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Abstract. — OBJECTIVE: Cold exposure (CE)
before birth is one of the initial stressors that may
impact mammalian pregnancy, changing placen-
tal and fetal development and affecting the health
of the offspring. While glucocorticoids (GCs) par-
ticipate in the body’s response to the stress of
CE, the specific mechanisms of their action are
unclear. This study aims to determine the effect
of CE stress on the placenta and to test wheth-
er stress, caused by cold exposure in pregnancy
impairs fetal development by changing placental
angiogenesis via excessive GC expression.

MATERIALS AND METHODS: CE rat model
was created by exposing 30 SD rats to cold pre-
conception, or during the first, second, and third
weeks of pregnancy. Serum cortisol and soluble
fms-like tyrosine kinase-1 (sFlt-1) expression lev-
els, physiological index changes (food intake, body
weight change and blood pressure), and pregnan-
cy outcomes (fetal rat weight, number of live fe-
tal rats, and placental weight) were collected at
baseline and at different time points after the con-
ception. Protein expression levels of 11 B-hydrox-
ysteroid dehydrogenase 2 (118-HSD2), glucocorti-
coid receptor, vascular endothelial growth factor A
(VEGF-A), placental growth factor (PIGF), and sFlt-1
in placental tissues were measured by western
blotting. Cytokeratin (CK) and laminin (LN) in tro-
phoblasts, and a-actin in vascular smooth muscle
of the spiral arteries of pregnant rats after the sys-
temic cold treatment were assessed by immunoflu-
orescence and visualized by fluorescent microsco-
py. To test the effect of 113-HSD2 levels on the pla-
cental recasting, human first-trimester extravillous
trophoblast cells (HTR8/SVneo) underwent knock-
down using specific 118-HSD2 siRNA constructs.
Expression levels of 113-HSD2 were analyzed by
quantitative real-time PCR (qPCR) and into HTR8
cells, and the expression levels of the 113-HSD2
gene in each group were measured using qPCR.
Cell migration and invasion was assessed by Tran-
swell migration assay, and sFlt-1 levels in HTR8
cells were measured by ELISA.
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RESULTS: CE pre-conception led to consistent-
ly increasing serum corticosterone and sFlt-1 levels
throughout pregnancy, and persistently increased
diastolic blood pressure (DBP) in rat CE model
compared to control animals. CE during the second
week of gestation (Gp.3) was associated with sig-
nificantly lower placental weight (p=0.0003). Cold
exposure in the third week (Gp.4) was associated
with significantly (p=0.001) lower fetal weight. CE
pre-conception was associated with significantly
decreased placental levels of 113-HSD2, glucocor-
ticoid receptor, VEGF-A, PIGF, and sFlt-1 proteins
and a-actin compared to the control group. Silenc-
ing 118-HSD2 by siRNA led to reduced cell migra-
tions and invasion, and markedly increased expres-
sion levels of sFlt-1 in HTR8/SVneo cells (p<0.05).

CONCLUSIONS: Pre-conception cold ex-
posure and during early pregnancy leads to
increased GCs levels and impaired placental
11B-HSD2 activity. We suggest that the sub-
sequent 11B-HSD2-induced increase in the
sFlt-1expression during early pregnancy may af-
fect placental vascular remodeling and change
placental morphological structure and function.
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Introduction

Exposure to certain environmental factors
during critical periods of development can affect
the long-term health of the offspring'. Numerous
studies®* focused on the relationship between
poor intrauterine environment and long-term ad-
verse cardiovascular, metabolic, endocrine, and
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neurological outcomes in offspring, and the crit-
ical role played by stress-induced changes in the
shape and function of the placenta.

Glucocorticoids (GCs) are a class of lipophilic
steroid hormones that are regulated by the hypo-
thalamic-pituitary-adrenal axis (HPA) and can
rise sharply in stress conditions. In most mam-
mals, the concentration of fetal plasma GCs can
show a physiological exponential rise close to the
time of delivery and can bind to intracytoplasmic
receptors to form a complex in the nucleus™®. GCs
play an important regulatory role in the develop-
ment, growth, metabolism and immune function
of the body”®. Studies”!° show that the physio-
logical surge of GCs that occurs near delivery is
critical for the spontaneous adaptive adjustment
of the fetus from the intrauterine environment to
the external environment. Clinically, for pregnant
mothers with a threatened preterm birth before 35
weeks of gestation, the use of dexamethasone or
betamethasone can promote fetal maturation, giv-
ing neonatologists valuable treatment opportuni-
ties to improve the prognosis of premature infants
significantly. Moreover, late-pregnancy hyper-
cortisolemia is associated with lower incidence of
postpartum depression and stress!'. Over the past
40 years, prenatal and postnatal GCs treatment
has significantly reduced morbidity and mortality
in preterm infants and is one of the best examples
of basic experimental clinical translation-guided
clinical practice.

Although GCs play an important role in the
fetal transition of newborns, early exposure to
high levels of GCs during pregnancy may have
a lasting negative impact on the development
and function of various fetal organs, leading to
altered physiological functions and, in some cas-
es, pathology'?. 11 B-hydroxysteroid dehydroge-
nase 2 (11B-HSD2) is an enzyme that degrades
endogenous GCs. Some studies'*!* have found
that 11B-HSD2 is abundantly expressed on the fe-
tal surface of the placenta and in the fetal brain,
forming a barrier that converts biologically active
GCs into 17-hydroxy-11-dehydrocorticosterone
and inactivates it. Due to this degradation by the
placental 113-HSD2 barrier, the levels of GCs that
normally reach the fetus are only 3-10% of the to-
tal GCs in the maternal circulation'® (Supplemen-
tary Figure 1). Previous studies'® have shown
that pregnancy complications associated with
placental perfusion disorders, such as pre-ec-
lampsia (PE) and fetal growth restriction (FGR),
are associated with reduced levels of placental
11B-HSD2. Recent animal model and human
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studies' explored the connection between mater-
nal stress and the levels of 113-HSD2 and showed
that maternal stress itself may affect the expres-
sion of this enzyme as a protective measure for
the fetus. Moreover, maternal physiological stress
during pregnancy is associated with lower pla-
cental 11B-HSD2 expression, leading to increased
cortisol reactivity in the offspring'®. We aimed to
test whether the stress of cold exposure before and
during early pregnancy may cause fetal overexpo-
sure to active GCs by stimulating maternal GCs
and downregulating the expression of 113-HSD2
protein in placental trophoblasts, changing their
invasion capacity and affecting the expression of
placental vascular factors.

Materials and Methods

Animal Models and Ethics

Fifty-four 6-week-old SPF-grade SD rats were
used in this study. For establishing the cold expo-
sure model, 30 rats (20 female rats and 10 male
rats), provided by the Hangzhou Medical College,
license number: SCXK (Zhejiang) 2019-0002, un-
derwent two weeks of adaptive feeding, and then
allocated according to the random number table
method. Rats were divided into 5 groups (Gp.1-5),
6 animals in each group (4 females and 2 males)
with a female to male ratio of 2:1. Gp.1: cold ex-
posure (CE) preconception; Gp.2: CE during
the first week of pregnancy; Gp.3: CE during
the second week of pregnancy; Gp.4: CE during
the third week of pregnancy; Gp.5: control (no
CE). Microscopic analysis of the female vaginal
smear confirmed the presence of sperm and was
set as gestational day (GD) 0. As shown in Figure
1, according to different groups, rats lived for one
week in an artificial climate box set to 8°C cold
exposure during different periods before and after
the conception. Animals in Gp.5 were used as the
control group, with no cold exposure throughout
the gestational cycle. Changes in physiological
indicators throughout pregnancy were observed
in different groups, from GD 0 to day 19.5. Food
intake of females was observed every two days
and blood pressure (BP) measurements were per-
formed on all rats by a noninvasive tail sleeve sys-
tem. Serum cortisol and soluble fms-like tyrosine
kinase-1 (sFlt-1) expression levels, physiological
index changes (food intake, body weight change
and blood pressure), and pregnancy outcomes (fe-
tal rat weight, number of live fetal rats, and pla-
cental weight) were collected in pregnant rats in
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Figure 1. Rats were grouped according to different timing of cold exposure (8°C). Gp.1: cold exposure before conception,
Gp.2: cold exposure in the first week after conception, Gp.3: cold exposure in 2"-week post-conception, Gp.4: cold exposure in
3rd-week post-conception, and Gp.5: control group without cold exposure. The first day of the vaginal plug was defined as GDO
(gestation day). Serum cortisol and sFlt-1 expression levels, physiological index changes (food intake, body weight change and
blood pressure) and pregnancy outcomes (fetal rat weight, number of live fetal rats and placental weight) were collected in
pregnant rats in first (GD 7.5), second (GD 13.5) and third (GD 19.5) week after the conception.

the first (GD 7.5), second (GD 13.5) and third (GD
19.5) week after the conception.

Animals were then sacrificed with deep anes-
thesia, and the weight of each placenta and new-
born was measured.

In further experiments, twenty-four rats (16
females and 8 males) were divided into 4 groups
according to the random number table method,
with a female-to-male ratio of 2:1, 4 female rats
per group (Figure 2). Rats of different sexes were
grouped according to whether they lived in an
artificial climate chamber at 8°C, 1 week before
conception. At 7.5 days post-conception, animals

were then sacrificed with deep anesthesia, and the
placentas of female rats were taken.

All animal procedures were carried out in ac-
cordance with the guidelines for the use of labo-
ratory animals published by the People’s Republic
of China Ministry of Health (January 25, 1998)
with the approval of the Ethics Committee of the
Fujian Provincial Maternity and Children’s Hos-
pital (2021KD).

Blood Pressure Measurement

The pulse pressure sleeve of the sphygmoma-
nometer was placed on the proximal end of the
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Figure 2. Rats were grouped based on the pre-conception exposure to cold. The blue color of the animal in the picture indi-
cates that it lived in an artificial climate chamber at 8°C one week before conception. A female-to-male ratio was 2:1, with 4
female rats per group. The first day of the vaginal plug was defined as gestation day (GD) 0. Placenta detection indicators of

pregnant rats were taken at GD7.5.

rat’s tail, the high-sensitivity pulse transducer was
placed in the upper third of the tail, and the sur-
face of the transducer was aligned with the ven-
tral side of the tail and fixed with a nylon buckle.
After acclimatizing the animal, the sensitivity of
the amplifier was adjusted to make the pulse wave
large enough, and an inflatable balloon was used
to increase the pressure in the pressure sleeve until
the pulse wave completely disappeared. Pressure
in the pressure sleeve was then slowly reduced.
The height of the pressure curve corresponding
to the first wave peak indicated the systolic blood
pressure (BP) of the animal. The secondary wave
peak indicated diastolic BP.

Immunofiuorescence Analysis

On GD 20.5, rat placentas were retrieved from
dams. The tissues were then fixed overnight at
4°C in 10% buffered formalin. Tissues that had
been processed were embedded in paraffin. Each
uteroplacental unit had serial pieces (5 m) cut out
of it. The dehydrated placenta samples were par-
affin-embedded and cooled at room temperature.
Paraffin sections (5 um) were prepared, dewaxed,
and incubated in sodium citrate buffer (pH 6.0)
for 10 min, boiled for 30 minutes and then cooled
naturally at room temperature for antigen re-
trieval. After blocking in 3% H,O,, the slides
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were incubated overnight at 4°C with cytokeratin

(CK) (1:200; Bioss, bs-10739R) and anti-laminin
antibody (LN) (1:200; Bioss, bs-0821R) and an-
ti-o-actin antibody (1:200; Proteintech, 23660-1-
AP). After three washes with phosphate buffered
saline (PBS), the slides were incubated with Co-
ralite 488-conjugated Affinipure goat anti-rabbit
IgG (H+L) (1:1,000; Proteintech, SA00013-2) for
1 h at room temperature, protected from light,
mounted and observed under a fluorescence in-
verted microscope (NIKON, Japan, Ts2-FL).

Western Blot Analysis

Placental tissue from each group was ground
in a 1.5 mL centrifuge tube, lysed by shock lysis
in the Radio-Immunoprecipitation Assay (RIPA)
(Meilun Biotechnology, Dalian, China, MAO151),
and the protein concentration was determined us-
ing the Bicinchoninic acid (BCA) protein assay
(Thermo Fisher Scientific, Waltham, MA, USA).
Proteins were then separated by SDS-PAGE (Mei-
lun Biotechnology, MA0382), transferred to the
nitrocellulose membrane (Merck, HATF0010),
and blocked in a 5% BSA blocking solution for
1 hour. Membranes were incubated with the cor-
responding primary antibody overnight at 4°C,
with agitation, followed by 1 h incubation with
the horse radish peroxidase (HRP)-conjugated
secondary antibody in the dark. Proteins were
visualized using an enhanced chemilumines-
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cence (ECL) kit (Pierce Chemical, USA). Image
J software (National Institutes of Health, Bethes-
da, MA, USA) was used for image analysis, and
Prism (GraphPad Software, San Diego, CA, USA)
was used for statistics.

All the following antibodies were purchased
from Proteintech (Chicago, IL, USA) 113-HSD2
(1:2000, Proteintech, 14192-1-AP) and Glucocor-
ticoid receptor (1:4000, Proteintech, 24050-1-AP).
vascular endothelial growth factor (VEGF)-A
(1:2000, Proteintech, 19003-1-AP), Placental
growth factor (PIGF) (1:1500, Proteintech, 10642-
1-AP), sFlt-1 (1:1500, Proteintech, 13687-1-AP),
Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:10000, Proteintech, 60004-1-Ig).
Secondary antibodies were labeled with horse-
radish peroxidase goat anti-mouse IgG (1:8000,
SA00001-1, Proteintech) and goat anti-rabbit [gG
(1:8000, SA00001-2, Proteintech).

Trophoblast Migration,
Invasion Assessment

Human first-trimester extravillous trophoblast
cells (HTR8/SVneo) cells, an extravillous cy-
totrophoblasts (EVT) cell line, was received as a
gift from Prof. Charles H. Graham (Queen’s Uni-
versity, Canada). Cells were cultured in Dulbec-
co’s Modified Eagle Medium (DMEM) high-glu-
cose complete medium supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, all purchased from
Thermo Fisher Scientific, Waltham, MA, USA) at
37°C, 5% CO,, saturated humidity. The migration
properties of cells were examined using a 24-well
migration chamber (Corning, NY, USA) accord-
ing to the manufacturer’s instructions. Briefly,

Table I. Sequence of siRNA constructs.

cells were seeded into the top chamber and al-
lowed to migrate to the bottom chamber contain-
ing cortisol-supplemented medium (1 nm). After
24 h of incubation, cells that moved to the under-
side of the membrane were stained with DAPI
(Beyotime Biotechnology, Shanghai, China). The
number of cells on the membrane was counted at
%200 magnification and averaged from three ran-
dom microscopic fields.

Invasive properties were assessed by the abili-
ty of cells to digest and invade the Matrigel-coat-
ed 8-pum-pore size polycarbonate membrane
Transwell insert (Corning-Costar, Corning, NY,
USA). Briefly, HTR8 cells were seeded onto the
insert and treated with corticosterone (I nm) for
24 hours. A cotton swab was used to scrape off the
non-invasive cells on top of the filter, and the cells
were collected and stored at -80°C and stained
with DAPI for microscopic analysis. Invading
cells were quantified at X200 magnification from
three random fields under the microscope.

RNA Interferences

The siRNAs for 113-HSD2 were designed for
and synthesized by AnburuiBD (Fuzhou, China).
Control siRNA was a scrambled sequence with-
out any specific target (Table I).

HTR8/SVneo cells were plated on 24-well
plates and cultured for 48 h. Cells were then trans-
fected with 5uLsiRNA using Lipofectamine®
3000 Transfection Kit (Invitrogen, Waltham,
MA, USA) following the manufacturer’s instruc-
tions. After 48-72 h, cells were harvested, and the
efficiency of RNA interference was determined
by western blotting using 11B-HSD2 antibody
(1:2000, Proteintech, 14192-1-AP).

siRNA Name Sequence (5'to 3’) Length Modification
. AGACAGAGUCAGUGAGAAATT 21 RNA
HSDIB2 (human) siRNA-925 UUUCUCACUGACUCUGUCUTT 21 RNA
. GACCAAACCAGGAGACAUUTT 21 RNA
HSDIIB2 (human) siRNA- 545 AAUGUCUCCUGGUUUGGUCTT 21 RNA
. GCAAGGAGACGGCCAAGAATT 21 RNA
HSDIIB2 (human) siRNA-412 UUCUUGGCCGUCUCCUUGCTT 21 RNA
Negative control (NC) UUCUCCGAACGUGUCACGUTT 21 RNA
gattv ACGUGACACGUUCGGAGAATT 21 RNA

. UUCUCCGAACGUGUCACGUTT 21 5°6-FAM, RNA
FAM Negative control (NC) ACGUGACACGUUCGGAGAATT 21 RNA
GUAUGACAACAGCCUCAAGTT 21 RNA
(human GAPDH) CUUGAGGCUGUUGUCAUACTT 21 RNA

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Quantitative Real-Time-PCR

Expression of 11B-HSD2 was analyzed by
quantitative real-time PCR (qPCR). Briefly, to-
tal RNA was isolated from the cells using 1 mL
RNAiso Plus (TaKaRa, 9019, Kusatsu, Japan) ac-
cording to the manufacturer’s instructions. One
microgram of total RNA was reverse transcribed
in a volume of 20 pl with the NovoScript® Plus 1%
Strand cDNA Synthesis SuperMix (Novoprotein,
Beijing, China, E047-01B). GAPDH expression
was used as a control.

The primers used are as follows:

GAPDH Forward: 5-GGTGTGAACCAT-
GAGAAGTATGA-3’; Reverse: 5’-GAGTCCTTC-
CACGATACCAAAG-3.

11B-HSD2 Forward: 5’-GTCAGTGG-
GAAAAGCGCAAG-3’;  Reverse: 5’-CTA-
CAACTGGGGTGAGGTCG-3'.

The temperature range to detect the melting
temperature of the PCR product was set from
60°C to 95°C. The specificity of PCR products
was examined by melting curve at the end of the
amplification and subsequent sequencing. To de-
termine the relative quantitation of gene expres-
sion for both /15-HSD2 and GAPDH genes, the
comparative Ct (threshold cycle) method with
arithmetic formulae (2—AACt) was used.

Matrigel Assay

Cells were plated onto the Matrigel-coated
8-um-pore size polycarbonate membrane Tran-
swell inserts and transfected with the appropriate
siRNA constructs as described above. When the
density of cells transfected with siRNA reached
60%, cells were treated with 1 nm cortisol for 24
h. The treated cells were counted, resuspended
in growth medium containing 10% FBS, 2 mM
L-glutamine, 1 mM sodium pyruvate, 100 U/
mL penicillin and 100 pg/mL streptomycin, and
transferred into the 24-well plate at the density of
1.1x10° cells per well. Three random photos were
taken per well after 6 h.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Specific ELISA (MEIMIAN, MM-1900H2)
kits were utilized to assess plasma levels of hu-
man soluble vascular endothelial growth factor
receptor 1 (sFlt-1) and corticosterone (CORT)
after the cold exposure. The ELISA test kit was
used to measure the quantity of sFlt-1 in the su-
pernatant of different groups of HTR&/SVneo
cells (Enzyme Exemption, BH-C236).
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Statistical Analysis

All data was expressed as means + SEM. Sta-
tistical analysis was done using IBM SPSS Sta-
tistics 22 (IBM Corp., Armonk, NY, USA). The
normal distribution was evaluated by the Shap-
iro-Wilk test. Statistical significance was deter-
mined based on the homogeneity of sample dis-
tribution and variance. A statistical comparison
between the two groups was determined by the
two-tailed Student’s #-test and the Mann-Whitney
U test. For multiple comparisons, the Bonferroni
post-hoc test, two-way ANOVA with a simple
effect test, Kruskal-Wallis test, and Dunn’s mul-
tiple comparison test were used. p<0.05 was con-
sidered statistically significant. No samples were
excluded from the analysis.

Results

Relationship Between Cold
Exposure and Physiological Indexes
During Pregnancy

The included rats (n=30, 20 females and 10
males) were divided into 5 groups, 6 animals in
each group, 4 females and 2 males (female to male
ratio of 2:1). Rats in Gp.l were treated with cold
exposure (CE) preconception; Gp.2 CE during
the first week of pregnancy; Gp.3 CE during the
second week of pregnancy; Gp.4 CE during the
third week of pregnancy, and Gp.5 contained
control (no CE) rats. The physiological indexes
of pregnant rats, as well as the levels of corti-
costerone and soluble fms-like tyrosine kinase-1
(sFlt-1, a truncated form of VEGF receptor), were
measured at different stages of pregnancy. The
results showed that cold exposure was not asso-
ciated with significant changes in systolic blood
pressure (SBP) in pregnant rats (Figure 3A). On
the other hand, the diastolic blood pressure (DBP)
of rats in Gp.l (pre-pregnancy cold exposure)
increased significantly compared to the control
group (Figure 3B), even after the cold exposure
was discontinued. Cold exposure was not associ-
ated with significant changes in the mean arterial
pressure (MAP) increased throughout pregnancy
(Figure 3C). The feed intake of pregnant rats de-
creased during cold exposure (Figure 4A), but the
difference was not statistically significant, and the
food intake recovered after cold exposure was re-
moved. There was no significant between-group
difference in gestational weight gain (Figure 4B)
and the number of live births (Figure 4C). Rats,
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Figure 3. Blood pressure changes in pregnant rats exposed to cold at different times (n=4). Microscopic examination of a
vaginal smear verified the presence of sperm in pregnant rats and determined the gestational day (GD) to be 0. Blood pressure
was measured from GD 0 to GD 19.5. A, Changes in SBP during pregnancy. B, Changes in DBP during pregnancy. C, Chang-
es in MAP during pregnancy. MAP: mean arterial pressure; DBP: diastolic blood pressure; SBP: systolic blood pressure;

MAP=(SBP+2xDBP)-3.

exposed to cold during the second week of ges-
tation (Gp.3) had significantly lower placental
weight (Figure 4D) compared to the control group
(p=0.0003). Cold exposure in the third week was
associated with significantly (p=0.001) lower fetal
weight (Figure 4E). There was a persistent effect
of cold exposure on serum corticosterone (Figure

4F) and sFlt-1 (Figure 4G) in pregnant rats, and
cold exposure pre-conception led to consistently
increasing serum corticosterone and sFlt-1 levels
throughout pregnancy (Table II). Even after dis-
continuing cold exposure, cortisol levels through-
out pregnancy were higher than in the control
group without cold exposure (Figure 4F-H).
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Figure 4. Changes in physiological markers were examined in various groups during pregnancy, from GD 0 to 19.5. A,
Changes in food intake during pregnancy. B, Changes in weight during pregnancy. C, Number of newborns. (D), Placenta
weight. E, Fetal weight. F, Corticosterone levels in maternal circulation. *Indicated compared to the control group (n=4,
*p<0.05). G, The levels of sFlt-1 in maternal circulation. H, Protein expression of 113-HSD2 compared to the blank control
group (n=4, *p<0.05). Gp.1: cold exposure before conception, Gp.2: cold exposure in the first week after conception, GP.3: cold
exposure in the second-week post-conception, Gp.4: cold exposure in the 3" week post-conception, and Gp.5: control group
without cold exposure. sFlt-1: Soluble fms-like tyrosine kinase-1, CORT: corticosterone.

Table Il. Maternal preconception cold exposure and expression of 113-HSD2 and vascular endothelial growth factors.

M-CE MF-CE F-CE Control p-value

Mean SD Mean SD Mean sD Mean SD
11B-HSD2 0.8179 0.0404  0.521 0.015 0.4575 0.0586  0.7061 0.0443 0.02*
GR 1.063 0.0328  0.613 0.0567 0.5171 0.0535  0.8976 0.0333 0.02*
VEGF-A 1.4636 0.0327  0.9512 0.0544 0.8768 0.0699  1.3253 0.0193 0.02*
PIGF 1.1224 0.04 0.7639 0.0531 0.69 0.0415 0976 0.043 0.03*
sFlt-1 1.179 0.0542  0.7053 0.057 0.6135 0.0518  0.9949 0.0596 0.02*

*p<0.05 defined as a significant difference.
11-hydroxysteroid dehydrogenase 2 (118-HSD2), Glucocorticoid receptor (GR), vascular endothelial growth factor (VEGF),
Placental growth factor (PIGF), Soluble fms-like tyrosine kinase-1 (sFlt-1).
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Paternal and Maternal Preconception
Cold Exposure Effect on the Placenta in
Early Pregnancy

Rats of different sexes were grouped based on
whether they had been exposed to the environ-
mental cold before conception. The first day of the
vaginal plug was defined as GDO (gestation day).
The placenta detection indicators of pregnant rats
were taken at GD 7.5 (Figure 5A). As shown in

Figure 5B and Table II, expression levels of 11-
HSD2, Glucocorticoid receptor, VEGF-A, PIGF,
and sFlt-1 proteins showed a significant down-
ward regulation trend in cold-exposure female
rats before pregnancy compared to no-cold-ex-
posed rats (n=3, *p<0.05). No significant changes
were observed in the male cold-exposure (M-CE)
group compared to no-cold-exposed rats (n=3,
p>0.05).
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Figure 5. Rats were grouped based on the pre-conception exposure to cold. All rats were kept at 25°C after conception. Pla-
cental levels of 113-HSD2, glucocorticoid receptor, VEGF-A, PIGF, and sFLT-1 were measured at GD 7.5. * A. Western blot
analysis of placental proteins; B. Quantification of the placental levels of 113-HSD2, GR, VEGF-A, PIGF, and sFLT-1. *Indi-
cates significant difference (p<0.05). 113-HSD2: 11 B-hydroxysteroid dehydrogenase 2; VEGF: vascular endothelial growth
factor; PIGF: Placental growth factor; sFlt-1: Soluble fms-like tyrosine kinase-1.
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Immunofiuorescent Detection
of Cytokeratin, Laminin and a-Actin
in Placental Tissue in the First Week
of Pregnancy

Animals in female cold exposure (F-CE) and
male cold exposure (M-CE) groups were exposed
to cold for 7 days before initiating a mating. All
rats were kept at 25°C after the treatment. CK and
LN of trophoblasts, and a-actin in vascular smooth
muscle of the spiral arteries of pregnant rats af-
ter the systemic cold treatment were assessed by
immunofluorescent and visualized by fluorescent
microscopy at x200 magnification. The results of
immunofluorescent staining showed that the ex-
pression of CK and LN in female rats who ex-
perienced cold exposure before conception was
reduced, but there was no significant difference
compared to the control group without cold ex-
posure. The expression of a-actin in female rats
experiencing cold exposure before conception
was significantly reduced compared to that in the
control group (n=8, *p<0.05). No difference was
detected when male rats were exposed to cold
(Supplementary Figure 2).

11B-HSDZ2 Levels Affect the Placental
Recasting Process

Three siRNA constructs (412, 545, and 925)
were transfected into HTRS cells, and the expres-
sion levels of the 71-HSD2 gene in each group
were measured using qPCR. The results indicated
that transfection with all three siRNA significant-
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Figure 6. 115-HSD?2 gene significantly reduced by trans-
fecting with siRNA (p<0.05). *Indicated compared to
HTRS group.
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ly decreased the expression of the 1/5-HSD2 gene
(p<0.05). Of the constructs used, the 412 siRNA
was the most effective and was subsequently used
for further experiments (Figure 6).

We examined the number of migrating and in-
vading HTRS cells in the control siRNA group
and in cells transfected with the 11-HSD2 siR-
NA using the Transwell migration assay (Figure
7A). Cell migrations and invasion were consider-
ably reduced in the 113-HSD2 siRNA experimen-
tal group compared to the control siRNA group
(p<0.05) (Figure 7B).

Expression levels of sFlt-1 protein in each
group were measured by ELISA. The experimen-
tal results showed that the levels of sFlt-1 protein
in the transfection group were significantly higher
than those in the control group (p<0.05). This re-
sult indicates that transfection by siRNA plasmids
enables upregulation of sFIt-1 protein expression
(Figure 8).

Discussion

In this study, we demonstrated for the first time
that environmental cold exposure before concep-
tion is associated with an increase in GCs during
pregnancy. In addition, using cultured human
placental trophoblasts, we showed that reducing
11B-HSD2 levels correlated with sFlt-1 upregu-
lation, which can potentially lead to inadequate
trophoblast infiltration, placental abnormalities,
and decreased placental blood flow in early preg-
nancy. Our study found that the downregulation
of 11B-HSD2 can significantly inhibit migration
and invasion capacity of trophoblasts, promote
the release of sFlt-1, and thus inhibit the forma-
tion of placental blood vessels. These data strong-
ly indicate that environmental cold exposure be-
fore conception plays a critical role in placental
angiogenesis, possibly through a mechanism that
involves GC-induced dysregulation of placental
118-HSD2.

Environmental Stress Exposure
and Abnormal Placental Vascular
Remodeling

The placenta is a highly vascularized organ.
New blood vessels are formed by the budding of
the capillaries from the original blood vessels,
ensuring the increased maternal and fetal oxygen
supply demands. This formation and development
of blood vessels is the premise for ensuring the
proper function of the placenta. Helical arteries
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Figure 7. Migration and invasion of cells with 113-HSD2 expression reduced by siRNA treatment. Cells were visualized at
%200 magnification. A. Transwell migration and invasion assay; B. Quantitative analysis of cell migration and invasion. *In-

dicated compared to the control siRNA group (p<0.05).

complete placental vascular recasting through
dilation, degradation of elastin, and destruction
of vascular smooth muscle cells (VSMC). In
this process, the elastic layer of vascular smooth
muscle is replaced by an inert fibrous substance,
transforming the spiral artery of the decidua and
part of the myometrium into a relaxed, low-resis-
tance, high-throughput uterine-placental artery.
Vascular recasting results in a 4-6-fold increase
in the diameter of the uterine spiral that ensures
unimpeded blood flow and sufficient exchange
of oxygen and other key molecules between the
maternal and fetal circulation'. Vascular endo-
thelial growth factors are pro-angiogenic factors
that play an important role in the placental vas-
cular recasting process. Among them, VEGF-A,
VEGEF-B and PIGF bind to VEGFR1 (Flt-1), which
is expressed on trophoblasts to induce trophoblast
invasion and spiral artery recasting. Abnormal-
ities in the spiral artery recasting process can
lead to a range of placenta-mediated pregnancy
complications (PMPC), including recurrent mis-
carriage, fetal growth restriction, and preeclamp-
sia?®. Pathological biopsy of placental specimens
in PE patients showed that the uterine spiral ar-
tery vascular recasting was superficial, limited to
the decidua layer, and the proximal segment of the
spiral artery was narrowed, with an average di-
ameter of only 200 pm. Placental vascular recast-
ing in normal pregnancy involves the superficial
myometrium with an average lumen diameter of
500 microns?'.

Pregnant women with underlying diseases
and pathological conditions, including hyper-
tension, kidney disease, diabetes, autoimmune
diseases such as systemic lupus erythematosus,
antiphospholipid syndrome, etc., are at higher
risk of developing PE. Studies have shown that
more than 40% of patients with PE have mater-
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Figure 8. Expression levels of sFlt-1 protein. HTR8 cells
were transfected with 113-HSD2 siRNA or control siRNA,
and the levels of sFlt-1 protein were assessed by ELISA;
p<0.05. * Indicates significant difference (p<0.05).
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nal underlying pathological conditions that are
associated with an early onset, a high incidence
of severe disease, and an early gestational age®.
Therefore, comprehensive assessment of high-
risk factors for PE and effective management of
controllable risk factors during early pregnancy
or at the first diagnosis have always been import-
ant elements of PE prevention and treatment. The
first trimester is a critical period for placental for-
mation and completion of the vascular recasting
process. Different stressors, such as malnutrition
or hypoxia and external environmental stimuli,
may alter the placental morphological structure
to varying degrees, thereby affecting the trans-
port of placental nutrients and metabolic waste,
hormone secretion, and barrier function, and this
effect may last throughout pregnancy. Previous
studies® linked maternal exposure to cold spells
(in regions where cold months may account for
over half of a year, such as Eastern Europe and
China) in certain periods of pregnancy to in-
creased risk of developing diabetes mellitus in the
offspring. A recent study?* of more than 2 million
pregnant women also showed that exposure to
extreme cold preconception (12 weeks) increases
the risk of PE and this risk decreases with increas-
ing temperature. Our study also shows that cold
exposure before conception and early pregnancy
has a persistent effect on the BP of the animal
model, suggesting that some adverse stressors of
the external environment before conception and
early pregnancy can affect placental function
through the regulation of the placental vascular
recasting process, and even lead to placenta-de-
rived pregnancy complications and further affect
the intrauterine environment. Our results showed
that cold exposure at the second and third weeks
of pregnancy led to significantly lower placental
and fetal weights, respectively, in the rat model
of cold exposure. We also showed a decreased
number of CK-positive infiltrating trophoblast
cells and reduced a-actin staining in the vascular
smooth muscle of female rats exposed to cold be-
fore conception. These results indicated that cold
exposure of female rats before conception could
affect the migration and invasion behavior of pla-
cental trophoblasts in early pregnancy.

Glucocorticoids Affect the Expression
of Placental 11B-HSD2

Glucocorticoids (GCs) are important steroid
hormones produced in response to stress. GCs are
regulated by the hypothalamic-pituitary-adrenal
axis (HPA) and play a key role in many physio-
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logical processes of the body. There is increasing
evidence®® of the inhibitory effect of GCs on an-
giogenesis that is widely used in the treatment of
prostate cancer, corneal neovascularization, car-
diovascular disease, and nephropathy. Studies®
in pregnant rats also showed that the placental
area was reduced in animals treated with dexa-
methasone injection between the 16" and 20™
day of gestation compared to the control group,
suggesting that excess maternal exposure to GC
inhibits the growth and development of placental
vessels in rats. Therefore, it is plausible that ele-
vated maternal GC levels due to the stress of cold
stimulation before conception may cause placen-
tal vascular recasting abnormalities by inhibiting
VEGFs, thereby affecting placental function. The
results of our study suggest that cold exposure
stimulation in female rats before conception and
in early pregnancy can be manifested as a con-
tinuous increase in GCs and sFlt-1 levels during
pregnancy, and decreased expression of VEGF-A
and PIGF. These changes may result in placental
vascular recasting disorders in early pregnancy
and a continuous increase in diastolic blood pres-
sure throughout pregnancy, even after cold stim-
ulation is stopped.

11B-HSDZ2 Levels Affect the Placental
Vascular Remodeling Process

Elevated GCs in early pregnancy affect pla-
cental growth by inhibiting placental vasculariza-
tion and may affect placental function by reduc-
ing the expression and activity of 113-HSD2 in
the trophoblasts. A study' showed that pregnant
women with severe anxiety had significantly ele-
vated levels of GCs in amniotic fluid compared to
mothers with mild anxiety, and these levels neg-
atively correlated with the placental 113-HSD2
mRNA expression and activity. Animal studies®
have found that subcutaneous injection or placen-
ta-targeted administration of the 113-HSD2 in-
hibitor carbenoxolone (CBX) in pregnant rats can
lead to inhibition and decreased activity of pla-
cental 11B-HSD2 expression, and increased levels
of placental and fetal circulating GCs. This led
to characteristic signs of PE in pregnant rats, in-
cluding hypertension, proteinuria, and renal dam-
age. In addition, postpartum placental pathology
in patients with fetal growth restriction (FGR)
shows decreased expression of 11-HSD2 with
hypermethylation of the promoter encoding the
11B-HSD-2 protein gene?’. These results suggest-
ed that the regulation of placental 113-HSD2 ex-
pression affected placental function and that this
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effect was mediated by the increased expression
of GCs as a response to adverse environmental
stress. In our study, siRNA (412) effectively in-
hibited the expression level of the /15-HSD2 gene
in trophoblast cells, inhibited cell invasion and
migration, effectively increased the expression
level of human sFlt-1 protein, and greatly reduced
blood vessel formation.

A limitation of this study is that the mechanism
by which decreased expression of 11B-HSD2 pro-
motes sFlt-1 protein expression was not identified.
It is well known that an imbalance of placental
growth factor (PLGF) and anti-angiogenic sFlt-1
in the circulatory system play a main role in the
pathogenesis of placental dysfunction. However,
the mechanism of GC regulating the expression
of vasoactive factors in trophoblast cells needs to
be further studied. In addition, the dynamic and
delicate interaction between various cells of the
maternal-fetal interface microenvironment, in-
cluding trophoblast cells, decidua cells, vascular
endothelial cells, vascular smooth muscle cells,
as well as a variety of immune cells, ensures the
smooth completion of the recasting process. GCs
have an important regulatory effect on immuni-
ty, and elevated maternal GCs signaling in early
pregnancy may also affect the placental vascular
recasting process by affecting the maternal-fetal
immune microenvironment. Studies* have shown
that T cell infiltration and angiogenesis occur si-
multaneously, and PLGF is not only produced by
T helper cells 17 (TH17), but also induces their
differentiation. This suggests a correlation be-
tween angiogenesis and regulation of immune
function, which needs to be further studied.

Conclusions

In conclusion, our study has proved that cold
exposure can cause increased levels of GCs
and downregulation of 113-HSD2 in the preg-
nant rat model. Reduced expression of placental
11B-HSD2 can lead to impaired extravillous tro-
phoblast migration and invasion and increased
levels of sFlt-1, inhibiting the formation of pla-
cental blood vessels. This may affect the placen-
tal vascular recasting process to varying degrees
in early pregnancy and change the placental mor-
phological structure and function (Supplementa-
ry Figure 1). Therefore, our findings provide in
vivo evidence that reducing adverse internal and
external environmental stress plays a key role in
the pathogenesis of PE.
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