0.0001; ¥ P < 0.005

distributed variables and these data are presented as median
[interquartile range]. Normally distributed variables were
analyzed by Student’s unpaired ¢ test and these data are
reported as mean + standard deviation. Correlation of cir-
culating biochemical parameters with other parameters was
assessed using the Pearson (normally distributed variables)
or Spearman (not normally distributed variables) correlation
coefficients. GraphPad Prism 5 was used for statistical analy-
ses and preparation of figures. Two-tailed P values < 0.05
were considered as statistically significant.

Results

Maternal plasma concentrations of biomarkers
and pregnancy outcomes

The clinical characteristics of pregnant women and their
ADMA, SDMA, Arg, nitrite and nitrate plasma concentra-
tions are summarized in Table 1 (Savvidou et al. 2003).

As expected, the BW percentile of the women who devel-
oped PE or had a small baby (i.e., Groups 3 and 4) was
lower compared to the women with normal outcome (i.e.,
Groups 1 and 2). Women who had a small baby had to be
delivered earlier than all the other groups. In Group 1, BW
percentile differed between women who delivered female

babies and women who delivered male babies (41.8 + 27.5
vs. 57.0 £ 24.2, P = 0.043) (Table 2).

Table 1 shows that maternal Arg plasma concentration
was higher in Groups 3 and 4 compared to Groups 1 and 2.
ADMA and the ADMA/SDMA molar ratio plasma levels
were significantly higher in Groups 2, 3 and 4 compared
to Group 1. The highest ADMA plasma concentration was
measured in the mothers of Group 3 with FGR (Table 1).
In Group 1, ADMA plasma concentration was higher in
women who delivered female babies [0.89 (0.69-1.09) vs.
0.59 (0.45-0.86) uM, P = 0.032] (Table 2). SDMA plasma
concentration did not differ between the groups. In Group
1, SDMA plasma concentration was borderline higher
in women who delivered female babies (0.66 + 0.23 vs.
0.50 + 0.27 uM, P = 0.062) (Table 2).

The Arg/ADMA molar ratio in the circulation is generally
considered as a capacity measure of the Arg/NO pathway to
generate NO. The lowest Arg/ADMA molar ratio was found
in Group 3 (Table 1). These observations indicate that the
Arg/NO pathway is severely altered in pregnant women with
abnormal placental perfusion. The greatest alterations seem
to occur in the Groups 3 and 4.

Under certain circumstances such as low nitrate/nitrite
cost and overnight fasting (Tsikas 2015), circulating nitrite
is a useful measure of endothelium-derived NO and endothe-
lial dysfunction in humans (Kleinbongard et al. 2003, 2006).
In Group 1, maternal nitrite plasma concentration was higher
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Table2 Maternal plasma

o Measure Group 1 Group 2 Group 3 Group 4
Concentrago.ns of Arg’ ADMA’ Females (n = 27) Females (n = 9) Females (n = 10) Females (n = 7)
SDMA, nitrite and nitrate, birth Males (n = 16) Males (n = 7) Males (n = 4) Males (n = 3)
weight (BW) of the neonates
and BW percentile according to BW (g) 3254 + 514 3129 + 504 2625 [1822-2788] 1888 + 775
gender of the delivered babies 3436 + 368 3337 + 104 2393 + 527 2510 + 390
in the study’s groups BW percentile  41.8 +27.5 27.6 +25.8 1.93 + 1.41 2134216

57.0 £24.2 279 +12.1 2.45 +3.98 2204152
Arg (UM) 22.7 [20-28.2] 23.7 +43 27.1+54 31.0 [22-31.4]
21.0 [18.9-24.8] 26.4 + 8.8 35.0+11.3 334 +84
ADMA (uM) 0.89 [0.69-1.09] 2.30 £ 0.71 291+ 1.12 2.79 + 1.00
0.59 [0.45-0.86] 2.02 +0.32 3.61 +0.43 2.72 +0.38
SDMA (uM) 0.66 + 0.23 0.43 +0.27 0.45 +0.19 0.60 + 0.51
0.50 + 0.27¢) 0.51 +0.26 0.73 + 0.41 0.55 +0.19
Nitrite (M) 2.08 [1.91-2.28] 1.99 + 0.28 1.85 +0.22 1.73 £ 0.12
2.70 [2.05-3.33] 1.72 + 0.10 1.86 + 0.25 1.93 + 0.01
Nitrate (UM) 30.6 + 10.6 282+ 6.5 31.9 [24.2-37] 23.2 [20.6-25.9]
28.1+5.5 26.7+4.9 37.6 +9.98 25.8+6.2

Statistical significance is indicated in bold figures: (P < 0.05); ® P = 0.06

than in Groups 2, 3 and 4 (Table 1). In Group 1, nitrite
plasma concentration was lower in women who delivered
female babies [2.08 (1.91-2.28) vs. 2.70 (2.05-3.33) uM,
P = 0.009] (Table 2). In Group 2, nitrite plasma concen-
tration was higher in women who delivered female babies
(1.99 + 0.28 vs. 1.72 + 0.10 uM, P = 0.020) (Table 2).
Maternal nitrate plasma concentration did not differ between
the groups, (Table 1) irrespective of the gender of the babies
(Table 2).

Correlations between maternal plasma
concentrations of biochemical and clinical
parameters

The results of the correlations between BW percentile, the
amino acids, nitrite and nitrate are summarized in Table 3
for the individual and combined groups.

In the healthy women of Group 1 and in the women
of Group 2 with placental hypofusion, BW percentile did
not correlate with maternal plasma concentration of Arg,
ADMA, SDMA, nitrite or nitrate (Table 3). In contrast, in
Group 3 with evident FGR and in Group 4 with PE, BW
percentile correlated strongly and inversely (r = — 0.872,
P < 0.001 for Group 3; r = — 0.800, P < 0.05 for Group 4)
with the maternal ADMA plasma concentration. From the
corresponding linear regression equations, it is seen that the
effect of ADMA on BW percentile is much higher in Group
4 (y =78 — 23x) than in Group 3 (y =4.3 — 0.9x) (Fig. 1). In
Group 3, BW percentile correlated positively with the Arg/
ADMA molar ratio (r = 0.724, P < 0.05), suggesting that
fetal growth in the pregnant women with the highest con-
centration of circulating ADMA (i.e., Group 3) is severely
restricted. In all the study groups, SDMA and Arg maternal
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plasma concentrations did not correlate with BW percentile
(Table 3).

In Group 1, maternal plasma ADMA and SDMA con-
centrations correlated positively with each other (r = 0.517,
P < 0.001), as well as with the plasma concentration of their
common precursor Arg (r = 0.359 and r = 0.368, respec-
tively, P < 0.05 each; Table 3). In Group 2, maternal plasma
ADMA and SDMA concentrations did not correlate with
each other, whereas Arg correlated with SDMA (r =0.741,
P < 0.001) but not with ADMA (Table 3). Such correlations
did not exist in the Groups 3 and 4. These observations indi-
cate altered metabolism of Arg to ADMA and SDMA in the
women of the Groups 3 and 4.

In Group 1, maternal plasma concentrations of nitrite cor-
related inversely with ADMA (r = — 0.525, P = 0.001) and
SDMA (r = — 0.400, P = 0.013) (Table 3). This observation
suggests a well-functioning endothelial Arg/NO system in
the healthy pregnant women of the Group 1. In Group 2,
maternal plasma concentration of nitrite correlated posi-
tively with ADMA (r = 0.490, P = 0.05). In contrast, in the
Groups 3 and 4, maternal plasma nitrite concentration did
not correlate with ADMA or SDMA plasma concentration.
These findings suggest a dysfunctional endothelial Arg/NO
pathway (Kleinbongard et al. 2003, 2006). In all the groups,
plasma nitrate did not correlate with ADMA or SDMA. In
Groups 3 and 4, the correlation between maternal plasma
concentrations of nitrate and SDMA failed statistical sig-
nificance (each P = 0.06) (Table 3).

In Group 1, plasma Arg, but not plasma ADMA or plasma
SDMA concentration correlated positively both with dias-
tolic blood pressure (DBP; r = 0.388, P = 0.016) and sys-
tolic blood pressure (SBP; r = 0.371, P = 0.022). This was
not the case for the Groups 2, 3 and 4.
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Table 3 Correlation coefficients and statistical significance from correlations between birthweight (BW) percentile and maternal plasma concen-
trations of Arg, ADMA, SDMA, their molar ratios and nitrite and nitrate in the individual and combined study’s groups

BW percentile ~ Arg ADMA SDMA Arg/ADMA  ADMA/SDMA  Nitrite Nitrate

Group 1
BW percentile —0.085 0.099 —0.003 —0.106 0.002 0.238 0.067
Arg —0.085 0.359* 0.368* 0.068 0.247 —0.155 0.273
ADMA 0.099 0.359* 0.517%* — 0.839%** 0.657*** — 0.525%* 0.219
SDMA —0.003 0.368* 0.517%* - 0.359* —0.133 — 0.400% 0.099
Arg/ADMA —0.106 0.068 — 0.839%%%  —(.359% — 0.643%%* 0.434* -0.121
ADMA/SDMA 0.002 0.247 0.657***  —(.133 — 0.643%%* - 0.277 0.149
Nitrite 0.238 0.111 — 0.525%* — 0.400% 0.434* - 0.277 0.039
Nitrate 0.067 0.036 0.219 0.099 —0.121 0.149 0.039

Group 2
BW percentile 0.108 —0.249 —0.030 0.156 -0.182 —0.045 —0.284
Arg 0.108 0.119 0.741%* 0.661* —0.681* 0.190 —0.168
ADMA —0.249 0.119 0.053 - 0.571* 0.259 0.490* 0.312
SDMA —0.030 0.741%* 0.053 0.486* — 0.9071%** 0.263 —0.062
Arg/ADMA 0.156 0.661*%*  — 0.571* 0.486* — 0.665% —0.332 —0.288
ADMA/SDMA  -0.182 — 0.681%* 0.259 —0.901%**  — 0.665* —0.038 0.224
Nitrite —0.045 0.190 0.490* 0.263 -0.332 —0.038 0.471
Nitrate —0.284 —0.168 0.312 —0.062 —0.288 0.224 0.471

Group 3
BW percentile 0.303 — 0.872%%%  —(0.069 0.724* —0.369 0.236 0.209
Arg 0.303 —-0.216 0.268 0.623* —0.352 0.237 0.400
ADMA — 0.872%%* -0.216 0.279 — 0.833%%* 0.319 —0.236 0.011
SDMA —0.069 0.268 0.279 —0.015 - 0.776%* 0.357 0.512
Arg/ADMA 0.724%* 0.623* —0.833%*%*  —0.015 —0.459 0.302 0.121
ADMA/SDMA - 0.369 -0.352 0.319 - 0.776%* —0.459 —0.564* —0.459
Nitrite 0.236 0.237 —0.236 0.357 0.302 — 0.564* 0.192
Nitrate 0.209 0.400 0.011 0.512 0.121 - 0.459 0.192

Group 4
BW percentile 0.317 — 0.800% 0.050 0.550 - 0.167 —0.067 0.150
Arg 0.317 —0.103 —0.018 0.709* 0.079 0.018 0.139
ADMA — 0.800* —0.103 0.261 - 0.733* 0.067 —0.140 0.152
SDMA 0.050 -0.018 0.261 -0.139 — 0.842* —0.049 -0.612
Arg/ADMA 0.550 0.709* —0.733* -0.139 - 0.079 0.146 -0.115
ADMA/SDMA - 0.167 0.079 0.067 — 0.842% - 0.079 —0.146 0.612*
Nitrite —0.067 0.018 —0.140 —0.049 0.146 —0.146 0.188
Nitrate 0.150 0.139 0.152 - 0.612 —0.115 0.612° 0.188

Groups 2, 3, 4
BW percentile —0.033 —0.639%%+  —0.015 0.397* —0.286 0.091 -0.222
Arg —0.033 0.114 0.408* 0.546***  — 0.363* 0.111 0.127
ADMA — 0.639%** 0.114 0.152 — 0.723 %% 0.301 0.044 0.296
SDMA —0.015 0.408%* 0.152 0.114 — 0.836%** 0.239 —0.001
Arg/ADMA 0.397* 0.546%**  — (,723%%%* 0.114 — 0.470% 0.019 —0.210
ADMA/SDMA - 0.286 —0.363* 0.301 — 0.836%**%  — 0.470* —0.228 0.148
Nitrite 0.091 0.111 0.044 0.239 0.019 —0.228 0.303
Nitrate -0.222 0.127 0.296 —0.001 —0.210 0.148 0.303

Groups 1, 2, 3,4
BW percentile -0.216 — (.5527%%% 0.111 0.486***  — (.512%* — 0.503%%* 0.525%**
Arg - 0.216 0.427%%* 0.352%* —0.087 0.172 0.290 —0.186
ADMA — 0.552%%* 0.427%%* 0.072 — 0.917%%* 0.801*** 0.645 — 0.611%**
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Table 3 (continued)

BW percentile  Arg ADMA SDMA Arg/ADMA  ADMA/SDMA  Nitrite Nitrate
SDMA 0.111 0.352%* 0.072 0.074 — 0.454%%* —0.233 0.213
Arg/ADMA 0.486%** —0.087 — 0.917%%% 0.074 — 0.8427%%* — 0.619%** 0.607***
ADMA/SDMA  — 0.512%%%* 0.172 0.801%%*  — 0.454%**  — (,842%%* 0.642%%%  — (.643***
Nitrite — 0.503*** 0.290 0.645%**  —(0.233* — 0.619%** 0.642%** — 0.704%*
Nitrate 0.525%%* —0.186 — 0.611 %% 0.213 0.607***  — (.643%%* — 0.704%%*
Statistical significance is indicated in bold figures: * P < 0.05; **P < 0.001; *** P < 0.0001
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Fig. 1 Correlation between birthweight percentile and maternal plasma ADMA concentration in the study’s four groups

Discussion

In humans, the imino group (-C=NH) of the guanidine
amino group of L-arginine (Arg) is enzymatically oxi-
dized to NO with concomitant formation of L-citrulline.
Although only about 0.1% of Arg is metabolized by NOS
isoforms virtually in all the cell types of the body, the
extremely potent vasodilatory effect of Arg-derived NO in
endothelial cells is considered central to the regulation of
blood flow and blood pressure in concert with other vaso-
active compounds. The Arg/NO pathway plays an impor-
tant role in health, disease and other conditions including
pregnancy, both for the expectant mother and the fetus
(Boger et al. 2010; Khalil et al. 2013, 2015). Previously,
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we found impaired endothelial function and elevated
ADMA plasma concentrations in pregnant women who
eventually developed PE (Savvidou et al. 2003). In that
study, we found a strong inverse correlation between bra-
chial FMD, which is NO-dependent, and plasma ADMA
concentration only in the group of women who developed
PE, i.e., in Group 4. The FMD levels in women who even-
tually developed PE (Group 4) were almost half of those in
women with normal pregnancy outcome (Savvidou et al.
2003). This observation suggests that the endothelial dys-
function observed in women who subsequently developed
PE is attributable, at least in part, to elevated ADMA lev-
els which may reduce endothelial NOS activity and thus
NO bioavailability in the cardiovascular system. However,
ADMA is a very weak NOS inhibitor (IC5, ~ 12 uM for
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Fig.2 Schematic of the proposed mechanisms illustrating the effects
of ADMA and cis-EpOA on growth. NOS catalyzes the formation
of NO from Arg. NO stimulates growth. Certain proteins rich in Arg
(Protein-Arg) can also stimulate growth, in part by oxidizing poly-
unsaturated fatty acids (PUFAs). Protein—Arg epoxidize oleic acid
to cis-EpOA which depresses growth. Protein—Arg are methylated
on the guanidine group to form Protein~ADMA and Protein—-SDMA
by protein—arginine methyltransferases (PRMT) using S-adenosyl
methionine (SAM) as the cofactor. Testosterone and IGF-1 inhibit
this reaction. Proteolysis of Protein~ADMA and Protein—-SDMA

eNOS; Kielstein et al. 2007; Tsikas 2017) (Fig. 2). Inhi-
bition of NO-dependent effects in humans by exogenous
ADMA has been observed at much higher ADMA plasma
concentrations such as 10 uM (Kielstein et al. 2004; Tsikas
2017). It is, therefore, questionable whether the elevated
ADMA concentrations measured in the Groups 3 and 4 of
our study, can alone inhibit NOS activity to such a degree
that NO-related activities including FMD and growth in
the fetuses are severely impaired. It is possible that other
factors can also play a role (Fig. 2).

This is the first study that assessed the association
between maternal ADMA plasma concentration, at mid-
pregnancy, and BW percentile. In the Groups 3 and 4 of our
study, the BW percentiles were considerably lower than in
the pregnant women of the Groups 1 and 2. Despite closely
comparable maternal plasma concentrations of Arg, ADMA
and SDMA in Groups 3 and 4, FGR was more evident in
Group 3. We, therefore, examined correlations between the

releases ADMA and SDMA, respectively, which are both NOS activ-
ity inhibitors; ADMA is more potent than SDMA. By this action,
ADMA inhibits NO-dependent growth. ADMA (by 20%), SDMA (by
100%) are excreted unchanged in the urine. ADMA is hydrolyzed to
L-citrulline and dimethylamine (DMA) by dimethylarginine dimethyl-
aminohydrolase (DDAH). DMA and the NO metabolites nitrite and
nitrate are excreted by the kidneys. L-Homoarginine (hArg) is syn-
thesized from Arg and Gly by arginine: glycine amidinotransferase
(AGAT) and promotes growth

BW percentiles and maternal plasma concentrations of the
key amino acids of the Arg/NO pathway, i.e., the NOS sub-
strate Arg, and the NOS inhibitors ADMA and SDMA (Tsi-
kas et al. 2000a, b; Tsikas 2017). We found strong inverse
correlations between maternal ADMA plasma concentration
and BW percentile in Groups 3 and 4.

A possible explanation for these observations could
be that the fetuses of the women in Groups 3 and 4 were
exposed to higher levels of ADMA than the fetuses of the
women in Groups 1 and 2. The lack of correlation between
ADMA and nitrite, the autoxidation product of endothelium-
derived NO (Kleinbongard et al. 2003, 2006; Tsikas 2015),
in the maternal plasma of the women of the Groups 3 and
4 suggests that ADMA may depress fetal growth mainly by
mechanisms independent of NO. Such a mechanism could
be inhibition of growth hormone (GH) factors including
insulin-like growth factor-1 (IGF-1) by the low-molecular-
mass amino acid ADMA and/or certain proteins/peptides
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that contain one or more ADMA residues (Fig. 2). Several
studies reported that intrauterine growth restriction (IUGR)
fetuses have placental dysfunction and low circulating
levels of insulin, IGF-1, IGF-2 and IGF-binding proteins.
Thus, IGF-deficiency in gestational state may be one of the
major causes of growth restriction (reviewed by Martin-
Estal et al. 2016). IUGR is associated with the male sexual
hormone testosterone (Intapad et al. 2017). Further, it is
worth mentioning that in nondiabetic ankylosing spondyli-
tis patients, circulating ADMA and IGF-1 levels were found
to be inversely correlated (Genre et al. 2014). In men with
primary hypogonadism, we found elevated plasma ADMA
concentrations which were significantly reduced after a
24-week treatment with testosterone (Tsikas and Kinzel
2017). In acromegaly men and women, who also suffer
from cardiovascular disease, ADMA and IGF-1 were also
found to be involved (Yaron et al. 2016). In acromegaly men
and women with active disease, we found lower circulating
concentrations of ADMA compared to acromegaly patients
with controlled diseases. In these patients, circulating lev-
els of both, IGF-1 and GH, behaved in the opposite direc-
tion than ADMA (data not shown). The close association
between plasma nitrite and nitrate concentrations in active
and controlled disease suggests that the ADMA changes are
not associated with Arg/NOS-derived NO.

In children with growth hormone deficiency (GHD), we
found higher plasma ADMA concentrations than in age-
matched children (mean age 10 and 9 years, respectively)
without GHD (Langen et al. 2015). In young adults with
GHD, GH replacement was found to decrease serum ADMA
concentration (by 9%), to increase plasma cGMP (by 40%),
yet with no changes in plasma nitrite + nitrate and serum
ADMA concentrations, SBP and DBP (Setola et al. 2008).
The decrease in serum ADMA concentration correlated with
the increase of serum IGF-1, whereas the increase in plasma
cGMP correlated with the increase of serum IGF-1 (Setola
et al. 2008). The results of the above mentioned study sug-
gest that the effects of GH treatment are independent of
NO. However, in healthy middle-aged subjects, short-term
GH treatment reduced circulating ADMA concentrations,
increased plasma nitrite and nitrate concentrations indicat-
ing NO involvement (Thum et al. 2007a, b, ¢). Insulin and
IGF-1 have been reported to cause vasodilation in human
vessels independent of NO, possibly involving potassium
channels (McKay and Hester 1996; Hasdai et al. 1998; Izhar
et al. 2000).

Proteins and peptides rich in Arg and/or L-lysine, such
as melittin, were found to enhance indirect formation of
endothelium-derived NO and endothelium-dependent
relaxation (Forstermann and Neufang 1985; Thomas et al.
1986; Ignarro et al. 1989). Such polycationic biomolecules
can also induce formation of oxidized fatty. Previously, we
found that the maternal plasma cis-9,10-epoxystearic acid
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(cis-EpOA) concentration did not differ between the four
groups of our study (Tsikas and Savvidou 2017). In the
Group 4 of our study, maternal plasma ADMA concentration
did not correlate with maternal plasma cis-EpOA, however,
cis-EpOA correlated inversely with BW percentile (Tsikas
and Savvidou 2017). Whether cis-EpOA formation is modu-
lated by polycationic peptides/proteins in pregnancy remains
to be demonstrated (Fig. 2).

The physiological significance of ADMA-containing
proteins and peptides has not been studied in the context
of NO formation from Arg, thus far. However, reported
studies indicate important physiological roles of ADMA-
containing proteins in growth. Thus, physiological high
molecular weight forms of fibroblast growth factor-2 have
been reported to contain 5 to 7 ADMA residues (Klein et al.
2000). Insulin is a 51-amino acid protein and contains a
single Arg residue. Insulin has been shown to modulate
methylation of guanidinoacetate, an L-arginine metabolite
(Tsikas and Wu 2015), in liver homogenate (De Barbieri
and Benassi 1950). In rats, maternal deficiency of folate,
a vitamin contributing to methyl groups, was associated
with lower fetal growth, lower maternal serum IGF-1 and
IGFBP3, and lower IGFBP-3 in fetal brain and liver com-
pared to control rats (no folate deficiency) (Wu et al. 2017).
IGF-1 and IGF-2 receptors and several IGFBP were found
to be more abundantly methylated in fetal brain and liver
compared to the fetuses of the control rats. In addition, the
methylation degree of the IGF-2 gene was found to be lower
in the folate deficient group (Wu et al. 2017). Yet, whether
Arg residues of the IGF system had been methylated in that
study has not been reported. The number of Arg residues
is 6 in IGF-1 (70 amino acids) and 8 in IGF-2 (67 amino
acids), i.e., relatively high. The methylation degree of IGF-1
and IGF-2 in pregnancy without and with abnormal pla-
cental hypofusion and its potential association with ADMA
remains to be investigated.

We have hypothesized that ADMA represses growth in
children mainly by mechanisms independent of NO (Lan-
gen et al. 2015). Extension of this hypothesis to pregnancy
would mean that the maternal ADMA is a major repressor
of the fetal growth, with high plasma ADMA concentra-
tions disproving the placenta function through its interaction
with insulin-like growth factors and/or their binding proteins
(BP) and receptors (Martin-Estal et al. 2016). In the study’s
Groups 3 and 4, the maternal ADMA plasma concentrations
were highest and the BW percentiles were lowest. In both
the groups, BW percentile decreased with increasing mater-
nal ADMA plasma concentration, but the negative effect
of ADMA on BW was stronger in Group 4, although these
babies were larger than in Group 3. This remarkable differ-
ence may suggest that in women who eventually developed
PE additional, not yet known factors have affected fetuses’
growth and/or maternal physiology resulting in earlier
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delivery (by 4 weeks compared to Group 3). These factors
are likely to be involved in maternal hypertension observed
in women of the Group 4 (by 11 mmHg compared to Group
3) and may include vasoactive substances such as endothe-
lin-1 and thromboxane (Possomato-Vieira and Khalil 2016;
Saleh et al. 2016). Plasma concentrations of L-homoargi-
nine, another L-arginine metabolite (Tsikas and Wu 2015), at
11-13 weeks’ gestation are lower in early PE than in healthy
pregnancy (Khalil et al. 2013, 2015). In the cardiovascular
system, hArg seems to counteract the negative effects of
ADMA (Tsikas and Kayacelebi 2014; Langen et al. 2015).
Unlike ADMA, hArg does not occur as a residue in proteins.
Thus, only the free amino acid hArg can exert biological
effects. As we had not measured circulating hArg concentra-
tions in the present study, its antagonistic effect on ADMA’s
NO-independent actions in the study’s groups is expectable
but still elusive (Fig. 2).

In conclusion, we found a significant inverse correlation
between birthweight percentile and maternal ADMA plasma
concentration, measured at mid-pregnancy, in women with
abnormal placental perfusion who also delivered a FGR
baby or developed PE. But, BW percentile did not corre-
late with the maternal plasma concentration of Arg, SDMA,
nitrate or nitrite. Maternal plasma ADMA concentration is
an important indicator of fetal growth restriction in women
with impaired placental perfusion independent of NO. The
underlying mechanisms are elusive and further studies are
required.
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