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Comparison of steroid hormones
in three different preeclamptic models
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Abstract. Preeclampsia (PE) is a complication of pregnancy
and is characterized by hypertension and proteinuria, threat-
ening both the mother and the fetus. However, the etiology of
PE has not yet been fully understood. Since the imbalance of
steroid hormones is associated with the pathogenesis of PE,
investigating steroidogenic mechanisms under various PE
conditions is essential to understand the entire spectrum of
pregnancy disorders. Therefore, the current study established
three PE in vitro and in vivo models, and compared the
levels of steroid hormones and steroidogenic enzymes
within them. In cellular PE models induced by hypoxia,
N-nitro-L-arginine methyl ester hydrocholride (L-NAME)
and catechol-o-methyltransferase inhibitor, the levels of
steroid hormones, including pregnenolone (P5), progesterone
(P4), dehydroepiandrosterone (DHEA) and testosterone
tended to decrease during steroidogenesis. Injection of
L-NAME in pregnant rats led to a reduction in the levels of
estradiol and P4 through regulation of cholesterol side-chain
cleavage enzyme (CYP11A1l) and 3p-hydroxysteroid
dehydrogenase/d5 4-isomerase type 1 (HSD3BI1), whereas
rats treated with COMT-I exhibited elevated levels of P5
and DHEA by regulation of the CYP11Al and aromatase
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cytochrome P450 (CYP19A1) in the placenta and plasma.
The reduced uterine perfusion pressure operation decreased
CYP11A1 and increased CYP19A1 expression in placental
tissues, whereas steroid hormone levels were not altered. In
conclusion, the results of the present study suggest that the
induction of PE conditions dysregulates the steroid hormones
via regulation of steroidogenic enzymes, depending on
specific PE symptoms. These findings can contribute to the
development of novel diagnostic and therapeutic modalities for
PE, by monitoring and supplying appropriate levels of steroid
hormones.

Introduction

Preeclampsia (PE) is a systemic disorder of pregnancy
characterized by the onset of high blood pressure and protein-
uria. The clinical manifestations of PE include maternal
placental hypoxia, endothelial dysfunction, and imbalance
of angiogenic factors (1). PE is a complication in over 5% of
human pregnancies and a leading cause of feto-maternal
morbidity and mortality (2).

Although PE ranks as one of the most critical problems in
obstetrics, its etiology remains unknown. It is widely accepted
that the dysfunction of the placenta due to placental ischemia
and hypoxia result in PE (3). Poor placental perfusion caused
by failure of the trophoblast cells to replace the spiral artery
and imbalanced angiogenic factors increase placental oxida-
tive stress (4). Vascular endothelial growth factor (VEGF)
and its receptors play crucial roles in placental angiogenesis.
VEGEF activates two high-affinity receptor tyrosine kinases,
fms-like tyrosine kinase-1 (FIt-1) and fetal liver kinase 1
(Flk-1), to mediate its angiogenic functions. However, binding
of the soluble form of Flt-1 (sFlt-1) with VEGF prevents its
interaction with endogenous receptors and antagonizes the
VEGF-mediated proangiogenic activity. In PE, circulating
levels of sFlt-1 levels are high, and thus, the levels of free VEGF
are reduced in maternal circulation (5). These conditions lead
to fetal growth restriction and low placental weight (6).
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The imbalance in the levels of placental steroid
hormones and steroidogenic enzymes is associated with
PE pathogenesis. The placenta is the major endocrine organ
during pregnancy and secretes several steroid hormones.
The multiple steroid hormones are produced by a process
called steroidogenesis, which is mediated by steroidogenic
enzymes (7). Pregnenolone (P5) is synthesized by cholesterol
side-chain cleavage enzyme (CYP11A1) and converted into
progesterone (P4) or dehydroepiandrosterone (DHEA) by
3p-hydroxysteroid dehydrogenase/d5 4-isomerase type 1
(HSD3B1) or 17a-hydroxylase/17,20-lyase (CYP17A1),
respectively. The enzymes including 17p-dehydrogenase 3
(HSD17B3) and HSD3BI catalyze the formation of androgens,
such as testosterone (T), from DHEA and P5. The final step of
steroidogenesis, estrone (E1) and estradiol (E2) biosynthesis, is
mediated by the aromatase cytochrome P450 (CYP19A1) and
HSDI7B. A previous study has shown that the levels of P4 and
E2 were downregulated in women with PE, and their levels
were modulated by the expression of steroidogenic enzymes in
the PE placenta (8).

To study the various aspects of PE, several in vitro
and in vivo models have been established (4). One of the
well-known models is established by reducing or depleting
oxygen in the trophoblast cells and the placenta. Hypoxic
conditions tend to inhibit placental invasion and trigger
symptoms of PE (9). Inhibition of nitric oxide synthase with
N-nitro-L-arginine methyl ester hydrochloride (L-NAME) is
also known to mimic PE (10). The combination of a deficiency
of nitric oxide (NO) and an increase in peroxynitrite (ONOO")
results in the majority of pathological changes associated with
PE, such as high blood pressure, proteinuria, and increased
glomerular filtration rate (11). Catechol-o-methyltransferase
(COMT) metabolizes 2-hydroxyestradiol to 2-methoxyoes-
tradiol (2-ME), which is involved in the biosynthesis of E2.
COMT expression increases with the progression of preg-
nancy, generating higher levels 2-ME. Pregnant animals
deficient in COMT develop PE-like conditions, including
proteinuria and placental hypoxia (12). Since PE is caused by
a reduction in uterine blood flow due to abnormal trophoblast
invasion of the spiral arteries, the reduced uterine perfusion
pressure (RUPP) operation generates a suitable PE animal
model (1). The RUPP rat model mimics the physiological
features of PE, including hypertension and proteinuria,
and exhibits increased plasma and placental sFIt-1 and
decreased plasma VEGF and placental growth factor (13,14).
Although these models have some features of PE, they are
not representative of the full spectrum of the human disease
because the etiology of PE is most likely multifactorial and
may have several forms (15).

Due to the life-threatening risk of PE and the lack of
effective treatment options, there have been many attempts
to understand the pathogenesis of PE. Recently, many studies
addressing the relationship between human PE and steroid
hormones have been conducted (8,10,16). However, only steroid
hormones in human PE have been studied, and the in vitro and
in vivo PE conditions have not been ascertained. To under-
stand the entire steroidogenic machinery and its underlying
mechanisms in PE, we established various cellular and animal
PE models and compared the levels of steroid hormones during
steroidogenesis. Additionally, the levels of steroid hormones in

early-stage pregnant women were investigated, who ultimately
showed PE symptoms at full term.

Materials and methods

Cell lines and culture. The BeWo human choriocar-
cinoma-derived cell line (Korean Cell Line Bank,
Seoul, Republic of Korea) were seeded on 6-well plates
(7x10° cells/well) in Dulbecco's modified Eagle medium
(DMEM; Hyclone) containing 10% fetal bovine plasma (FBS;
Hyclone), 100 IU/ml of penicillin, and 100 pg/ml of strepto-
mycin and grown at 5% CO, at 37°C. After 24 h (~70%), the
cells were placed in a hypoxic chamber (Modular Incubator
Chamber; Billups-Rothenberg) to establish a hypoxic model
witsh inflow and outflow connectors, and the hypoxic gas
consisted of 2% O,, 5% CO,, and 93% N,. Experiments were
conducted in an environment at 37°C by placing the chambers
in an incubator for 24 h. For other in vitro PE models, the
cells were treated with L-NAME (100 xM; Sigma-Aldrich),
Ro 41-0960 (COMT-I; 10 uM; Sigma-Aldrich), or EtOH as a
vehicle control for 24 h in a 37°C incubator. The cell culture
medium was extracted for ELISA assays. Restore western blot
stripping buffer was obtained from Pierce. All in vitro experi-
ments were performed at least three times in triplicate.

Measurement of cell viability. The BeWo cells were cultured
in 24-well plate with density of 3x10* cells/well in triplicate
and 10% FBS for 24 h under various conditions: Vehicle
control group, hypoxic condition group, L-NAME (100 xM)
group, and COMT-I (10 uM) group. Then methyl thiazolyl
tetrazolium (MTT; 5 mg/ml; Sigma-Aldrich) was added and
incubated 4 h, after that we used 100% DMSO to dissolved the
generated formazan crystals. The absorbance of the crystalline
at 570 nm was analyzed with a microplate spectrophotometer
(Epoch Bioteck, Instruments). The cell viability of treatment
groups were represented as the percentage of viable cells rela-
tive to cell viability of the control group.

Animals. Animal studies were approved (approval number;
PNU-2017-1452) by the Ethics Committee of Pusan
National University (Busan). Twenty-five pregnant female
Sprague-Dawley [gestational day (GD) 1] rats were purchased
from Central Lab. Animal Inc. (Seoul). The rats were randomly
divided into five groups as follows: Control group (CON group;
n=5), L-NAME group (n=5), COMT-inhibitor group (COMT-I;
n=5), Sham group (n=5), and RUPP group (n=5). The rats were
housed under standard laboratory conditions with controlled
temperature/humidity, a 12:12-h light/dark cycle, and free
access to food and water at the Pusan National University
Laboratory Animal Resources Center. This facility is accred-
ited by the Korea Food and Drug Administration (AFDA) in
accordance with the Laboratory Animal Act (Accredited Unit
Number-000231) and AAALAC International according to
the National Institutes of Health guidelines (Accredited Unit
Number;001525).

Drugs and chemicals. The L-NAME and COMT-I groups
were subcutaneously (SC) injected daily with L-NAME
(50 mg/kg/day/200 pl) and COMT-I (2.5 mg/kg/day/200 pl)
from GD 10 to 17 (17,18). The CON group was administrated
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0.9% saline (200 pl). The dosage was adjusted according to
changes in body weight (BW). BW, clinical signs, and abnormal
behavior were recorded daily throughout the experimental
period.

RUPP operation. On GD 14, Sham and RUPP groups were
anesthetized with intraperitoneal injection of Zoletil 50
(Virbac, Carros, France) 20 mg/kg and Rompun (Bayer Korea)
5 mg/kg solution. A mid-abdominal incision was made as
suggested by Fushima er al (3). After the midline incision,
a ligature was tied around the aorta above the iliac bifurca-
tion. Since compensatory blood flow to the placenta occurs
via an adaptive increase in ovarian blood flow, both right and
left uterine arcades are also tied. As complete ligation killed
the dams within a day or two of the operation, the aorta and
arcades were tied with a nylon thread 0.35 mm in diameter,
followed by removal of the thread to provide a small space for
minimal circulation of blood. These procedures reduce uterine
blood flow in the gravid rat by 40%. The sham group was oper-
ated on similarly, but without ligation. The abdominal incision
was then sutured.

Measurement of blood pressure and urinary protein. Blood
pressure, especially the systolic blood pressure, is the key crite-
rion when evaluating a pre-eclamptic model (19). From GD 10,
the baseline systolic blood pressures were obtained with a
blood pressure monitor for mice and rats (CODA™ Monitor;
Kent Scientific Corporation) after the rats were pre-warmed
on a warming platform in rat holders. The systolic blood pres-
sure measurements were performed in triplicate, and the mean
for each rat was recorded till GD 18. To measure the urinary
protein level, rats were placed in metabolic cages on GD 17,
and urine was collected over 24 h. The urine was centrifuged
at 10,000 x g for 10 min at 4°C and immediately stored at
-80°C. Protein levels in the urine were measured using a BCA
protein assay kit (Pierce Biotechnology).

Sample collection. On GD 18, the rats were euthanized
in gradually filled CO, gas chamber with a flow rate of
<30% CO, of the chamber volume/min. Rats were euthanized
in 2018, which corresponds to the period approved by the
Ethics Committee of Pusan National University (approval
number; PNU-2017-1452). Approximately 1 ml of blood
from the inferior vena cava was collected in plastic tubes
under aseptic conditions with EDTA as an anticoagulant and
centrifuged at 12,000 rpm for 10 min at 4°C to separate the
plasma. The plasma was collected and immediately frozen
at -80°C until analysis. The placentas were weighed and
stored at -80°C for western blot analysis. The kidneys were
harvested, fixed in 10% formalin and embedded in paraffin for
histological analysis. The fetuses were isolated to be weighed
and counted. The fetal resorption rate was obtained as percent
fetal resorption = (number of absorbed fetuses/total number of
fetuses) x100, as previously reported (20).

Western blot analysis. Protein samples were prepared with a
Pro-prep solution (iNtRON Biotechnology). A total of 20 ug
protein was analyzed by 10-12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to nitrocellulose membranes (Daeillab Service

Co, Ltd.). Membranes were subsequently blocked for 1 h with
5% skim milk (Difco) in Tris-buffered saline (TBS) with
0.05% Tween-20 (TBS-T).Following blocking,membranes were
incubated with hypoxia inducible factor 1 subunit o (HIFIA,
1:500; Santa Cruz Biotechnology, Inc.; cat. no. sc53546),
VEGF (1:1,000; Abcam; cat. no. ab46154), sFlt-1 (1:1,000;
Abcam; cat. no. ab32152), CYP11A1 (1:1,000; Cell Signaling
Technology Inc.; cat. no. 14217), CYP17A1 (1:500; Santa Cruz
Biotechnology, Inc.; cat. no. sc46084), HSD3B1 (1:2,000;
Santa Cruz Biotechnology, Inc.; cat. no. sc30820), HSD17B3
(1:2,000; Abcam; cat. no. ab55268), and CYP19A1 (1:500;
Santa Cruz Biotechnology, Inc.; cat no. sc14244) antibodies
overnight at 4°C, followed by horseradish peroxidase
(HRP)-conjugated secondary antibodies (all 1:2,000; Santa
Cruz Biotechnology, Inc.; cat. no. sc2313, sc2005, sc2020).
Luminol reagent (Bio-Rad) was used to visualize antibody
binding. Membranes were subsequently probed with an
antibody against (3-actin (1:3,000; Cell Signaling Technology
Inc.; cat. no. 8457) as an internal control. For direct compari-
sons between the concentration levels of different signaling
molecules, membranes were stripped and re-probed using
Restore western blot stripping buffer as detailed by the manu-
facturer and re-probed after verifying the absence of residual
HRP activity of the membrane. Each blot was scanned using a
Bio-Rad ChemiDoc XRS (Bio-Rad), and band intensities were
normalized to B-actin levels.

ELISA assays. Concentrations of P5 (Alpco; cat. no. KA1912),
P4 (Cayman Chemical Company; cat. no. 582601), DHEA
(Enzo Life Sciences, Inc.; cat. no. 20-DHEHU-EO1),
T (Cayman Chemical Company; cat. no. 582701), E2 (Cayman
Chemical Company; cat. no. 582251), VEGF (R&D Systems,
Inc.; cat. no. RRV00), and sFlt-1 (R&D Systems, Inc.;
cat. no. MVR100) were measured using competitive enzyme
immunoassay kits, according to the manufacturers' protocols.
The culture medium from BeWo cells, plasma and placenta
tissues were added to 96-well plates. The plate was incubated
for 1 h at room temperature on an orbital shaker. Following
incubation at room temperature for 90 min with Ellman's
reagent, the optical density was measured spectrophoto-
metrically at 420 nm. The final concentrations were calculated
using standard curve analysis.

Histological analysis. Four micrometer paraffin sections
of rat kidney tissues were stained with hematoxylin and
eosin (Sigma-Aldrich) according to the standard protocol.
Tissue images were captured at x400 using a Leica DM 500
microscope (Leica).

Statistical analysis. Results are presented as the
mean =+ standard deviation (SD). Data were analyzed for statis-
tical significance using one-way analysis of variance followed
by Turkey's multiple comparison test using SPSS version 10.10
for Windows (SPSS, Inc.). P<0.05 was considered to indicate a
statistically significant difference.

Results

Induction of PE conditions in vitro. To generate an in vitro
PE environment, human placenta-derived BeWo cells were
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Figure 1. Levels of PE biomarkers and steroidogenic enzymes in in vitro PE models. Cell viability was measured using the MTT assay and demonstrated as
a (A) percentage of the CON group. The expression of (B) PE biomarkers in BeWo cells exposed to hypoxia or treated with either L-NAME or COMT-I were

analyzed by western blotting. (C) Expression levels of HIF1A, VEGF, and sFlt-

1. (D) Representative blot images of steroidogenic enzymes in BeWo cells exposed

to hypoxia or treated with either L-NAME or COMT-I. (E) The levels of CYP11A1, CYP17A1, HSD3B1, HSD17B3 and CYP19A1. The individual protein
expression level was normalized to that of 3-actin. Data are expressed as the mean + SD. "P<0.05 vs. CON group. CON, control; PE, preeclampsia; L-NAME,
N-nitro-L-arginine methyl ester hydrocholride; COMT-I, catechol-o-methyltransferase inhibitor; HIF1 A, Hypoxia inducible factor 1 subunit a; sFlt-1, soluble
form of fetal liver kinase 1; CYP11Al, cholesterol side-chain cleavage enzyme; CYP17A1, 17a-hydroxylase/17,20-lyase; HSD3B1, 38-hydroxysteroid dehydro-
genase/05 4-isomerase type 1; HSD17B3, 178-dehydrogenase 3; CYP19A1, aromatase cytochrome P450.

exposed to hypoxia by incubating the cells in a hypoxic
chamber for 24 h. For other models, the cells were treated
with L-NAME or COMT-I. The cytotoxicity of all groups
was assessed in MTT assay. According to the MTT viability
test, hypoxia condition, L-NAME and COMT-I did not
exert any effect on the viability of BeWo cells (Fig. 1A).
Since HIF1A is a well-known biomarker of hypoxia (21),
we examined HIF1A expression to test our experimental
conditions by western blot analysis (Fig. 1B and C). HIF1A
was dramatically over-expressed in the hypoxic group
as expected, whereas it was weakly expressed in other
groups. To confirm PE conditions, the expression levels of
VEGF and sFlt-1 were examined by western blot analysis
(Fig. 1B and C). The expression of VEGF was downregu-
lated by hypoxia, whereas that of sFlt-1 was upregulated by
both L-NAME and COMT-I. These results suggest that our
in vitro PE models mimic some of the clinical characteristics
observed in PE patients.

Expression of steroidogenic enzymes in in vitro PE models.
To elucidate the effect of in vitro PE conditions on the
steroidogenesis in placental cells, the expression of steroido-
genic enzymes was examined by western blot analysis
(Fig. 1D and E). CYP11A1 was upregulated in all groups
compared to the control, whereas the levels of CYP19A1 were
not altered. Interestingly, the expression of other steroidogenic
enzymes was regulated differentially by hypoxia, L-NAME,
and COMT-I. Under hypoxic conditions, levels of CYP17Al,
HSD3B1, and HSD17B3 were significantly downregulated.

L-NAME increased the protein levels of HSD3B1, whereas
COMT-I elevated both HSD3B1 and HSD17B3 expression.

Production of steroid hormones in in vitro PE models. Next,
we examined the synthesis of steroid hormones in in vitro
PE models. We determined the concentration of steroid
hormones, including P5, P4, DHEA, T and E2, by ELISA
(Table I). The concentration of steroid hormones tended to
decline in every group compared to the CON group. L-NAME
and hypoxia significantly decreased the concentration of P35,
P4, DHEA, and T. Further, the concentration of DHEA and
T were downregulated by COMT-I. These results suggest that
in vitro PE models, especially those established by hypoxia
and L-NAME treatment, affect the production of steroid
hormones.

Evaluation of PE characteristics in in vivo PE models. Our
next objective was to investigate the association of steroid
hormones and PE in animal models. Pregnant rats were
treated with L-NAME and COMT-I or underwent RUPP
operation. For the biological conditions, symptoms including
BW, placental and fetal weight, resorption rate, and urinary
protein concentration were evaluated (Table II). All groups
showed decreased BW compared to the CON group and
the Sham group during the period of treatment. Treatment
with L-NAME caused a significant reduction in placental
and fetal weight relative to saline solution control. Urinary
protein excretion was also higher in the L-NAME group
compared to the CON group. Compared to the Sham group,
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Table I. Concentration of steroid hormones in BeWo cells.

Hormone (ng/ml) CON Hypoxia L-NAME COMT-1
P5 24.1+£3.3 8.3+1.6* 14.0+£2.4* 24.6£2.4
P4 5.6+0.1 4.6+0.2 5.0£0.0° 5.3£0.0
DHEA 0.8+0.1 0.1+0.0° 0.1£0.0* 0.5+£0.1*
T 0.3+00 0.1+0.0* 0.2+0.0* 0.2+0.0*
E2 11.9+2.1 10.7£1.0 104£19 11.0+0.8

CON, control; L-NAME, N-nitro-L-arginine methyl ester hydrochloride; COMT-I, catechol-o-methyltransferase inhibitor; P5, pregnenolone;
P4, progesterone; DHEA, dehydroepiandrosterone; T, testosterone; E2, estradiol. Data are presented as the mean + SD. *P<0.05 vs. CON group.

Table II. Characteristics of rats on GD 18.

Characteristic CON L-NAME COMT-I Sham RUPP
BW (g) 312.8+17.2 279.3+154* 276.7£26 .4* 275.0£20.2 214.8+£20.3°
Placental weight (g) 0.5+0.1 0.4+0.00 0.5+0.1 0.36+0.05 0.20+0.06°
Fetal weight (g) 1.9+0.2 1.4+0.3* 1.8+0.2 1.32+0.08 1.36+0.21
Fetus (n) 12.8+0.8 12.3+1.5 12.8£2.9 11.5+1.5 8.0+3.39
Litter (n) 0.0+0.0 0.1£0.4 2.0+49 1.29+1.91 6.8+2.38
Fetal resorption rate (%) 0.0+0.0 1.0£2.5 16.7+40.8 13.88+15.23 89.4+18.04°
Urine protein excretion (zg/ul) 45+1.0 6.2+0.1° 4.6x1.1 4.20+0.74 13.29+1.29°

GD, gestational day; CON, control; L-NAME, N-nitro-L-arginine methyl ester hydrochloride; COMT-I, catechol-o-methyltransferase inhibitor;
RUPP, reduced uterine perfusion pressure; BW, body weight. Data are presented as the mean + SD. *P<0.05 vs. CON group, and °P<0.05 vs.

Sham group.

the RUPP group showed relatively lower placental weight and
a higher resorption rate and urinary protein level. However,
there were no significant changes in the COMT-I group. The
average weight gain was not significantly different for each
experimental group (Fig. 2A).

Systolic blood pressures for each experimental group are
shown in Fig. 2B. The normal range for systolic blood pres-
sure in rats is around 126 mmHg (22). On GD 14, the systolic
blood pressures were significantly elevated in the L-NAME
group compared to the CON group (147.49+6.68 mmHg vs.
122.79+8.97 mmHg, P<0.05), while it recovered from GD 14 to
GD 16.0n GD 18, both L-NAME and COMT-I groups showed
mild hypertension (135.39+6.88 mmHg and 130.21+9.7 mmHg
vs. 117.33+9.63 mmHg, P<0.05). The systolic blood pressure
of the RUPP group was marginally increased compared to the
Sham group on GD 18, but the increase was not significant
(Fig. 2B).

The effect on renal function observed in the PE rat models
was confirmed at the tissue level (Fig. 2C). Histological
examination of the kidney revealed that the COMT-I and
RUPP groups had endotheliosis involving swelling of the
glomerulus and capillary occlusion, whereas it was not
observed in the CON and Sham groups. Moreover, hemor-
rhage was detected in the RUPP group. The concentration of
VEGF and sFlt-1 in the plasma of PE models was examined
by ELISA (Fig. 3A). The levels of VEGF were significantly
lower in the L-NAME and COMT-I groups, whereas there

were no significant changes in sFlt-1 levels. To further inves-
tigate the placental expression of VEGF and sFlt-1, their
levels were analyzed by western blot analysis (Fig. 3C). We
found that sFlt-1 was upregulated by COMT-1 and VEGF was
downregulated by RUPP, whereas L-NAME did not affect the
expression of either.

Expression of steroidogenic enzymes in in vivo PE models.
As the PE rat models showed features and symptoms similar
to human PE, the steroidogenesis process was investigated
by western blot analysis (Fig. 4). The CYP11A1 protein
levels were decreased in all groups compared with CON and
Sham groups. The expression of HSD3B1 was significantly
upregulated (up to 1.8-fold) by L-NAME. The levels of
CYP19A1 were elevated by COMT-I and RUPP. CYP17A1
and HSD17B3 levels were unaltered in all in vivo PE models.

Concentration of steroid hormones in in vivo PE models.
Based on the regulation of steroidogenesis in the placenta of
rats, the concentration of steroid hormones was determined by
ELISA (Tables III and IV). L-NAME reduced the levels of E2
2-fold, while COMT-I significantly increased concentration of
P5 and DHEA in the plasma (Table III). The concentration
of other steroid hormones were not significantly altered. The
placental levels of steroid hormones were different compared
to their levels in the plasma (Table IV). The levels of P4 in
the placenta of the L-NAME group were 2-fold lower than
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Figure 2. Analysis of systolic blood pressure and kidney function. (A and B) The average weight and the systolic blood pressure from GD10 to GD18 in
L-NAME, COMT-I and RUPP groups was measured and compared with the CON or Sham group. Blood pressure was measured in triplicate, and the
mean for each rat was recorded until GD 18. (C) The kidneys were stained with hematoxylin and eosin. Occlusion of the capillary loops with an increase in
cellularity was observed in the enlarged glomerulus (arrows) in the COMT-I and RUPP groups. Hemorrhage (triangle) was detected in the RUPP group. Data
are expressed as the mean + SD. "P<0.05 vs. CON group. L-NAME, N-nitro-L-arginine methyl ester hydrocholride; COMT-I, catechol-o-methyltransferase
inhibitor; RUPP, reduced uterine perfusion pressure; CON, control; GD, gestational day.

those in the CON group. Other placental steroid hormones
were not significantly altered. The RUPP operation did
not affect the levels of any steroid hormones in both plasma
and placenta.

Discussion

It is well-known that hormonal changes are associated with the
pathology of PE. Therefore, the assessment of steroid hormone
levels in the blood has been the focus of intense study to find
potential biomarkers to predict PE (23). Multiple PE models
have been developed to mimic the physiological conditions of
PE. However, these models are limited in their ability to repre-
sent a disease with complicated interactions and the effects
on PE-related tissues, and thus single model can't reproduce
all the clinical aspects of the PE syndrome (9). Considering
this, we established three in vitro and in vivo PE models via
inducing hypoxia and via L-NAME, and COMT-1 treatments,

and evaluated PE-related biomarkers and pathological
characteristics. In addition, we examined how the three PE
models affect steroidogenesis in the placenta and hormone
levels in the blood.

For our in vitro models, placental cells were exposed to
hypoxic conditions or treated with L-NAME and COMT-I.
The expression of HIF1A, VEGF, and sFlt-1 in the placenta
are predictive biomarkers of PE (24). HIF1 acts as a central
regulator of oxygen homeostasis in most mammalian cells.
In placenta, HIF1 is essential for placental development
regulating several genes that control cell growth, differen-
tiation, and metabolism including proangiogenic factors (25).
HIF1A expression can be increased by the inhibition of NOS
and COMT activity in the placenta, and consequently result
in ubiquitous placental tissue damage (26,27). One study
demonstrated that the levels of mRNA and protein expres-
sion of placental HIF1A were significantly increased in rats
administered 0.5 mg/ml of L-NAME via drinking water from



MOLECULAR MEDICINE REPORTS 23: 252, 2021 7

A B

g =

S 100 g 1500

g 80 s 1200

"= 2=

E ..Eh 60 X § E 900

40 * S 600

s & sE

20 5= a0

: :

> & & > & & “ N e S S
o o & S 8 \) \ & 3 8
N SN S R

N C ~ C
C CON L-NAME COMT-I Sham RUPP

‘"Fl-"‘i N T [ m|
L e — [ m—— e — |

RS $—————=— =
F-?MIHIMI IM

D o 107 OCON OL-NAME ®COMT-I E 7 OSham ERUPP
2 g s #
A =
g g s
=" a 4
g g
= =
: g
= g1 #
& & ol eim
HIF1A VEGF sFIt-1 HIF1A VEGF sFit-1

Figure 3. Effects of angiogenic factors on in vivo PE models. (A and B) The plasma concentrations of VEGF and sFlt-1 in L-NAME, COMT-I and RUPP groups
were analyzed by ELISA and compared with the CON or Sham group. (C) The expression of PE biomarkers in the placenta of in vivo rat models was analyzed
by western blot analysis. (D and E) Expression levels of HIF1A, VEGF and sFlt-1 in the L-NAME, COMT-I, and RUPP groups. Data are expressed as the
mean + SD. "P<0.05 vs. CON group; "P<0.05 vs. Sham group. sFlt-1, soluble form of fetal liver kinase 1; L-NAME, N-nitro-L-arginine methyl ester hydrochol-
ride; COMT-, catechol-o-methyltransferase inhibitor; RUPP, reduced uterine perfusion pressure; CON, control; PE, Preeclampsia; HIF1a, hypoxia inducible
factor 1 subunit o.

A CON L-NAME COMT-I Sham RUPP
CYP11A1 | S B «|
CYP17A1 [=—z=s —— - |

1S3k [ = o > S SGDB -]

HSD17B3 ke

p-actin I---- ------.-I

=

OCON OL-NAME BCOMT-I C OSham ERUPP
3.59 K

1.5+

Protein expression
e I
e Py
*
*
=
Protein expression

Figure 4. Levels of steroidogenic enzymes in in vivo PE models. (A) The expression of steroidogenic enzymes in the L-NAME, COMT-I, and RUPP groups
was analyzed by western blot analysis. (B and C) The levels of CYP11A1, CYP17A1,HSD3B1,HSD17B3 and CYP19A1. The individual protein expression was
normalized to that of B-actin. Data are expressed as the mean + SD. “P<0.05 vs. CON group; “P<0.05 vs. Sham group. L-NAME, N-nitro-L-arginine methyl
ester hydrocholride; COMT-I, catechol-o-methyltransferase inhibitor; RUPP, reduced uterine perfusion pressure; CYP11A1, cholesterol side-chain cleavage
enzyme; CYP17A1, 17a-hydroxylase/17,20-lyase; HSD3B1, 3B-hydroxysteroid dehydrogenase/d5 4-isomerase type 1; HSD17B3, 178-dehydrogenase 3;
CYPI9AL1, aromatase cytochrome P450; CON, control.



8 SHIN et al: COMPARISON OF STEROIDOGENESIS IN PREECLAMPSIA MODELS

Table III. Plasma concentration of steroid hormones in vivo PE models.

Hormone (ng/ml) CON L-NAME COMT-I Sham RUPP

P5 1.6+0.1 1.6£04 3.4+0.5° 1.4+0.8 1.3+0.4
P4 42.2+79 37.8+44 45.8+6.4 38.8+13.0 34.9+7.8
DHEA 0.5+0.1 0.5+0.10 0.9+0.1* 0.6+0.2 0.4+0.1
T 8.7£2.3 8.9+2.1 9.6x1.5 8.6+4.3 7.6£4.7
E2 0.8+0.2 0.4+0.0* 0.7+0.1 0.7£0.4 0.8+0.3

PE, preeclampsia; CON, control; L-NAME, N-nitro-L-arginine methyl ester hydrochloride; COMT-I, catechol-o-methyltransferase inhibitor;
RUPP, reduced uterine perfusion pressure; PS5, pregnenolone; P4, progesterone; DHEA, dehydroepiandrosterone; T, testosterone; E2, estradiol.

Data are presented as the mean + SD. *P<0.05 vs. CON group.

Table IV. Placental concentration of steroid hormones in vivo PE models.

Hormone CON L-NAME COMT-I Sham RUPP

P5 (ng/ml) 30.0+0.5 30320 29.7£2.7 28.6+0.8 259+2.1
P4 (ng/ml) 0.2+0.0 0.1+£0.0* 0.3+0.0 0.2+0.1 0.3+0.1
DHEA (ng/ml) 0.5+0.0 0.5+0.0 0.6+0.1 0.4+0.1 0.3+0.1
T (ng/ml) 4.1+0.5 4.5+0.6 4.7+0.8 4.0+£0.5 4.6+19
E2 (ng/ml) 5.0+0.6 4.5+0.6 4.5+0.6 4.5+0.8 4.5+0.2

PE, preeclampsia; CON, control; L-NAME, N-nitro-L-arginine methyl ester hydrochloride; COMT-I, catechol-o-methyltransferase inhibitor;
RUPP, reduced uterine perfusion pressure; PS5, pregnenolone; P4, progesterone; DHEA, dehydroepiandrosterone; T, testosterone; E2, estradiol.

Data are presented as the mean + SD. *P<0.05 vs. CON group.

GD 6 to GD 10. Also, in another study, dramatically increased
placental HIF1 protein level is observed in KO mice with a
deficiency in COMT (28,29). However, in our study, hypoxia
increased the levels of HIF1A, while L-NAME and COMT-1
did not. These results were also seen in our in vivo models,
where L-NAME and COMT-I did not alter levels of HIF1A
while RUPP enhanced HIF1A in the placenta. These distinct
results may be due to differences in treatment period and
dosage compared to previous studies.

VEGEF, known as a target gene of HIF-1A, initiate angio-
genesis and induce placental hypoxia (30). The VEGF/sFlt-1
pathway may be induced by hypoxia through HIF-dependent
and HIF-independent pathways and the relative overproduc-
tion of sFlt-1 than VEGF by placental tissue is one of the
symptoms of PE (31,32). In our in vitro study, the VEGF
was decreased by hypoxic condition, but not by L-NAME
and COMT-I, which suggest that the process of angiogenesis
was regulated by hypoxia. However, both L-NAME and
COMT-I upregulated the expression of sFIt-1, meaning that
the treatments also inhibit angiogenesis in a different way
from hypoxia in placental cell. Collectively, our COMT-I- and
VEGF-induced PE models showed higher levels of sFlt-1 than
VEGF and we suggest that these results may be mediated by
HIF1A-independent pathway in vitro and in vivo models.

The pathological characteristics, including placental and
fetal weight, proteinuria, hypertension, and glomerular endo-
theliosis, were analyzed in the in vivo models. Lower venous
capacitance and compliance have been suggested to increase
blood pressure and protein excretion in PE (33). Fetal growth

restriction is a result of reduced placental blood flow due to
altered placental vasculature caused by angiogenic factors
and impaired development of the placenta (34). Consistent
with previous findings, the RUPP operation caused a signifi-
cant reduction in fetal and placental weights and fetal death.
Although blood pressure elevation was not significant in the
RUPP group, proteinuria was observed due to endotheliosis and
massive bleeding, which had spread beyond the glomerulus.
L-NAME administration in pregnant rats led to hypertension,
proteinuria, and fetal growth restriction. The rats treated with
COMT-I showed hypertension, glomerular endotheliosis, and
glomerular injury. The L-NAME and COMT-1 groups showed
a lower concentration of VEGF in the blood. These results
indicate that the three different PE models showed more than
one pathological characteristic of PE, although the underlying
mechanisms are different. Among the models, the L-NAME
group was closest to representing PE symptoms, because
hypertension and proteinuria are considered as the most
critical factors for PE.

To investigate the effect of PE conditions on the produc-
tion of steroid hormones, we examined their levels in the
culture-supernatant of placental cells. The levels of steroid
hormones, including P5, P4, DHEA, and T, tended to decrease
in the hypoxia and L-NAME groups, while the COMT-I group
showed lower DHEA and T levels. We also evaluated the
expression of steroidogenesis-related enzymes in the placental
cells. Although the enzymes were regulated differentially
by individual PE models, CYP11A1l was upregulated in all
in vitro PE models. CYP11ALl is a rate-limiting enzyme for
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Figure 5. Scheme illustrating how various symptoms of PE regulate steroidogenesis in vitro and in vivo based on the changes observed in plasma.
L-NAME, N-nitro-L-arginine methyl ester hydrocholride; COMT-I, catechol-o-methyltransferase inhibitor; RUPP, reduced uterine perfusion pressure;
CYP11ALl, cholesterol side-chain cleavage enzyme; CYP17A1, 17a-hydroxylase/17,20-lyase; HSD3B1, 3f3-hydroxysteroid dehydrogenase/d5 4-isomerase
type 1; HSD17B3, 178-dehydrogenase 3; CYP19A1, aromatase cytochrome P450; E2, estradiol; P4, progesterone; PS5, pregnenolone; T, testosterone; DHEA,

dehydroepiandrosterone.

the production of P5 that is the precursor hormone of all other
steroid hormones. This could be a compensatory regulation
because P5 and its downstream steroid hormones, such as P4,
DHEA, and T, were downregulated. These results indicate
that the symptoms of PE are closely linked with the levels of
steroid hormones and different pathological symptoms of PE
may modulate the process of steroidogenesis in distinct ways
in the placental cells. The regulation of steroidogenesis in the
cellular models of PE in this study were different from the
human placenta. It has been demonstrated that P4 and E2 were
decreased, whereas other steroid hormones were not altered
in human PE (10,35). The steroidogenic process in the human
placenta is often influenced by the fetal endocrine system. The
fetal adrenal cortex mostly synthesizes byproducts, DHEA
and DHEA-S, which are delivered to the placenta for the
production of androgens and E2 (36). Since feto-placental
communication is absent in in vitro models, there are bound
to be differences between the in vitro data and the results from
animal and human studies.

We next investigated the steroidogenic process under
in vivo PE conditions. Because of the different species and PE

conditions, the regulation of steroid hormones in our in vivo
PE models is different from that seen in in vitro models and
human with PE. Both rat and human placentas are anatomi-
cally classified as discoid and hemochorial type. However,
there are differences between rats and humans in terms of
the histological structure of the placenta, the feto-maternal
interface, and the function of the yolk sac (37).

We found that lower placental blood flow induced by RUPP
affects the levels of CYP11A1l and CYPI9ALI in placental
tissues, which may, in turn, affect the production of P5 and
E2. However, the quantity of steroid hormones produced was
not significantly altered in our study. L-NAME treatment in
pregnant rats led to a downregulation of VEGF, lower placental
weight, and fetal growth restriction. Additionally, L-NAME
decreased plasma E2 levels, although the levels were not regu-
lated in the placenta. These results indicated that the plasma E2
was not directly regulated by placenta. It was possibly modu-
lated by fetus or extra-placental tissues in mother. Indeed, the
levels of E2 is regulated by complicated maternal-placental-fetal
unit (38). L-NAME inhibits the production of NO which is
associated with E2 production (39). Previous studies have
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demonstrated that fetal- and placental-VEGF were stimulated
by E2, indicating that the decrease in E2 production obstructs
angiogenesis and causes oxidative stress in the placenta (40,41).
The damaged placenta by oxidative stress can affect the
growth and function of the placenta, including the production
of steroid hormones. Further, oxidative stress plays a role as an
anti-angiogenic factor in blood vessels.

As we mentioned, the rats deficient in COMT showed
lower levels of VEGF and elevated sFlt-1. It has been reported
that COMT deficiency induces defects in both angiogenesis
and the placenta by dysfunction of angiogenic factors (42).
Our results from the COMT-I model showed that disrupting
angiogenesis in the placenta may lead to the overproduction
of P5 and DHEA through the regulation of CYP11A1l and
CYP19A1. It is widely accepted that DHEA is associated with
vascular angiogenesis (43,44).

In conclusion, we compared steroid hormones and
steroidogenic enzymes in three different in vitro and in vivo PE
models. The steroid hormones were dynamically dysregulated
depending on the symptoms of PE. The overall in vitro and
in vivo results are illustrated in Fig. 5. Our findings provide
new insights into the correlation of steroid hormones with PE
and may contribute to the development of new diagnostic and
therapeutic methodologies for PE.
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