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Abstract

Purpose Fetal growth restriction (FGR) is a high-risk pregnancy, and placental dysfunction is the main cause of FGR. The
upregulation of asymmetric dimethylarginine (ADMA) is linked to FGR pathology, but the mechanism needs to be investigated.
Methods The levels of ADMA and other related molecules were measured in human biological samples. We further used human
umbilical vein endothelial cells (HUVECS) to reveal the mechanism of ADMA-induced FGR in vitro.

Results Compared with the control group, FGR patients had higher placental resistance, and ADMA levels were increased in the
maternal blood, cord blood, and placenta; additionally, nitric oxide (NO) production decreased, accompanied by a decreased
expression of endogenous NO synthase (eNOS). The expression of vascular growth factor (VEGF) and placental growth factor
(PLGF) in the maternal blood during the third trimester and umbilical cord of the FGR group was lower than the control group.
The PLGF levels in the placentas of the FGR group were also reduced, while the expression of soluble fms-like tyrosine kinase-1
(sFlt-1) increased. In in vitro cell experiments, NO production was obviously lower when the cells were exposed to 100 uM of
ADMA, with no difference in eNOS expression. There was a dose-dependent decrease in PLGF expression with increasing doses
of ADMA, and the levels of sFlt-1 increased. Moreover, we confirmed that tube formation in HUVECs was lower after ADMA
treatment compared with the control group.

Conclusion The accumulation of ADMA during pregnancy has an adverse effect on fetal development via interference with
placental endothelial function and angiogenesis.
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Introduction

Fetal growth restriction (FGR) limits the genetic growth potential
of the fetus [1]. The diagnostic criterion for FGR is that the
estimated fetal weight (EFW) is below the 10th percentile for
the normal standard of gestational age [2]. Epidemiological evi-
dence suggests that FGR increases the risk of adverse perinatal
outcomes and long-term complications [3—6]. Among the many
pathological factors related to FGR, placental dysfunction is the
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most important [7]. During normal early pregnancy, trophoblasts
invade the parental spiral artery, remodeling and destroying its
smooth muscle layer. Additionally, uterine decidual natural killer
(dNK) cells directly destroy the arterial muscular layer and indi-
rectly guide the interstitial trophoblast to invade the spiral arteries
[8]. This process of spiral arterial remodeling significantly in-
creases the diameter of the spiral artery, thus effectively exchang-
ing gases and nutrients to achieve the fetal growth potential.
When the endothelial function is impaired, vascular tone and
homeostasis are disrupted [9]. This will reduce the trophoblast
invasion, resulting in incomplete remodeling of the placental
vessels [10] and increasing the uterine spiral arterial wall thick-
ness [11]. Thus, the uteroplacental circulation continues with
high resistance and low blood flow, leading to reduced placental
perfusion [12]. Placental ischemia and hypoxia compromise fetal
growth and development in the uterus. It has been reported that
endothelial dysfunction can affect placental development and
participate in the occurrence of FGR [13, 14]. However, the
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molecular mechanism of FGR is still unclear and needs further
investigation.

Nitric oxide (NO) is the most important endogenous vaso-
dilator that plays a role in regulating placental circulation [15].
It is involved in the regulation of placental vascular tone and
resistance, as well as placental trophoblast invasion [16, 17].
NO is produced by L-arginine under the action of NO synthase
(NOS), which has three types, namely, neuronal NOS
(nNOS), endothelial NOS (eNOS), and inducible NOS
(iNOS). The NO produced in vascular endothelial cells, which
mainly results from the activity of eNOS, functions in vaso-
dilation and the regulation of blood perfusion [18].
Asymmetric dimethylarginine (ADMA) is a competitive in-
hibitor of NOS that inhibits NOS activity and reduces NO
production [19]. ADMA is synthesized by the protein arginine
methyltransferase (PRMT), which has nine isoforms, and
PRMT]1 is the main synthetase of human ADMA [20].
ADMA is degraded by dimethylarginine
dimethylaminohydrolase (DDAH) [21], which has two iso-
forms: DDAHI1 and DDAH2. DDAHI is widely expressed
in vivo, and its expression location is consistent with the main
metabolic sites of ADMA, whereas DDAH2 is mainly
expressed in placental tissues. Many studies have shown that
elevated ADMA levels reduce vasodilation by inhibiting NOS
activity, resulting in endothelial dysfunction and involvement
in cardiovascular-related diseases and pre-eclampsia (PE) [22,
23]. However, the role of ADMA in FGR and its regulatory
mechanisms remain to be elucidated. Here, we speculate that
high levels of ADMA would reduce the NO bioavailability
through the inhibition of eNOS, impair endothelium-
mediated vasodilation, and affect placental perfusion, ulti-
mately leading to FGR.

Rapid villus angiogenesis is another critical factor in fetal
growth [10]. Angiogenic factors, such as the vascular endo-
thelial growth factor (VEGF) and placental growth factor
(PLGF), act synergistically, which promote placental angio-
genesis and play a key role in placental development and
functional maintenance [24, 25]. As a regulator of angiogen-
esis, NO stimulates endothelial cell proliferation and VEGF
expression [26]. Moreover, NO appears to be involved in the
modulation of PLGF and the anti-angiogenic factor soluble
fms-like tyrosine kinase-1 (sFlt-1) [27]. We hypothesized that
by inhibiting NOS activity, ADMA may also result in an im-
balance between angiogenic factors and anti-angiogenic fac-
tors, affecting the establishment of maternal-fetal blood circu-
lation. This may further reduce the placental blood perfusion,
leading to FGR.

Much evidence suggests that NO is a potent factor in the
maintenance of placental function, and the level of ADMA
increases in FGR patients [28, 29]. However, how the
ADMA/NO pathway regulates endothelial function and an-
giogenesis remains largely unknown. In this study, we inves-
tigated the effect of ADMA on placental function and fetal
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development by examining human blood samples, placental
and umbilical cord tissues, and in vitro cell experiments.

Materials and methods
Clinical subjects and recruitment of participants

This study was conducted on the basis of a cohort study to
focus on the early-life exposure to air pollutants and adverse
pregnancy outcomes in Beijing, China. A total of 2500 preg-
nant women were recruited from January 1,2017 to January 1,
2019 at the Beijing Obstetrics and Gynecology Hospital of
Capital Medical University during their first trimester, and
they were followed until delivery. The protocol for this study
was approved by the Medical Ethics Committee of the Beijing
Obstetrics and Gynecology Hospital, Capital Medical
University. All of the study participants gave written informed
consent prior to participating in the study. Maternal blood
samples were obtained during the first (7-13 weeks), second
(23-25 weeks), and third (28-34 weeks) trimesters of preg-
nancy and after delivery. Cord blood, placental tissue, and
umbilical cord tissue samples were obtained after delivery.
Blood specimens were centrifuged at 1000xg for 10 min,
and the serum was stored in the specimen bank at — 80 °C.
Tissue specimens were washed with ice-cold saline to clear
the hemorrhage and stored immediately at — 80 °C. In order to
assess the placental circulation during the second (22—
24 weeks) and third (28-34 weeks) trimesters of pregnancy,
a Doppler ultrasound was used to detect the umbilical artery
(UA) pulsatility index (PI), resistance index (RI), and peak
systolic velocity/end diastolic velocity (PSV/EDYV, S/D).
Furthermore, the placenta was examined by a pathologist fol-
lowing delivery to detect placental function and villous
angiogenesis.

The EFW was evaluated according to the biometric param-
eters, including biparietal diameter (BPD), femur length (FL),
head circumference (HC), and abdominal circumference
(AC), as measured by ultrasound. Seventy-six pregnant wom-
en were diagnosed with FGR during pregnancy, with an inci-
dence of 3.04%. In addition to multiple pregnancies, chromo-
some abnormalities of pregnant women or their husbands,
fetal abnormality, pregnant women with chronic or gestational
hypertension, gestational diabetes, thyroid disease and other
metabolic-related diseases, immune system diseases, and mal-
nutrition, the remaining 20 cases were considered to be
placental-derived FGR, as the case group for this study. The
birth weight (BW) of all 20 FGR cases was below the 10th
percentile for the normal standard of gestational age when
they were finally born. The control group was matched with
the appropriate gestational age (AGA) for maternal age (+
5 years), body mass index (BMI) (+1 kg/m?), gestational
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age (+ 1 weeks), delivery mode, husband height (5 cm), and
fetal gender in a ratio of 1:1.

Cell culture and chemical treatments

The human umbilical vein endothelial cell (HUVEC) cell line
was obtained from Molecular Cell Laboratory of Tsinghua
University (Beijing, China). The cells were cultured in endo-
thelial cell medium (ECM, ScienCell) supplemented with 5%
fetal bovine serum (FBS), 1% endothelial cell growth supple-
ment (ECGS), and 1% penicillin/streptomycin solution (P/S)
and incubated at 37 °C with an atmosphere of 5% C02/95%
air. The active 3rd-4th generation cells were used in the ex-
periment. Confluent cells in 6-well plates were treated with
ADMA (25, 50 and 100 uM) (Sigma, USA) for 24 h.
Untreated HUVECs was served as control group.

ADMA, VEGF, and PLGF assays

ADMA in the serum and tissues, and VEGF and PLGF in the
serum were measured by the enzyme-linked immunosorbent
assay (ELISA) kit (BlueGene Biotech, China). All samples
were tested in duplicate. Serum was measured directly after
preparation. Tissues were minced to small pieces and homog-
enized in PBS. Then, the homogenates were centrifugated for
15 min at 1500xg. Remove the supernate and measure the
protein concentration with bicinchoninic acid (BCA) protein
assay kit (Beyotime Biotechnology, China) to calculate the
ADMA content per unit weight of the protein. In this assay,
the test sample and the enzyme-labeled antigen or antibody
were reacted with an antigen or antibody bound to a solid
phase carrier to form an antigen-antibody complex, and a sub-
strate was added for color development. The optical density
(OD) value was measured at 450 nm using a microplate reader
(TECAN, Switzerland), and the sample concentration was
calculated from a standard curve.

NO production assay

NO was determined by the Total Nitric Oxide Assay Kit
(Beyotime Biotechnology, China) and tested in duplicate.
NO is extremely unstable and metabolizes rapidly to nitrate
and nitrite in vivo. In this method, nitrate reductase is used to
reduce nitrate to nitrite, and then, nitrite is detected based on
the classical Griess reagent to determine the total NO produc-
tion. Samples, flavin adenine dinucleotide (FAD), nicotin-
amide adenine dinucleotide phosphate (NADPH), and nitrate
reductase were added in turn, mixed, and incubated at 37 °C
for 30 min. Then, lactate dehydrogenase (LDH) was added to
remove excess NADPH and Griess reagent was added in a
ratio of 1:1. The absorbance at 540 nm was measured using a
microplate reader (TECAN, Switzerland). NO production in
the samples was calculated according to the standard curve.

Western blot analysis

Proteins from tissues and cells (30 pg per lane) were separated
by 12% polyacrylamide gel electrophoresis and then trans-
ferred to polyvinylidene fluoride membranes (Merck
Millipore, USA). Membranes were probed with primary anti-
bodies which included rabbit anti-human antibodies anti-
PRMT1 (1:1000, Cell Signaling Technology, USA), anti-
DDAHI1 (1:2000, Abcam, UK), anti-DDAH2 (1:1000,
Abcam, UK), anti-eNOS (1:1000, Cell Signaling
Technology, USA), anti-VEGF (1:1000, Proteintech, USA),
anti-PLGF (1:500, Proteintech, USA), anti-sFlt-1 (1:2000,
Abcam, UK), anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (1:1000, Cell Signaling Technology, USA),
and mouse anti-human antibody anti-@-actin (1:1000, Cell
Signaling Technology, USA). The membranes were washed
in Tris-buffered saline with Tween 20 (TBST) and then added
horseradish peroxidase (HRP)-labeled secondary antibodies
anti-rabbit IgG (1:1000, Cell Signaling Technology, USA) or
anti-mouse 1gG (1:1000, Cell Signaling Technology, USA)
and incubated for 1 h at room temperature. The membranes
were immersed in the enhanced chemiluminescence for 5 min.
Amersham imager 600 (General Electric Company, USA)
was used to capture images and analyze the gray value of
target strips, and its ratio to the internal reference was used
as the relative protein expression.

Matrigel tube formation assay

In vitro Matrigel-based tube formation assay was used to eval-
uate the angiogenic ability of endothelial cells. In brief,
Matrigel (Corning, NY, USA) was thawed at 4 °C overnight,
and 50 pL of Matrigel was added to each well of pre-chilled
96-well plate and incubated at 37 °C for 45 min. In this ex-
periment, ADMA (25, 50, and 100 uM) were added to cell
culture medium overnight and then again before seeding
HUVECs in Matrigel. Cells (1.5 x 10*) were seeded into each
Matrigel-coated well. After 6 h incubation at 37 °C, five pic-
tures of the tube formation per well were taken using an
inverted microscope camera. Total tube length was quantitated
using the ImageJ 1.8.0 image analysis system.

Statistical analysis

Statistical analyses were performed using IBM SPSS statistics
23, and preparations of figures were performed using
GraphPad prism 7. Experimental test results and measurement
data were expressed as mean + standard deviation (SD).
Student’s 2-tailed ¢ test was used for comparison between
two independent sample groups. Categorical data was
expressed as frequency or percentage and analyzed with chi-
square test. Correlation of BW percentile with maternal plas-
ma ADMA was assessed using the Spearman (not normally
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distributed variables) correlation coefficients. P value < 0.05
was considered statistically significant.

Results
Characteristics of mothers and newborns

The maternal and neonatal characteristics of each group are
described in Table 1. We analyzed 20 patients in both the
control and FGR groups. Both the groups were comparable
in terms of maternal age, BMI, gestational age, delivery mode,
husband height, and fetal gender. The mean BW, BW percen-
tile, neonatal body length, ponderal index, and placental
weight were significantly lower in the FGR group than in
the control group.

Placental resistance increases in the FGR group

Table 2 shows the blood flow parameters PI, RI, and S/D of
UA as detected by Doppler ultrasonography. Compared with
the second trimester, the UA blood flow parameter values
were significantly decreased during the third trimester in both
the groups. However, the UA-PI, RI, and S/D values in the
FGR group were significantly higher than those in the control
group at the same time point, which indicated an increase in
placental resistance in the FGR patients. Furthermore, placen-
tal pathology revealed only scattered calcification and
intervillous fibrin deposition in normal pregnant women
(Fig. 1a), but reduced villus vessels, larger infarcts, and

Table 1  Maternal and newborns group characteristics

Variables Control (n=20) FGR (n=20) P values
Maternal age (years) 31.15+£2.23 30.25+3.97 0.383
Pre-pregnancy BMI 21.30+2.19 21.75+£3.20 0.612
BMI before delivery 26.47+2.08 27.51+3.47 0.259
Gestational age (weeks) 39.63+1.41 39.50+1.15 0.809
Cesarean deliveries 7 (35%) 5 (25%) 0.490
Husband height (cm) 173.95+4.49 175.45+4.05 0.274
Fetal gender (F/M) 13/7 13/7

BW (gram) 3557.5+£159.7 2741.7+195.6 <0.001%*%**
BW percentile 67.93+12.78  427+1.24 <0.001%**
Body length (cm) 51.20+1.70 49.40+1.98 0.004+*
Ponderal index 26.62+2.35 23.02+3.75  <0.001%**
Placental weight (gram) 602.5+62.86  502.25+67.01 <0.001%**

BMI is defined as pregnant women weight x height ? (kg/m?). Ponderal
index is defined as birth weight x body length > (kg/m®). Values are
expressed as mean + SD, frequency, and percentage

FGR fetal growth restriction, BMI body mass index, BW birth weight, F
female, M male

**P<0.01, ***P<0.001
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extensive fibrin deposition were found in most pregnancies
complicated by FGR (Fig. 1b). The above results confirmed
that the occurrence of FGR is associated with insufficient
placental perfusion.

ADMA is closely related to FGR caused by placental
insufficiency

To investigate the relationship between ADMA and FGR,
first, we examined ADMA levels in maternal peripheral
blood, cord blood, and placental tissues (Fig. 2). Maternal
serum ADMA levels showed a rising trend in the control
group during the course of pregnancy; however, the ADMA
levels in women with FGR decreased during late pregnancy
compared with early and mid-pregnancy (Fig. 3a). ADMA
levels in early and mid-pregnancy were higher in the FGR
group than in the control group, but there was no significant
difference during late pregnancy and after delivery (Table 3;
Fig. 3a). ADMA levels in the placenta of FGR patients were
higher than in normal pregnant women (Table 3). Because
considerable remodeling of the placenta takes place toward
the end of the first trimester [ 10], we speculated ADMA could
impact placental remodeling, final weight, and its functional
capacity and ultimately depress fetal growth. Thus, we tested
the correlation between maternal serum ADMA during early
pregnancy and neonatal BW percentile. As expected, in the
control group, BW percentile did not correlate with maternal
serum ADMA during early pregnancy. In contrast, however,
BW percentile correlated strongly and inversely with maternal
serum ADMA during early pregnancy in the FGR group
(Fig. 2). Furthermore, ADMA levels in cord blood increased
in the FGR group (Table 3), indicating that ADMA may play a
role in FGR by affecting the fetal circulatory system.

The accumulation of ADMA in the FGR group is
related to elevated PRMT1 expression in the placenta
and decreased DDAH1 expression in the umbilical
cord

To explore the molecular mechanism underlying elevated
ADMA levels in the FGR group, we tested the expression of
ADMA metabolism-related proteins PRMT1, DDAHI, and
DDAH2 in placental and umbilical cord tissues. Compared
with normal pregnant women, the expression level of
PRMT1 was significantly increased in FGR placental tissues,
while there was no significant difference in the expression of
DDAHI1 and DDAH?2 between the two groups (Fig. 4a). In
another respect, Fig. 4b shows that the DDAHI level was
significantly decreased and the PRMT1 level was increased
in the umbilical cord tissues of the FGR group, while the
DDAH?2 level was not significantly different.
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Table 2 UA blood flow parameters at the second and third trimesters
Variables PI RI S/D

2nd T 3rd T P values 2nd T 3rd T P values 2nd T 3rd T P values
Control (n=20) 1.06+£0.17 0.83+0.13 <0.001*** 0.66+0.06 0.57+0.06 <0.001*** 302+048 240+032 <0.001%**
FGR (n=20) 1.23+0.11  096+0.13 <0.001*** 0.72+£0.03 0.62+0.06 <0.001*** 361+041 2.68+0.38 <0.001%**
P values <0.001#**  0.005%* <0.001***  (0.026%* <0.001%*x  (0,015%*

Values are expressed as mean + SD

UA umbilical artery, F'GR fetal growth restriction, P/ pulsatility index, R/ resistance index, S/D peak systolic velocity/end diastolic velocity, T trimester

**P<0.01, ***P<0.001

NO production in mother and fetus is reduced
in the FGR group

To determine whether elevated ADMA levels in FGR patients
would reduce NO bioavailability, we evaluated NO generation
by measuring nitrate and nitrite levels in maternal peripheral
blood, cord blood, and placental tissues in both groups. Total
NO production decreased significantly during late pregnancy
as compared with early pregnancy in the control group (Fig.
3b). During the entire pregnancy, NO levels in the FGR group
also showed a downward trend, but there was no significant
difference (Fig. 3b). NO levels were significantly lower in the
FGR group than in the control group, even in early pregnancy,
and remained low throughout the course of pregnancy, but
there was no difference after delivery (Table 3; Fig. 3b). NO
levels in FGR patients were lower than that in normal preg-
nant women in placental tissues (Table 3). In addition, in the
cord blood of the FGR group, NO levels were slightly lower

than in the control group (Table 3). The above results showed
that the NO production in the mother and fetus was reduced in
the FGR group, indicating that the increased ADMA would
reduce NO bioavailability and affect the maternal and
fetoplacental circulation.

Difference in eNOS expression between the two
groups

During pregnancy, eNOS is mainly synthesized by placental
and umbilical vascular endothelial cells [30]. To confirm
whether the reduced NO bioavailability in the mother and
fetus was related to the expression of eNOS, we further
assessed the eNOS level in the two groups. Our results
showed that the expression level of eNOS was decreased in
the FGR group as compared with the control group in both the
placental (Fig. 5a) and umbilical cord (Fig. 5b) tissues.

Fig. 1 Placental pathological findings in the a control and b FGR groups.
Placentas were fixed with formalin, stained with hematoxylin-eosin (HE),
and then examined under the microscope. a Only scattered calcification

and intervillous fibrin deposition (arrows) could be found in normal preg-
nant women. b Extensive infarcts (triangles) and reduced villus vessels
were found in pregnancies complicated by FGR. Scale bar=0.1 mm
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Fig. 2 Correlation between Control FGR
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The reduced NO bioavailability suppresses
the expression of VEGF and PLGF but increases
the expression of sFlt-1

Pro-angiogenic growth factors, such as VEGF and PLGF, can
promote trophoblast cell proliferation and invasion during ear-
ly pregnancy and facilitate angiogenesis and remodeling [31,
32]. SFlt-1 is the splice variant of VEGF receptor-1 (Flt-1),
which can form a heterodimer with cell-surface receptor Flt-1
and block the biological effects of VEGF and PLGF [33].
While NO is the main mediator in angiogenesis [27],

a. Asymmetric dimethylarginine (ADMA)

41
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b Y**i
X -0- FGR
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g o B Cr
= { e - g+
14
1st T 2nd T 3rd T After
delivery
c. Vascular endothelial growth factor (VEGF)
1500+
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2 i
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Fig. 3 Sequential changes in a ADMA, b NO, ¢ VEGF, and d PLGF
levels during the course of pregnancy in the control and FGR groups.
Values are expressed as mean = SD. a*/a*** represents P <0.05/
P<0.001 between 1st and 2nd trimesters in control group, b**
represents P < 0.01 between 2nd and 3rd trimesters in control group, ¢*/
c*** represents P<0.05/P<0.001 between 1st and 3rd trimesters in
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increased ADMA can impair angiogenesis by inhibiting
eNOS activity. Therefore, we hypothesized that the expression
of VEGF and PLGF would be reduced and the expression of
sFlt-1 would be increased in the FGR patients. To test this
hypothesis, we examined VEGF, PLGF, and sFlt-1 levels in
the maternal peripheral blood, cord blood, or placental and
umbilical cord tissues.

Maternal serum VEGF levels increased significantly from
the first to the third trimester of pregnancy in the control group
(Fig. 3c), and the PLGF levels did not change significantly
across the three trimesters (Fig. 3d). However, in women with

b. Nitric oxide (NO) production (nitrate and nitrite)
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control group; B* represents P < 0.05 between 2nd and 3rd trimesters in
FGR group, C* represents P <0.05 between st and 3rd trimesters in
FGR group; X*/X*** represents P < 0.05/P<0.001 between control
and FGR groups at Ist trimester, Y*** represents P <0.001 between
control and FGR groups at 2nd trimester, Z* represents P <0.05
between control and FGR groups at 3rd trimester
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Table 3 Comparison of ADMA,
NO, VEGF, and PLGF levels in Concentration Control FGR P values
the serum or placenta between the
two groups Maternal peripheral blood
Ist T n=12 n=12
ADMA (umol/L) 1.684 +0.236 2.709 +£0.272 <0.001%**
NO (umol/L) 24.74 +8.69 17.72+6.30 0.034*
VEGF (pg/mL) 935.97+117.87 994.26 +108.00 0.220
PLGF (pg/mL) 305.27 £29.69 276.60 +49.87 0.101
2nd T n=12 n=12
ADMA (umol/L) 2.122+0.269 2.742+0.404 <0.001%**
NO (umol/L) 20.27+5.55 16.16+5.44 0.080
VEGF (pg/mL) 1082.36 +187.74 1115.43 +190.92 0.673
PLGF (pg/mL) 303.54+41.03 290.38 +71.27 0.583
3rd T n=12 n=12
ADMA (umol/L) 2.620+0.428 2.358 +0.340 0.111
NO (umol/L) 18.63 +£4.46 15.12+2.83 0.031*
VEGF (pg/mL) 1115.17 +£209.96 911.53+162.24 0.014*
PLGF (pg/mL) 311.18+45.06 239.47+38.90 <0.001%**
After delivery n=12 n=12
ADMA (umol/L) 2.489+0.230 2.454+0.456 0.817
NO (umol/L) 16.97 £2.40 15.62+1.21 0.096
VEGF (pg/mL) 1017.60+143.87 984.49 +156.06 0.594
PLGF (pg/mL) 270.57 +68.68 273.15+49.25 0.917
Cord blood n=20 n=20
ADMA (umol/L) 2.448 +£0.422 2.978 +1.028 0.039*
NO (umol/L) 19.65+6.30 15.70+6.21 0.053
VEGF (pg/mL) 1051.15+146.61 1038.93+148.25 0.795
PLGF (pg/mL) 288.46+57.18 254.52 +53.60 0.041*
Placental tissue n=16 n=16
ADMA (umol/g) 3.491+0.678 4.108 +0.933 0.041*
NO (umol/g) 30.79+7.45 25.41+6.89 0.025*

Values are expressed as mean + SD

FGR fetal growth restriction, ADMA asymmetric dimethylarginine, NO nitric oxide, VEGF vascular endothelial

growth factor, PLGF placental growth factor, 7" trimester

*P<0.05, ¥**P<0.001

FGR, VEGF and PLGF levels showed a downward trend from
the second to the third trimester of pregnancy (Fig. 3c and d),
and the levels of both were lower in the FGR group than in the
control group at 28-34 weeks of gestation (Table 3; Fig. 3¢
and d). The expression level of PLGF in the placenta and
umbilical cord of the FGR group was lower than that in the
control group (Fig. 6a and b). The expression level of VEGF
was also significantly decreased in the umbilical cord of the
FGR group (Fig. 6b), and there was no significant difference
in the placenta between the two groups (Fig. 6a). The expres-
sion level of sFlt-1 in the FGR placenta and umbilical cord
was higher than in the control group (Fig. 6a and b). In addi-
tion, PLGF levels showed a significant reduction in the cord
blood of the FGR group (Table 3).

Effects of ADMA on HUVEC cell line

To further elucidate the mechanism of ADMA-induced FGR,
we performed in vitro cell experiments. NO production in
cells exposed to 100 uM of ADMA was significantly lower
compared with the control group (Fig. 7a). The mean levels of
NO were 10.61, 9.17, 8.23, and 6.85 pumol/g for control,
25 uM, 50 uM, and 100 uM ADMA, respectively.
However, there was no difference in eNOS expression levels
between the groups (Fig. 7b). ADMA, at a concentration of
100 uM, could slightly reduce the expression of angiogenic
factor VEGF in HUVECs, and with increasing doses of
ADMA, there was a significant dose-dependent decrease in
PLGF expression (Fig. 8a—c). Furthermore, compared with
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the untreated group, the levels of the anti-angiogenic factor
sFlt-1 in HUVECs treated with different concentrations of
ADMA increased significantly (Fig. 8a and d). HUVECs
spontaneously differentiate to form tubules when cultured on
extracellular matrix components, such as Matrigel, so we fur-
ther performed a tube formation assay to explore the effect of
ADMA on angiogenesis. As depicted in Fig. 9a, after 6 h of
incubation on Matrigel, HUVECs formed a tubular network
containing many junctions. By measuring the total tube
length, we could evaluate and quantify the ability of different
test compounds to disrupt tube formation. Treatment with
ADMA caused a reduction in branched capillary-like struc-
tures, with inhibition rates of 18.8% and 40.2% at concentra-
tions of 50 and 100 uM, respectively (Fig. 9b).

Discussion

Pathological changes in the placenta are the focus of studies
regarding FGR. At present, many studies support the theory
that FGR is caused by a placental circulation disorder. The
placenta of FGR patients often has vascular lesions and high
circulatory resistance [12]. UA Doppler has been widely used
for the screening of placenta-mediated pregnancy complica-
tions, such as PE [34], indicating a poor prognosis in a fetus
with FGR [35]. This study detected UA blood flow
Control

Fig.5 Expression of eNOS in the a

parameters during the second and third trimester, and the
values decreased as the gestational age increased. As the pla-
centa gradually matures, the villus blood vessels increase and
the UA resistance decreases. Additionally, the UA-PI, RI, and
S/D values of FGR patients were higher than those of normal
pregnant women during the middle and late stages of preg-
nancy, indicating that patients with FGR have high UA blood
flow resistance and low UA blood flow, which was due to the
maternal and fetal circulation disorders caused by the in-
creased placental resistance. The resultant hypoperfusion in-
duces cell stress in the placental tissues, leading to selective
inhibition of protein synthesis and reduced cell proliferation,
and ultimately increases placental infarction and fibrin depo-
sition [10].

ADMA is a natural amino acid synthesized and released by
vascular endothelial cells [36]. Holden et al. [37] reported that
blood ADMA levels during normal early pregnancy were
lower than in non-pregnancy and gradually increased with
the increase in gestational weeks. In this study, the trend of
ADMA in normal pregnant women during pregnancy was
consistent with previous studies. During early pregnancy, re-
duced ADMA and increased NO can relax the uterine spiral
arteries and promote extravillous trophoblasts (EVTs) to mi-
grate retrogradely into the uterine spiral arteries, resulting in a
loss of smooth muscle cells in the middle layer and enlarge-
ment of the lumen. During late pregnancy, increased ADMA
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improves uterine contractility by antagonizing NO-induced
uterine relaxation and prepares for delivery [38]. However,
the abnormal increase of blood ADMA concentration can lead
to endothelial dysfunction, which has become a biomarker for
the risk assessment of PE, hypercholesterolemia, stroke, and
cardiovascular diseases [39, 40]. In this study, BW percentile
was found to be inversely correlated with maternal serum
ADMA concentration, which suggested that maternal serum
ADMA concentration was also an important indicator of FGR
in women with impaired placental perfusion. ADMA levels in
the peripheral blood of FGR patients were significantly in-
creased in early and mid-pregnancy and accompanied by a
decrease in NO bioavailability. In in vitro cell experiments,
the addition of exogenous ADMA resulted in a decreased NO

NO production
(nitrate and nitrite)/total protein
pmol/g

Fig.7 HUVECs: treated with ADMA resulted in reduced NO production
with no significant change in eNOS protein levels. Confluent HUVECs
were treated with ADMA (25, 50, and 100 uM) for 24 h. a NO
production was represented by nitrite and nitrate using Griess
colorimetric assay and normalized to protein concentration (n =3 per

production, which confirmed that high levels of ADMA were
related to placental vascular endothelial dysfunction, thus par-
ticipating in the pathogenesis of FGR. However, with increas-
ing doses of exogenous ADMA, there was no difference in
eNOS protein levels between the groups, which showed that
ADMA did not directly inhibit the expression of eNOS.
Another important result is that ADMA levels in fetal cord
blood were also increased in the FGR group. It has been
pointed out that ADMA could depress fetal growth by inhibi-
tion of insulin-like growth factor-1 (IGF-1) and growth hor-
mone (GH) factors in fetal circulation [41].

Placental nutritional transport depends on vascular devel-
opment, in which NO plays a crucial role. The regulation of
eNOS expression and activity and NO bioavailability is

b - 25 50

100 ADMA(uM)

group). b Representative images and densitometry analysis of eNOS
protein were detected by western blot, and the independent experiment
was repeated for three times. GAPDH was used as internal references.
Values are expressed as mean + SD. *P <0.05 compared with “control”
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considered to be an important mechanism involved in FGR
and PE-related placental vascular dysfunction [17]. It was
found that the eNOS expression in placenta increased with
the continuation of pregnancy [42]. However, in this study,
we have shown that eNOS expression significantly decreased
in the FGR placenta and umbilical cord. ENOS is mainly
synthesized in the placenta during pregnancy, and massive
remodeling of the placenta occurs at the end of the first
trimester/start of the second trimester [10]. We believe that
in FGR patients the increased ADMA levels and decreased
NO production in early and mid-pregnancy lead to poorly
developed villus trees and a decrease in total eNOS protein.
Therefore, at the third trimester, there was no concordant
change in NO production as ADMA levels decreased.
Previous studies have confirmed that the endothelial func-
tion can be improved by regulating the PRMT/ADMA/
DDAH pathway [43]. During pregnancy, the placenta is an
important source of ADMA [44], and the present study found
that PRMT1 increased significantly in the FGR placenta,
while there was no difference in DDAH expression. Our re-
sults showed that the increased ADMA in women with FGR
was associated with increased synthesis in placenta. However,
our study found that DDAHI1 expression in the FGR umbilical
cord decreased significantly. DDAHI1 can be expressed in
HUVECs [29], so we speculated that the accumulation of
ADMA in fetal circulation originated from ADMA metabolic
disorders caused by diminished DDAHI1. In another respect,
impaired placental circulation can lead to fetal endothelial

@ Springer
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dysfunction [45], and ADMA in cord blood is mainly gener-
ated by the placenta [46]. In the present study, ADMA levels
in the placenta of FGR patients increased significantly, so
elevated levels of ADMA in fetal cord blood may have partly
originated from enhanced accumulation and transport of
ADMA in the placenta.

Adverse uteroplacental circulation can affect the develop-
ment and function of placental villus vessels. Many pro-
angiogenic factors are involved in FGR by affecting placental
vascular development, and VEGF and PLGF are the current
hotspots [47]. In the developing placenta, VEGF and PLGF,
which are mainly expressed in syncytiotrophoblast and endo-
thelial cells, bind to the VEGF receptor (VEGFR) and play a
pivotal role in neo-angiogenesis and vascular growth [25, 48,
49]. Furthermore, PLGF can affect endothelial function by
regulating the effects of VEGF on endothelial cell prolifera-
tion and migration [48]. SFlt-1 is a poly-glycosylated protein
mainly produced and secreted by the placenta, which has an
anti-angiogenic effect and can cause reduced angiogenesis in
the placenta and endothelial damage in the mother. In the
present study, VEGF and PLGF concentrations were lower
in women with FGR during the third trimester of pregnancy
and were accompanied by decreased NO bioavailability. The
establishment of placental circulation is a complex process,
including vasculogenesis and angiogenesis. During the third
trimester of pregnancy, vascular growth at the maternal-fetal
interface increases exponentially, at a time when angiogenic
factors play an important role, essentially keeping pace with
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Fig. 9 ADMA inhibited tube formation on HUVECs. a Representative
images show the morphological features of HUVECs on Matrigel which
were treated with different concentrations of ADMA. The tube length
decreased after 24 h incubation with ADMA. b The tube length was
quantified in each treatment conditions. Percentage of inhibition was
expressed using control wells at 100%. **P <0.01, ***P<0.001
compared with “control”

the rate of the growing fetus [50]. This may be why VEGF and
PLGF decreased during the third trimester in FGR patients,
and the association with ADMA was weaker during the first
and second trimesters, which was consistent with the changes
of'the PLGF concentration in women with PE, as shown by an
earlier report [51]. Given that VEGF and PLGF are important
factors in regulating endothelial cell proliferation and vascular
endothelium is the main target of ADMA, we suggest that
ADMA can affect placental blood circulation by modulating
angiogenic factors, which has been confirmed in subsequent
cell experiments. In the placenta, PLGF expression decreased
significantly, but there was no difference in VEGF expression,

and the in vitro cell experiments showed that ADMA mainly
inhibited the expression of PLGF rather than VEGF, indicat-
ing that the reduction of PLGF probably better reflects preg-
nancies associated with a significant placental pathology. In
addition, the levels of sFlt-1 in the placenta and umbilical cord
of FGR patients, as well as HUVECs treated with exogenous
ADMA, were increased. Angiogenesis is regulated by the
local balance between angiogenesis stimulators and inhibitors,
and an in vitro tube formation assay further demonstrated that
ADMA had adverse effects on vascularization by disrupting
this balance. Studies have found that the sFlt-1/PLGF ratio is
of great value for the prediction of PE and FGR [52, 53]. The
decreased expression of VEGF and PLGF in the umbilical
cord and PLGF in cord blood suggested that the expression
of pro-angiogenic factors in fetal circulation was also
inhibited. There is no evidence that angiogenic factors can
be transported to the fetus through the placenta, and we spec-
ulate that the decrease in fetal angiogenic factor levels may be
related to endothelial dysfunction caused by elevated ADMA
levels. Decreased levels of fetal VEGF and PLGF will have a
negative impact on the growth of fetal multiple organs or
tissues [54], resulting in impaired intrauterine development,
which is ultimately reflected in BW loss.

To summarize, sufficient vasodilatation of fetoplacental
circulation together with rapid villus angiogenesis are the
necessary factors for adequate placental development and
subsequent fetal growth. This study demonstrated that ma-
ternal serum ADMA concentration is an important indicator
of FGR. In pregnant women with FGR, elevated PRMT1
expression in the placenta caused the accumulation of
ADMA and increased ADMA can impair endothelial func-
tion by decreasing NO bioavailability. Moreover, reduced
NO bioavailability can resultin an imbalance between angio-
genic and anti-angiogenic factors mainly by inhibiting the
expression of PLGF and increasing the level of sFlt-1, thus
suppressing the villus angiogenesis, further affecting placen-
tal maturation and functional maintenance and ultimately
leading to the occurrence of FGR. Although the study was
conducted within a single ethnic region, we believe that the
findings of this study can be generalized to other populations
because we have excluded environmental/genetic con-
founders as much as possible and selected for FGR caused
by placental dysfunction. By investigating the mechanism of
ADMA in FGR, our study provided novel evidence for the
etiology of FGR, which is of great significance for FGR pre-
diction, early diagnosis, and the discovery of new therapeutic
targets.
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