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Dexamethasone induces an imbalanced
fetal-placental-maternal bile acid
circulation: involvement of placental
transporters
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Abstract

Background: The use of prenatal dexamethasone remains controversial. Our recent studies found that prenatal
dexamethasone exposure can induce maternal intrahepatic cholestasis and have a lasting adverse influence on bile
acid (BA) metabolism in the offspring. The purpose of this study was to investigate the effects of dexamethasone
on fetal-placental-maternal BA circulation during the intrauterine period, as well as its placental mechanism.

Methods: Clinical data and human placentas were collected and analyzed. Pregnant Wistar rats were injected
subcutaneously with dexamethasone (0.2 mg/kg per day) from gestational day 9 to 20. The metabolomic spectra of BAs
in maternal and fetal rat serum were determined by LC-MS. Human and rat placentas were collected for histological and
gene expression analysis. BeWo human placental cell line was treated with dexamethasone (20-500 nM).

Results: Human male neonates born after prenatal dexamethasone treatment showed an increased serum BA level while
no significant change was observed in females. Moreover, the expression of organic anion transporter polypeptide-related
protein 2B1 (OATP2B1) and breast cancer resistance protein (BCRP) in the male neonates’ placenta was decreased, while
multidrug resistance-associated protein 4 (MRP4) was upregulated. In experimental rats, dexamethasone increased male
but decreased female fetal serum total bile acid (TBA) level. LC-MS revealed that primary BAs were the major component
that increased in both male and female fetal serum, and all kinds of BAs were significantly increased in maternal serum.
The expression of Oatp2b1 and Bcrp were reduced, while Mrp4 expression was increased in the dexamethasone-treated
rat placentas. Moreover, dexamethasone increased glucocorticoid receptor (GR) expression and decreased farnesoid X
receptor (FXR) expression in the rat placenta. In BeWo cells, dexamethasone induced GR translocation into the nucleus;
decreased FXR, OATP2B1, and BCRP expression; and increased MRP4 expression. Furthermore, GR was verified to mediate
the downregulation of OATP2B1, while FXR mediated dexamethasone-altered expression of BCRP and MRP4.
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Conclusions: By affecting placental BA transporters, dexamethasone induces an imbalanced fetal-placental-maternal BA
circulation, as showed by the increase of primary BA levels in the fetal serum. This study provides an important
experimental and theoretical basis for elucidating the mechanism of dexamethasone-induced alteration of maternal and
fetal BA metabolism and for exploring early prevention and treatment strategies.
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Background
Bile acids (BAs) are physiological cholesterol-derived
agents for hydrophobic compound excretion and fat ab-
sorption. They can also serve as important signal mole-
cules to maintain the balance of glucose, lipid, and
energy metabolism in the body [1]. In utero, BAs can
also promote the proliferation of hematopoietic stem
cells to maintain the development of the fetal liver [2].
Hydrophobic BAs are also called toxic BAs, which
mainly refer to the primary unconjugated BAs, such as
cholic acid (CA), chenodeoxycholic acid (CDCA), and
muricholic acid (MCA). Toxic BAs can disrupt the in-
tegrity of cell membranes by their detergent effect on
lipid components. Studies found that high BA levels can
cause oxidative damage and apoptosis in the placenta
and fetal liver [3, 4] due to their detergent properties.
An epidemiological study has shown that fetuses of
women with intrahepatic cholestasis during pregnancy
are exposed to high intrauterine BA levels and are at an
increased risk of obesity and abnormal lipid metabolism
as adults [5]. Therefore, normal BA concentration is cru-
cial for maternal health and offspring’s development.
The fetal liver is known to synthesize primary uncon-
jugated BAs. Differently from the adults, BAs are synthe-
sized in the fetal liver via the alternative pathway
mediated by cholesterol 27a-hydroxylase (CYP27A1l),
while cholesterol 7a-hydroxylase (CYP7A1) activity is
undetectable in fetuses less than 30 weeks of gestation
[6]. Unconjugated BAs are then combined with taurine
by hepatic bile acid-CoA ligase (BACL) (encoded by
Slc27a5) to form a variety of conjugated BAs, increasing
their water solubility and excretion [7]. Due to the im-
maturity of the fetal liver and the lack of intestinal
microflora [8, 9], the entero-hepatic circulation of
BAs is absent in the fetus, and the metabolic process
of BAs is incomplete. Thus, primary BAs are predom-
inant components in fetal BA pool and are trans-
ferred to the mother across the placenta and
converted into secondary BAs under the maternal in-
testinal microflora [10, 11]. Some researchers have
found that the secondary BAs in the maternal circula-
tion can be transported back to the fetus through the
placenta [12]. Therefore, fetal blood BA levels are
maintained by the physiological “fetal-placental-mater-
nal BA circulation.”

The placenta is an important organ for the exchange of
BAs between the maternal and fetal blood, and an im-
paired placental BA transportation has been found to con-
tribute to imbalanced fetal blood BAs [13]. A variety of
BA transporters and related nuclear receptors with regula-
tory effects have been identified on the placenta [14, 15].
For example, the organic anion transporter peptides 2B1
(OATP2B1) was identified in the fetal- (basal) facing
trophoblast plasma membrane (bTPM) where it mediates
the uptake of BAs from fetal serum in an acidic environ-
ment [16, 17], and the expression of Oatp2bl in rat pla-
centa increases with gestation [18]. Breast cancer
resistance protein (BCRP), as one of the important ABC
pumps in the placenta, plays a crucial role in the excretion
of BAs into the maternal circulation [19]. Additionally,
multidrug resistance-associated protein 4 (MPR4) can
favor BA flow from the mother to the fetus under the ma-
ternal cholestatic condition [11]. Nuclear receptors are
known to regulate the BA metabolism in the organism
[20, 21]. Investigators have confirmed the expression of
several important nuclear receptors in the rat and human
placenta, such as the farnesoid X receptor (FXR) [22, 23].

Dexamethasone, as a synthetic glucocorticoid, is
widely used in the case of threatened preterm labor to
promote fetal lung maturation and reduce premature in-
fant mortality. A survey conducted by the World Health
Organization (WHO), including 29 countries in Africa,
Asia, Latin America, and the Middle East, showed that
an average of 54% of pregnancies received synthetic
glucocorticoid treatment, up to 94% [24]. However, the
use of prenatal dexamethasone remains controversial.
An increasing number of studies have confirmed that
prenatal dexamethasone administration reduces fetal
birth weight [25] and induces developmental toxicity
and related diseases in various organs in adult offspring
[26-28]. A previous clinical study found that dexa-
methasone treatment for premature labor can increase
BA synthesis rate in neonates [29]. Our recent series of
animal studies have shown that prenatal dexamethasone
exposure (PDE) can induce maternal intrahepatic chole-
stasis and have a lasting adverse influence on BA metab-
olism in the offspring [30, 31]. These studies indicate
that PDE can alter BA metabolism in the maternal and
fetal circulation. However, little is known about the
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effects of prenatal dexamethasone on the fetal-placental-
maternal BA circulation.

In this study, we aimed to verify the effects of PDE on
the fetal-placental-maternal BA circulation both in
humans and rats and identify the key factors contributing
to the imbalanced BA circulation. Because of the essential
role of the placenta in the exchange of BAs between the
mother and fetus, this study further illustrates the effect
and mechanism of the placenta in the PDE-altered fetal-
placental-maternal BA circulation. This study provides a
theoretical and experimental basis for the rational applica-
tion of dexamethasone during pregnancy.

Methods

Drugs and reagents

Dexamethasone (No. H42020019) was purchased from
Shuanghe Pharmaceutical Co., Ltd. (Wuhan, China). Isoflur-
ane was obtained from Baxter Healthcare Co., Ltd. (Deer-
field, IL, USA). Total bile acid (TBA) assay kit was purchased
from Jiancheng Bioengineering Institute (Nanjing, China).
Dulbecco’s modified eagle medium (DMEM) and fetal bo-
vine serum (FBS) were supplied by Gibco (St. Louis, MO,
USA). Reverse transcription kits and real-time quantitative
polymerase chain reaction (RT-qPCR) kits (Q223) were pur-
chased from Takara Biotech Co., Ltd. (Dalian, China), and
primers were synthesized by Sangon Biotech Co. Ltd.
(Shanghai, China). Primary antibodies including farnesoid X
receptor (FXR) (sc-25309), glucocorticoid receptor (GR) (sc-
56851), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (sc-47724) were purchased from Santa Cruz Bio-
tech Co., Ltd. (Santa Cruz, USA); organic anion transporter
polypeptide-related protein 2bl (SLCO2B1) (abs124881a),
breast cancer resistance protein (BCRP) (abs102521), and
multidrug  resistance-associated  proteins 4 (MRP4)
(abs122912a) were purchased from Absin Biotech Co., Ltd.
(Shanghai, China). Mifepristone (M8064) was purchased
from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). FXR
agonist-GW4064 (M2018) was obtained from Abmole
(Shanghai, China). Chenodeoxycholic acid (MB5978) and
taurocholic acid (MB5972) were purchased from Dalian Mei-
lun Biotech Co., Ltd. (Dalian, China). The other reagents for
experiments were of analytical grade.

Human subjects and placental tissue collection

This study was approved by the Research Committee for
Human Subjects, Zhongnan Hospital of Wuhan Univer-
sity, China (No. 2016016). A retrospective study was
conducted with medical records of pregnant women at
risk of imminent preterm birth and their neonates from
June 1 to December 1, 2017. The following criteria were
required for the inclusion: (1) neonates requiring admis-
sion to the neonatal intensive care unit; (2) pregnancies
that received dexamethasone treatment between 34 and
36 6/7 weeks of gestation; or (3) received treatment of
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dexamethasone at 24 to 33 6/7 weeks of gestation but
delivered beyond 24 h to 7 days; or (4) those who deliv-
ered between 34 and 37 weeks without administration of
dexamethasone. Seventy-six male neonates and forty-
eight female neonates recruited in this study were cate-
gorized into two groups for each sex: the control group
without dexamethasone administration and the dexa-
methasone group with a single course of treatment.
Demographic and pregnancy characteristics of recruited
subjects were collected. We compared clinical assess-
ment of imminent preterm birth, maternal age, gesta-
tional age, birth weight of neonates, Apgar score of 5
min, and fetal serum BA levels between two groups.
Apgar score can describe the condition of the newborn
infant and, when properly applied, serves as a tool to
predict infants’ outcomes [32]. To avoid confusion of the
diseases and multiple pregnancies on the results, preg-
nant women with abnormal liver functions, with severe
obstetrics complications (such as preeclampsia, gesta-
tional diabetes, and chorioamnionitis), and with multiple
pregnancies were excluded.

To avoid artifact from the effects of labor, only placen-
tal samples obtained from women who underwent
cesarean sections were selected. The fetal indications,
such as malpresentation, fetal distress, and nuchal cord,
contributed most to the cesarean delivery rate in China
[33]. Ten male neonatal placentas, five of the control
group and five of the prenatal dexamethasone therapy
group, were finally recruited. Maternal age, gestational
age, birth weight of neonates, and fetal serum TBA levels
of recruited subjects were collected. All samples were
collected immediately after the cesarean section, as pre-
viously reported [34]. Placental cotyledons were dis-
sected at the middle zone and washed thoroughly with
saline after amniotic membranes, decidua, and connect-
ive tissues had been removed. The placenta samples
used for immunohistochemistry were fixed in 4% para-
formaldehyde. All participating pregnant women gave
written informed consent. Data analysis and human pla-
centa collection were conducted blindly and independ-
ently by three investigators.

Animals and treatment

Specific pathogen-free (SPF) Wistar rats for experiments
(No. 2015-0018, certification number 42000600014526,
license number SCXK (Hubei)) were obtained from the
Experimental Center of the Hubei Medical Scientific
Academy (Wuhan, China). The body weights of female
and male rats are 200 + 20 g and 280 + 20 g, respectively.
All animal experimental procedures were conducted fol-
lowing the Guidelines for the Care and Use of Labora-
tory Animals of the Chinese Animal Welfare
Committee. The Committee on the Ethics of Animal Ex-
periments of the Wuhan University School of Medicine
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approved the protocol (Permit 14016). All efforts were
made to minimize the number of animals used and their
suffering. Animals were housed in cages with padding in an
air-conditioned room under standard conditions (room
temperature, 18—22 °C; humidity, 40—-60%; light cycle, 12-h
light-dark cycle) and allowed free access to rat chow and
tap water. All rats were allowed to acclimate 1 week before
experimentation. Virgin female and male rats were sub-
jected to experimental conditions. Overnight, two female
rats were placed together with one male rat in a cage for
mating. The appearance of sperm in vaginal smears was
designated as the gestational day (GD) 0. As previously de-
scribed [35], the PDE group was treated with 0.2 mg/kg day
dexamethasone subcutaneously from GD9 to GD20, re-
spectively. The control group was sham-treated with saline.
The National Institutes of Health (NIH) recommended that
prenatal dexamethasone treatment (therapeutic use) be set
at 6 mg intramuscular injection per 12 h (four times for one
course) [36, 37], which is equivalent to 0.2 mg/kg day of
dexamethasone for a 60-kg person. Using the dose conver-
sion between humans and rats (human to rat 1:6.17) [38],
the dexamethasone doses used in this study can be reached
in human exposures. On GD20, 1 h after the last injection
of dexamethasone, the pregnant rats were anesthetized with
3-3.5% isoflurane and then sacrificed. There were 11 preg-
nant rats in each group, and the litter size was set to 8-15
rats. Maternal and fetal blood was collected through cutting
the bilateral carotid arteries and catching drops of the
blood. The blood samples of fetuses from each litter were
pooled as one sample according to gender, respectively.
Serum samples were obtained from blood by centrifugation
at 4000 rpm, 4 °C for 15 min. After the collection of maternl
blood, the anesthetized rats were sacrificed by cervical dis-
location. The fetal livers and placentas from the same dam
were collected and pooled together according to the gen-
der and divided into four groups: male control, female
control, male PDE, and female PDE groups. All samples
were transferred to liquid nitrogen immediately, followed
by storage at — 80 °C for total RNA extract and total pro-
tein extract. Drug preparation, animal treatment, and data
collection were conducted blindly and independently by
three investigators.

BA analysis

Serum total bile acid (TBA) concentration was measured
using a commercially available kit following the manu-
facturer’s instructions. To analyze the metabolomic
spectrum of BAs, serum samples were thawed, and 20 pl
was added to a tube containing 180 pul of 67% aqueous
acetonitrile. The samples were vortexed for 30s and
centrifuged at 18,000xg for 20 min at 4°C to remove
proteins. Then, the samples were analyzed using a previ-
ously described method for BA pattern measurement by
LC-MS [39]. For detecting the BA concentration in the
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placenta, 50 mg of placenta tissue was selected and ho-
mogenized with an electric high-speed homogenizer
(KINEMATICA, Switzerland) in 500 pl of lysis buffer.
The mixture was then centrifuged at 2000xg, 5 min.
Then, 10 pl of the supernatant was added to a glass tube
containing a working liquid for the TBA assay. After in-
cubating for 20 min at 37 °C, the absorbance was mea-
sured at 550nm. The protein concentration was
determined, and the BA concentration was expressed as
pmol/mg protein.

Immunohistochemistry detection

Placental tissues of different treatments were fixed in a
4% paraformaldehyde solution overnight at room
temperature and processed with the paraffin sectioning
technique. Paraffin-embedded tissues were cut into 5-
pum-thick serial sections, and the slices were dewaxed
and washed with PBS. After antigen retrieval, placental
sections were blocked in 5% blocking serum at room
temperature for 30 min and probed with primary anti-
bodies overnight at 4 °C, including rabbit anti-SLCO2B1
(1:50 dilutions), rabbit anti-BCRP (1:50 dilutions), and
rabbit anti-MRP4 (1:100 dilutions) and then incubated
with a biotinylated secondary antibody and an avidin-
biotinylated horseradish peroxidase complex solution ac-
cording to the manufacturer’s directions. Finally, perox-
idase activity was determined with a diaminobenzidine
(DAB) staining kit. Images of three random fields from
each section were captured by the Photo Imaging Sys-
tem (Nikon H550S, Tokyo, Japan) at x 400 magnifica-
tion. In brief, the original JPEG images were converted
to 8-bit images. After that, they were auto-thresholded
to binary photos by using the “Make Binary” function in
Image]. Then, regions of interest (ROIs) were selected
around each DAPI-stained nucleus by the “Add to Man-
ager” function. These selections only enclose the cellular
membranes where the BA transporter protein was
found. After that, the areas of ROIs in each of the binary
images were calculated by the “Analyze Particle” func-
tion, and the sum of integrated optical density (IOD
SUM) of BA transporters in the cells was measured after
background fluorescence was dislodged by “Subtract
Background” function. Finally, the mean IOD was calcu-
lated as a ratio of IOD SUM relative to the area. All the
samples were scored blindly and independently by three
investigators.

Cell culture and treatment

The human choriocarcinoma cell line BeWo, which has
been widely used in in vitro models for studying placen-
tal transport function [40], was obtained from the China
Centre for Type Culture Collection (Wuhan, China).
The cells were seeded in a cell culture flask (25cm?
Corning, USA), which contained DMEM supplemented
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with 10% fetal bovine serum and 0.1% penicillin/strepto-
mycin, and cultured in a 5% CO, humidified incubator at
37 °C. According to our previous animal study [41] and an-
other published clinical data [42], the dexamethasone con-
centration of maternal serum was 846 + 214 nM when the
pregnant rats were subcutaneously injected with 0.2 mg/
kg day dexamethasone and 101.7 + 19.2 ng/mL (molecular
weight of dexamethasone is 3924, this concentration was
equal to 260 + 49 nM) after intramuscular injection of 6 mg
dexamethasone in third-trimester pregnant women. Thus,
we treated BeWo with 20, 100, and 500 nM of dexametha-
sone for 5 days, respectively. Cells were cultured in 96-well
plates in the presence of dexamethasone at different con-
centrations (0, 20, 100, and 500 nM) for 5 days. MTS assay
was conducted to detect the cytotoxicity of dexamethasone
on BeWo cells following the manufacturer’s protocol. Ab-
sorption intensity was measured at 490 nm using a micro-
plate reader (TECAN, Australia).

To determine the effect of dexamethasone on placen-
tal BA transport, the cells were treated with 20, 100, and
500 nM of dexamethasone for 5 days. To confirm the
signaling pathway, a GR antagonist RU486, GR siRNA,
and FXR agonist GW4064 were used. Briefly, the BeWo
cells were cultured in 6-well plates at a density of 5000
cells/well. After reaching 30-50% confluence, cells were
treated with RU486 (10 uM), GR siRNA (100 nM), and
GW4064 (10 uM), with or without dexamethasone (500
nM) for 5 days, respectively. The culture medium was
replaced every other day. Then, the cells were collected for
the subsequent analysis. As to the siRNA-mediated knock-
down of GR expression, three sequences of GR siRNA were
designed and synthesized by Hippo Biotech Co., Ltd. (Huz-
hou, China). And we screened out the most effective se-
quence: 5-GGAGAUGACAACUUGACUUTT-3" (sense
sequences) and 5'-AAGUCAAGUUGUCAUCUCCTT-3’
(antisense sequences). The siRNA-mediated knockdown of
GR expression was performed after the culture in 12-well
plates for 24 h under standard conditions; BeWo cells were
transfected with siRNA targeting human GR and negative
control siRNA (sequences: sense: 5'-UUCUCCGAAC
GUGUCACGUTT-3"; antisense: 5'-ACGUGACACG
UUCGGAGAATT-3") at a final concentration of 100 nM
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s introductions. To verify
GR knockdown, we performed RT-qPCR after 24-h trans-
fection. To confirm the role of GR in the signaling pathway,
the transfected cells were then incubated with or without
500 nM dexamethasone for 3 days. And then, cells were
collected for the subsequent analysis.

In vitro transport experiments

Transwell culture plates (Corning, USA) were used to
study the effects of dexamethasone on bile acid transport
activity via the placenta in vitro. BeWo cells were seeded
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at a density of 100,000 cells/cm” in the transwell plates.
According to a previous finding [40], a confluent mono-
layer of BeWo cells is formed for transport experiments
on day 6 post-seeding. After seeding for 24h in the
transwell inserts, the cells were treated with RU486
(10 uM) and GW4064 (10 uM), with or without dexa-
methasone (500 nM) for 5 days, respectively, and the
culture medium (0.1 ml apical compartment, 0.6 ml
basolateral compartment) was replaced daily. At day 6
post-seeding, CDCA (20puM) and taurocholic acid
(TCA, 20 uM) at a concentration that has no cytotoxicity
[43] were added to the upper compartments, and the
samples were collected from the upper compartments
after 120 min. The concentrations of the two BA sam-
ples (CDCA and TCA) were analyzed by the TBA assay
kit according to the manufacturer’s instructions.

Immunofluorescence analysis

Following 5-day treatment as described above, cells were
washed three times with ice-cold PBS, fixed in 4% for-
maldehyde, and blocked for 30 min with 3% of BSA and
2% of fetal bovine serum in 0.2% Triton X-100/PBS. The
cells were then incubated overnight at 4 °C with primary
antibodies in blocking buffer, including rabbit anti-
SLCO2B1 (1:50 dilutions), rabbit anti-BCRP (1:50 dilu-
tions), rabbit anti- MRP4 (1:100 dilutions), and rabbit
anti-GR (1:200 dilutions). The cells were washed with
PBS and incubated with 1:100 diluted Cy3-conjugated
secondary antibody (GB21303, Servicebio Inc., Wuhan,
China) corresponding to anti-SLCO2B1, anti- BCRP,
and anti-MRP4 or 1:200 diluted FITC-conjugated sec-
ondary antibody (GB22301, Servicebio Inc.,, Wuhan,
China) corresponding to anti-GR for 60 min at room
temperature. Nuclei were stained with 4, 6-diamidino-
2-phenylindole (DAPI) at 1:500 dilution for 5 min. The
slides were washed twice with PBS. Negative controls
obtained by omitting primary antibody showed negli-
gible background fluorescence. Fluorescence images for
transporters were captured using immunofluorescence
microscopy (Nikon H550S, Tokyo, Japan). Quantitative
fold change of transporter expression was analyzed by
Image] version 1.44 (National Institutes of Health, Be-
thesda, USA). All the samples were scored blindly and
independently by three investigators.

Total RNA extract and RT-qPCR

Procedure details for total RNA extraction and RT-
qPCR have been described previously [44]. Placenta tis-
sues (50 mg) were obtained from the same position in
each placenta, and cells were collected. Total RNA was
isolated from rat placentas and BeWo cells using TRIzol
reagent (Invitrogen, CA, USA) according to the manu-
facturer’s instructions. To transcribe total RNA into
c¢DNA, single-strand cDNA was prepared from 2 pg total
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RNA according to the protocol of the Applied Biosys-
tems TagMan Reverse Transcription reagent kit. RT-
qPCR was performed using the ABI Step One RT-qPCR
thermal cycler (ABI Stepone, USA) in a 10-pl reaction
volume. To determine the mRNA expression of Slco2b1/
SLCO2B1, Bcrp/BCRP, Slco4al/SLCO4A1, Mrp4/MRP4,
GR, FXR, Cyp7Zal, Cyp27al, and Slc27a5, RT-qPCR was
performed with SYBR Green dye. Premier 6.0 was ap-
plied to design primers, and their sequences are shown
(Table 1). To quantify the gene transcripts more pre-
cisely, the mRNA level of the housekeeping gene glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was
measured and used as a quantitative control. Each sam-
ple was normalized against GAPDH mRNA level. Rela-
tive amplicon expression was calculated using the 2744
method.

Total protein extract and western blotting assays

Western blotting was performed as previously described
[45]. Briefly, homogenate placenta tissues or cells were
rinsed with ice-cold PBS and then lysed for 30 min at
4°C in radioimmunoprecipitation assay (RIPA) lysis buf-
fer containing phosphatase inhibitor cocktail, followed
by the BCA Assay Kit for protein quantification. A total
of 30 pg of proteins was loaded to each lane, isolated by
SDS-PAGE (10% gels), and blotted onto polyvinylidene
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difluoride (PVDF) membranes (Millipore, MA, USA).
Membranes were blocked in 5% non-fat milk for 1 h and
incubated overnight at 4°C with the primary antibody,
including rabbit anti-GR (1:100 dilutions), mouse anti-
FXR (1:500 dilutions), and mouse anti-GAPDH (1:5000
dilutions). Then, they were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (goat
anti-rabbit IgG, 1:5000; goat anti-mouse IgG, 1:5000) for
1 h and visualized using electrochemiluminescence
(ECL) HRP substrate (PerkinElmer, Inc., Boston, MA).
Signals of antibody binding were detected by Chemi-doc
Image Analyzer (Bio-Rad, Hercules, CA). Relative pro-
tein levels were standardized with the GAPDH protein
level. Protein band intensities were analyzed by Image]
(National Institutes of Health, Bethesda, MD) from three
independent bands.

Statistical analysis

The experimental data were presented as mean t SD.
Statistical analysis was conducted with SPSS 20.0 (SPSS
Science Inc., Chicago, IL) and GraphPad Prism 7
(GraphPad Software Inc., San Diego, CA, USA). Com-
parisons between two groups were tested by Student’s ¢
test, and the difference among multiple groups was eval-
uated by one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc procedure. For human

Table 1 Oligonucleotide primers and PCR conditions of rat and human in real-time quantitative PCR

Genes Forward primer (5'-3’) Reverse primer (3'-5) Annealing

Rat
GR CACCCATGATCCTGTCAGTC AAAGCCTCCCTCTGCTAACC 61°C, 30s
FXR GATGTCTTGGAGGGTGAATG GAGTGAGACCTGGTACAAATG 60°C, 30s
QOatp2bl TGTCTGCCGCTACTATGA CTTGTAGGTCTGAGCTCTTTAC 60°C, 30s
Berp GAGCCTTCCAAGAGAGAGA CTGATGACAGAACGAGGTAAC 60°C, 30s
Oatp4al GGTGTGACAACTGGCTATG GCATAGCAGGGAGAGTAGTA 60°C, 30s
Mrp4 GTGTTGGACAGAGACAGTTAG TGTGAGCAATGGTGAGAAC 60°C, 30s
Cyp7al CCATAAGGTGTTGTGCCACGGAAA GCCCAAATGCCTTCGCAGAAG 60°C, 30
Cyp27all ACTGCACCAGTTACAGGTGCTTTACA CCATGTCGTTCCGTACTGGGTACT 60°C, 30s
Slc27a5 GGAGATCACAAACACCTACAA CCTTGTTGTCCAGTATGTAGAG 60°C, 30s
GAPDH GCAAGTTCAATGGCACAG GCCAGTAGACTCCACGACA 60°C, 30s

Human
GR GTTACACAGGCTTCAGGTATC TGGAGTTTCCTTCCCTCTT 60°C, 30s
FXR CCAAAGTCATCTCCTACTTCAG CAGTGTCTTCCAAGCAGTAG 60°C, 30s
OATP2B1 CCCAGCACTCGTGTGGAATA GCACGTTGAGTCGCAGGAT 60°C, 30s
BCRP GTCAGAGTGTGGTTTCTGTAG TGCTGCAAAGCCGTAAA 60°C, 30s
OATP4A1 CTGTATCCCTCAGAATCTTTCC CATCGTAGAGTTGCCGTTAG 60°C, 30s
MRP4 GTTGGCATTGTGGGAAGA CAGGTTCCTGAGGTATGATTG 60°C, 30s
GAPDH GGGAAGCTCAAGGGAGATA CTAAGAGACAAGAGGCAAGAAG 60°C, 30s

GR glucocorticoid receptor, FXR farnesoid X receptor, Oatp2b1/OATP2B1 organic anion transporter polypeptide-related protein 2b1, Bcrp/BCRP breast cancer
resistance protein, Oatp4a1/OATP4A1 organic anion transporter polypeptide-related protein 4a1, Mrp4/MRP4 multidrug resistance-associated proteins 4, Cyp7al
cytochrome P450 family 7 subfamily A member 1, Cyp27a1 cytochrome P450 family 27 subfamily A member 1, Sic27a5 solute carrier family 27 member 5, GAPDH

glyceraldehyde-3-phosphate dehydrogenase
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samples, the Mann-Whitney U test was performed. Stat-
istical significance was defined as P < 0.05.

Results

Effects of prenatal dexamethasone therapy on human
neonatal serum BA levels and the expression of placental
BA transporters

We conducted a retrospective analysis of the serum BA
level in male neonates who were admitted immediately
to the neonatal intensive care unit from June 1 to De-
cember 1, 2017, in Zhongnan Hospital of Wuhan Uni-
versity. The characteristics of the enrolled subjects are
shown in Table 2. In the control group, a percentage of
pregnant women underwent provider-initiated preterm
birth (male 37.9%, female 36.8%), which was similar to
the dexamethasone-treated group (male 44.7%, female
41.4%). Besides, no significant differences were found in
maternal age, gestational age, birth weight, and Apgar
score at 1 and 5 min. We found that the male neonatal
serum TBA level increased in the prenatal dexametha-
sone therapy group, while no change was found in that
of the female neonatal serum (P<0.05, Fig. 1a). More-
over, the male neonatal placentas were collected to de-
tect the localization and expression of BA transporters
by immunohistochemistry and western blotting, respect-
ively. The characteristics of the enrolled subjects are
shown in Table 3. We found that BA transporters, in-
cluding OATP2B1, BCRP, and MRP4, were expressed in
the syncytiotrophoblast of the human placentas (Fig. 1b).
The protein levels of OATP2B1 and BCRP were de-
creased in the placentas from the prenatal dexametha-
sone therapy group, while MRP4 protein expression was
increased (P < 0.05, P<0.01, Fig. 1c—e). These results in-
dicate that prenatal dexamethasone therapy can increase
serum TBA level and promote the expression of placen-
tal OATP2B1 and BCRP while inhibiting MRP4 expres-
sion in the male neonates.

Table 2 Characteristics of enrolled male and female neonates
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Effects of PDE on TBA concentrations in rat fetal serum,
placenta, and maternal serum

We found that, compared with the control group, male
rat fetal serum TBA concentration was increased in the
PDE group, while serum TBA concentration was de-
creased in the female PDE (P<0.05, Fig. 2a). Further-
more, maternal serum TBA concentration was
significantly increased in the PDE group (P<0.01,
Fig. 2b), while there was no significant change in rat pla-
cental TBA concentration (Fig. 2c). These results indi-
cate that PDE can alter TBA concentrations in fetal and
maternal serum, without affecting the placental TBA
level in rats.

Effects of PDE on the metabolomic spectrum of BAs in rat
fetal and maternal serum

LC-MS was used to analyze PDE-induced metabolomic
spectrum changes of BAs in fetal and maternal serum.
We found that the levels of primary unconjugated BA,
including CA and CDCA, and primary conjugated BA,
including TCA, tauro-chenodeoxycholic acid (TCDCA),
and tauro-muricholic acid (TMCA), were increased in
the male fetal serum of the PDE group (P<0.05, P<
0.01, Fig. 3a). In the female fetal serum, the primary un-
conjugated BA levels, including CA, CDCA, and MCA,
were increased in the PDE group (P<0.05, P<0.01,
Fig. 3b). Besides, the levels of maternal serum BAs in-
cluding primary unconjugated BAs (CDCA, MCA, and
ursodeoxycholic acid), primary conjugated BAs (TCA,
TCDCA, TMCA, and tauro-ursodeoxycholic acid), sec-
ondary unconjugated BAs (deoxycholic acid and hyo-
deoxycholic acid), and secondary conjugated BAs (tauro-
deoxycholic acid and tauro-hyodeoxycholic acid) were
significantly increased in the PDE group (P<0.05, P<
0.01, Fig. 3c). These results indicate that PDE can cause
abnormal metabolic profiles of BAs in fetal and maternal
serum, with primary unconjugated BAs mainly increased

Characteristic Male P Female P
Control n=29 Dex n=47 value Control n=19 Dex n=29 value
Clinical assessment of imminent preterm birth?
Spontaneously initiated preterm birth 18 (62.1) 26 (55.2) 12 (63.2) 17 (58.6)
Preterm prelabor rupture of membranes 8 (27.7) 11 (234) 6 (31.6) 10 (34.5)
Spontaneous preterm labor 10 (34.5) 15 (31.9) 6 (31.6) 7 (24.7)
Provider-initiated preterm birth 11 (37.9) 21 (44.7) 7 (36.8) 12 (41.4)
Maternal age (years old) 3247 32+6 N.S. 31+7 32+6 N.S.
Gestational age (weeks) 352+02 34.7+0.1 N.S. 355+0.2 346+0.2 N.S.
Birth weight (g) 2386 +530 2178 £523 N.S. 2226 + 531 2294 + 441 N.S.
Apgar score < 7 (5 min)® 2(7) 0(0) N.S. 0 (0) 1(34) N.S.

“Values are presented as number (percentage). The rest of the data are presented as mean + SD. NS no significance, Dex dexamethasone
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Fig. 1 Effects of dexamethasone on human neonates’ bile acid level and placental bile acid transporters’ expression. Total bile acid (TBA) levels in
neonatal serum from controls and prenatal dexamethasone-treated pregnant women (a). Immunohistochemistry was applied to detect the
protein localization and expression of organic anion transporter polypeptide-related protein 2B1 (OATP2B1), breast cancer resistance protein
(BCRP), and muiltidrug resistance-associated proteins 4 (MRP4) in paraffin-embedded male neonatal placenta tissue sections (5 um) (b, c). Images
were taken at X 400 magnification. Scale bars 50 um. n=5 placentas per group and three random areas in each section were scored. The protein
expression of OATP2B1, BCRP, and MRP4 in male neonatal placentas (d, e) were measured by western blotting. Data are presented as mean + SD.
*P < 0.05 vs. control. **P < 0.01 vs. control. Dex, dexamethasone

in fetal serum. In contrast, all kinds of BA components
were increased in the maternal serum.

Effects of PDE on fetal rat hepatic BA synthesis and
placental BA transport

The fetal liver is able to synthesize BAs. We first de-
tected the effects of PDE on the expression of BA

Table 3 Characteristics of enrolled male fetal placentas

Group Controln=5 Dexn=5 P value
Maternal age (years old) 33+5 31+ 4 NS
Gestational age (week) 357 £ 04 352 £ 04 NS
Birth weight (g) 2618 + 277 2514 + 284 NS
Fetal serum TBA (umol L 43+ 17 125+ 35 0.012

Data are presented as mean + SD. NS no significance, Dex dexamethasone, TBA
total bile acid

metabolic enzymes in fetal rat liver. Compared with the
control group, the mRNA expression levels of Cyp7al
and Cyp27al were significantly increased in the liver of
male and female fetal rats, while Bacl expression
(encoded by Slc27a5) was decreased (P < 0.01, Fig. 44, b).
In male and female rat placentas, the mRNA expression
levels of Oatp2bl and Bcrp were significantly decreased
and the Mrp4 mRNA expression was significantly in-
creased in the PDE group (P<0.01, Fig. 4c, d), while
Oatp4al expression did not change. Immunohistochem-
istry revealed that Oatp2bl, Bcrp, and Mrp4 were
expressed in the placental labyrinthian region, and the
protein levels of placental Oatp2bl and Bcrp decreased.
In contrast, Mrp4 protein expression increased in the
male PDE group (P<0.05, P<0.01, Fig. 4e). Literature
suggests that the expression of BA transporters is dir-
ectly related to the regulation of nuclear receptors [46,
47]. We found that the mRNA and protein expression of
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GR was increased, while that of FXR was decreased, in Cyp7al and Cyp27al increases, while Bacl expression
male PDE placentas; in the female PDE group, only FXR  decreases, in PDE fetal livers. In PDE placentas, the ex-
mRNA expression was decreased while GR mRNA ex-  pression of Bcrp and Oatp2bl was downregulated and
pression was not significantly changed (P <0.05, P<0.01, that of Mrp4 was upregulated, while GR expression was
Fig. 4f, g). These results indicate that the expression of increased and FXR expression was decreased.
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Fig. 3 Effects of dexamethasone on rat fetal and maternal serum bile acid metabolic profile. Bile acids’ metabolic profile of male fetal serum (a),
female fetal serum (b), and maternal serum (c) were determined by liquid chromatography/mass spectrometry (LC-MS). The relative amount of
bile acid was displayed as a log intensity of the peak area. Data are presented as mean +SD, n=11 per group. *P < 0.05 vs. control. **P < 0.01 vs.
control. CA, cholic acid; CDCA, chenodeoxycholic acid; MCA, muricholic acid; TCA, taurocholic acid; TCDCA, tauro-chenodeoxycholic acid; TMCA,
tauro-muricholic acid; DCA, deoxycholic acid; UDCA, ursodeoxycholic acid; HDCA, hyodeoxycholic acid; TDCA, tauro-deoxycholic acid; TUDCA,
tauro-ursodeoxycholic acid; THDCA, tauro-hyodeoxycholic acid; PDE, 0.2 mg kg™' day ™' dexamethasone
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Fig. 4 Effects of dexamethasone on the expression of fetal rat hepatic BA metabolic enzymes and rat placental bile acid transporters and nuclear
receptors. The mRNA abundance of cytochrome P450 family 7 subfamily A member 1 (Cyp7/al), cytochrome P450 family 27 subfamily A member
1 (Cyp27aT), and bile acid-CoA ligase (Bacl) in male (a) and female (b) fetal livers was measured by RT-gPCR. The mRNA expression of organic
anion transporter polypeptide-related protein 2b1 (Oatp2b1), breast cancer resistance protein (Bcrp), organic anion transporter polypeptide-related
protein 4al (Oatp4al), and multidrug resistance-associated proteins 4 (Mrp4) in male (c) and female (d) placentas were measured by RT-gqPCR.
Immunohistochemistry for Oatp2b1, Bcrp, and Mrp4 (e) in paraffin-embedded placenta tissue sections (5 um) from the control group and PDE
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11 livers and n=11 placentas for gRT-PCR, n = 3 for western blotting. Data are presented as mean =+ SD. *P < 0.05 vs. control. **P < 0.01 vs.
control. PDE, 0.2 mg kg™ day™' dexamethasone
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Effects of dexamethasone on the expression of BA
transporters and nuclear receptors in BeWo cells

To confirm the direct effects of dexamethasone on the
expression of placental BA transporters and nuclear re-
ceptors, BeWo cells were treated with 20, 100, and 500
nM dexamethasone for 5days. The MTS assay showed
that dexamethasone in the selected concentration range
had no cytotoxicity on BeWo cells (Fig. 5a). We found
that dexamethasone decreased OATP2BI and BCRP
mRNA expression and increased the MRP4 mRNA ex-
pression in a concentration-dependent manner (P < 0.05,
P<0.01, Fig. 5b), while no change was observed in
OATP4A1 expression. Moreover, dexamethasone de-
creased FXR mRNA expression in a dose-dependent
manner (P < 0.05, P <0.01, Fig. 5¢), while it did not affect
GR mRNA expression. Immunofluorescence showed
that dexamethasone (500 nM) decreased OATP2Bland
BCRP protein expression, increased MRP4 expression
(P<0.05, P<0.01, Fig. 5d—f), and induced GR transloca-
tion into the nucleus (P<0.01, Fig. 5g). Besides, dexa-
methasone (500 nM) reduced FXR protein expression
(P<0.01, Fig. 5h). TCA is known as the predominant
form among the primary conjugated BAs [48], and we
found that CDCA as a main component of the primary
unconjugated BAs was greatly increased in male fetal
serum. Therefore, we chose TCA and CDCA as the sub-
strates to detect the effect of dexamethasone on placen-
tal BA transport activityy CDCA and TCA
concentrations in dexamethasone (500 nM)-treated
upper compartments were higher than those in the con-
trol (P<0.05, P<0.01, Fig. 5i). These results indicate
that dexamethasone can activate GR and decrease FXR
expression, thus inhibiting OATP2B1 and BCRP expres-
sion and enhancing MRP4 expression, eventually de-
creasing BA transport activity.

GR- and FXR-mediated dexamethasone-induced
expression changes of various BA transporters in BeWo
cells

In order to confirm that GR and FXR are involved in
dexamethasone-induced expression changes of various
placental BA transporters, we treated BeWo cells with
GR siRNA, RU486 (a GR antagonist), or GW4064 (an
FXR agonist). GR siRNA or RU486 blocked the inhibi-
tory effect of dexamethasone on OATP2BI mRNA ex-
pression, while it had no effect on BCRP and MRP4
expression (P <0.05, P<0.01, Fig. 6a, b). GW4064 abro-
gated dexamethasone-induced downregulation of BCRP
and upregulation of MRP4, while it had no effect on
OATP2BI expression (P<0.01, Fig. 6¢). The similar ef-
fects of RU486 and GW4064 on the expression of trans-
porters were also observed at the protein level by
immunofluorescence (P<0.05, P<0.01, Fig. 6d-f).
Taken together, these results indicate that GR mediates
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OATP2B1 downregulation induced by dexamethasone
in placental trophoblast cells, while FXR mediates BCRP
downregulation and MRP4 upregulation.

Discussion

PDE alters TBA levels and BA profiles in human and rat
fetal serum

Dexamethasone has been widely used for pregnant
women at risk of preterm delivery between 24 and 34
weeks of gestation. The World Health Organization
(WHO) recommended in 2015 the use of antenatal glu-
cocorticoids only under certain conditions, including the
accurate assessment of the gestational age, imminent
preterm labor, the absence of maternal infection, and
sufficient care for childbirth and preterm newborns [49].
Recent studies demonstrated that the appropriate use of
antenatal dexamethasone in low-resource countries can
reduce the neonatal mortality and stillbirth [50, 51]. The
classic therapeutic use of dexamethasone in the clinic is
6 mg intramuscular injection per 12h, and four times
for one course of treatment. However, due to the diffi-
culty in early diagnosis of precise delivery timing and the
possible failure of single-course dexamethasone treat-
ment, the ideal window for corticosteroid delivery can-
not always be reached [52], and a rescue course of
dexamethasone has been administered in some undeliv-
ered women who are still at risk of preterm birth after 7
days of the first course [53]. Moreover, the use of pre-
natal dexamethasone therapy has a double-edged sword
effect. Dexamethasone can promote fetal lung matur-
ation and effectively reduce premature infant mortality
[54] but can also induce intrauterine growth retardation
and developmental toxicity and related diseases in vari-
ous organs in adult offspring [26—28]. These findings
highlighted the importance of the appropriate use of

antenatal dexamethasone to achieve the greatest
benefits.
Previous studies demonstrated that accumulated

hydrophobic BAs lead to significant oxidative damage
and apoptosis in the placenta and fetal liver [3, 55]. Our
previous studies found that dexamethasone can induce
maternal intrahepatic cholestasis [31]. Moreover, their
adult offspring also exhibited cholestatic liver injury
[30]. These findings suggested that PDE can lead to ab-
normal BA metabolism and increase the susceptibility to
cholestatic liver injury in the mother and offspring.
However, little is known about the effects of prenatal
dexamethasone on fetal BA metabolism.

In this clinical study, we found that serum TBA level
significantly increased in male neonates whose mothers
received prenatal dexamethasone therapy at 24-34 ges-
tational weeks but failed to deliver at the target window,
or those who were treated with dexamethasone at 34—37
gestational weeks. Besides, in our rat model, PDE was
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confirmed to increase male fetal and maternal serum
TBA levels. Furthermore, LC-MS analysis demonstrated
that primary BAs were significantly increased in both
male and female fetal serum, while all BA compo-
nents were significantly increased in the maternal

serum. These results suggested that PDE could in-
crease hydrophobic BA levels in both fetal and mater-
nal serum, which may be associated with imbalanced
fetal-placental-maternal ~ BA  circulation  during
pregnancy.
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Fig. 6 Effects of GR siRNA, RU486, and GW4064 on the expression of bile acid transporters in the human BeWo cells. BeWo cells were transiently
transfected with 100 nM GR siRNA, 100 nM negative control (i.e, scrambled) siRNA. After 24-h transfection, cells were treated with or without 500
nM dexamethasone for 3 days. At the end of treatment, mRNA expression of organic anion transporter polypeptide-related protein 2B1
(OATP2B1), breast cancer resistance protein (BCRP), organic anion transporter polypeptide-related protein 4A1 (OATP4AT), and multidrug
resistance-associated proteins 4 (MRP4) (a) were measured by RT-qPCR. BeWo cells were treated with 500 nM dexamethasone, 500 nM
dexamethasone plus 10 uM RU486, or 500 nM dexamethasone plus GW4064 for 5 days. At the end of treatment, mRNA expression of OATP2BI,
ABCG2, and ABCC4 (b, ¢) were measured by RT-gPCR, and the protein expression of OATP2B1, BCRP, and MRP4 (d-f) were measured by
immunofluorescence staining (magnification x 400). Scale bars 50 um. Quantitative fold changes of transporter expression were analyzed by using
ImageJ version 1.44. n =6 per group. Data are presented as mean + SD. *P < 0.05 vs. control. **P < 0.01 vs. control. Dex, dexamethasone; NS,
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PDE-induced imbalance of fetal-placental-maternal BA
circulation is mainly mediated by placental transporters’
alteration

The fetal liver can synthesize primary unconjugated BAs
in early life through classical and alternative pathways.
However, to our knowledge, there is no published article
about the effects of PDE on the expression of bile acid
metabolic enzymes in the fetal liver. Only one study
showed that dexamethasone treatment at 1-3 days after
birth significantly increased the expression of Cyp7al
and Cyp27al in the liver of rat offspring [56]. Dexa-
methasone can pass through the placenta to reach the
fetus [57]. Therefore, we detected the expression of BA
metabolic enzymes in the fetal rat livers and found that
PDE increased Cyp27al and Cyp7al expression while
decreasing Bacl expression, speculating that PDE may
promote the synthesis of unconjugated BAs in the fetal
rat liver while inhibiting the synthesis of conjugated
BAs. However, we found that the levels of primary con-
jugated BAs (including TCA, TCDCA, and TMCA) in
male fetal rat serum were significantly increased, which
cannot be fully explained by the altered fetal hepatic BA
metabolic enzymes. Taken together, dexamethasone-
induced fetal rat hepatic BA synthesis may not be the
major factor causing the accumulation of primary conju-
gated BAs in fetal rat blood.

Due to the incomplete liver development and the in-
sufficiency of intestinal flora, the intestinal-hepatic circu-
lation is absent in the fetus. The primary BAs
synthesized by the fetal liver must be transported to the
mother through the placenta for further metabolism to
avoid the accumulation of hydrophobic BAs in the fetus
[14]. Maternal blood BAs can also be transported to the
fetus [12]. Therefore, the placenta plays an important
role in maintaining the balance of fetal-placental-
maternal BA circulation. In this study, we collected hu-
man placental tissues and found that prenatal dexa-
methasone therapy decreased the expression of
OATP2B1 and BCRP in male neonatal placenta and in-
creased MRP4 expression. Furthermore, PDE decreased
the expression of Oatp2bl and Berp in the rat placental
tissue. In BeWo cells, dexamethasone inhibited the ex-
pression of OATP2B1 and BCRP and reduced BA trans-
port through the trophoblast cells. These findings
suggested that dexamethasone could block the transport
of fetal BAs to the mother by inhibiting the expression
of placental OATP2B1 and BCRP, ultimately causing the
accumulation of hydrophobic primary BAs in fetal blood.
Studies have demonstrated that MRP4 expression is
much higher in the placenta than in the liver [58], and
MPR4 can favor BA flow from the mother to the fetus
under the maternal cholestatic condition [11, 59]. In this
study, all BA components in the maternal rat serum
were significantly increased; the in vivo and in vitro
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experiments also revealed that dexamethasone increased
the expression of MRP4 in the placental trophoblast
cells, which indicates that MRP4 can promote the trans-
port of maternal BAs to the fetus and further aggravate
the accumulation of primary conjugated BAs in the fetal
blood. Therefore, the increased primary conjugated BAs
in male fetal blood may be mainly attributed to the in-
crease of maternal primary conjugated BA level and the
enhancement of placental MRP4 expression. All these
findings suggested that dexamethasone-induced placen-
tal BA transport changes play a crucial role in the imbal-
ance of fetal-placental-maternal BA circulation.

Interestingly, in the early days, dexamethasone has
been applied clinically to treat the intrahepatic cholesta-
sis of pregnancy [60]. However, our recent study found
that PDE increased the levels of TBA and all BA compo-
nents in maternal rat serum, leading to intrahepatic cho-
lestasis of the mother [31], suggesting that the
disadvantages of long-term dexamethasone use during
pregnancy outweighed the advantages to maternal BA
metabolism. Our previous study also showed that PDE-
induced upregulation of BA synthetic enzymes (e.g.,
Cyp7al) and downregulation of various BA transporters
in the liver were responsible for the changes of BAs in
maternal serum [31]. In this study, all BA components
in maternal serum were significantly increased, which
was distinct from fetal BA metabolic profile, indicating
that the maternal BA metabolism is independent of the
fetus.

Dexamethasone regulates the expression of placental BA

transporters through GR and FXR nuclear receptors

An increasing number of studies have demonstrated that
dexamethasone can alter the expression of hepatic BA
transporters through some nuclear receptors, such as
GR and FXR, resulting in hepatic cholestasis [20, 21]. In-
vestigators have found that the hepatic regulation of BA
transporters involves a complex network of nuclear re-
ceptors, among which FXR is considered as the most im-
portant BA sensor [61-63]. Although an interaction
between dexamethasone and FXR has been observed
[20], dexamethasone also antagonizes the expression of
genes involved in the hepatic handling of BAs through
FXR-independent mechanisms [21]. In addition, dexa-
methasone regulates the expression of BA transporters
in a tissue-specific way. For example, dexamethasone in-
creases BCRP expression in rat brain endothelial cells
[64] but reduces BCRP expression in placental tropho-
blast cells [65]. Previous studies have shown the expres-
sion of GR and FXR in the placenta [22, 23]. In this
study, we confirmed that dexamethasone can inhibit the
expression of OATP2B1 and BCRP, while upregulating
MRP4 expression in the placental trophoblast cells. At
the same time, we further found that GR antagonist or
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GR siRNA only blocked dexamethasone-induced de-
crease of OATP2B1 expression, indicating that
dexamethasone-activated GR is involved in the downreg-
ulation of OATP2BI1. Using the FXR agonist, we also
verified that FXR mediates dexamethasone-induced
BCRP and MRP4 expression changes. In conclusion,
dexamethasone mediates OATP2B1 downregulation by
activating GR, as well as BCRP downregulation and
MRP4 upregulation by inhibiting FXR.

Gender differences in the PDE-induced imbalance of fetal-
placental-maternal BA circulation and its possible
placental mechanism
In the field of metabolic diseases, male rodents often ex-
hibit more pronounced disease phenotypes than their fe-
male counterpart [66, 67]. The summary of the gender
differences observed in this study is shown in Table 4. In
the animal study, we found that the TBA level in male
fetal blood of the PDE group was significantly increased,
while that in female fetal blood was decreased. In the
human study, the male neonatal blood TBA level in-
creased in the prenatal dexamethasone therapy group,
while no significant change in that of female neonatal
blood was observed. We further found that both primary
unconjugated and conjugated BA levels were increased
in male fetal blood, but only primary unconjugated BA
levels were increased in female rat fetal blood. These
findings suggested that fetal blood TBA levels and meta-
bolomic spectrum of BAs exhibited significant gender
differences after prenatal dexamethasone treatment, in
which the male neonates (or rat fetus) showed more se-
vere alterations than the females.

Preliminary experiments were conducted to investigate
the possible mechanism of the gender differences in
PDE-induced BA metabolic alterations. Regarding the

Table 4 Gender differences in prenatal dexamethasone
exposure-induced the imbalance of fetal-placental-maternal bile
acids circulation

Male Female

TBA level Up* Down*
Metabolomic spectrum of BAs

TCA Up** N.S

TCDCA Up* N.S

TMCA Up* N.S
Placental BA transporter

Oatp2b1 Down** Down*
Placental nuclear receptor

GR Up* N.S

*P < 0.05, **P < 0.01 vs control. N. S no significant change, TBA total bile acid,
BAs bile acids, TCA taurocholic acid, TCDCA tauro-chenodeoxycholic acid, TMCA
tauro-muricholic acid, Oatp2b1 organic anion transporter polypeptide-related
protein 2b1, GR glucocorticoid receptor
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placental transporters, we found that although the alter-
ations of Bcrp and Mrp4 level in female placentas were
consistent with those in the males, the decrease in
Oatp2blexpression was not as significant as that in the
males. Regarding the placental nuclear receptors, al-
though PDE decreased FXR expression in the female
placenta, there was no significant change in GR expres-
sion (PDE increased GR expression in the male placen-
tas). Besides, we detected and compared the gene
expression of hepatic BA metabolic enzymes and found
that PDE increased the expression of Cyp27al and
Cyp7al and decreased Bacl expression in male and fe-
male fetal livers, with no gender difference observed.
These findings suggested that BA transport via the pla-
centa, and not BA synthesis via the fetal liver, mainly
contributes to the gender differences in PDE-induced
BA metabolic alterations. Studies have reported that GR
subtype expression profiles are different between male
and female rodent placentas, and placental GR responds
to dexamethasone in a gender-specific way [22]. In this
study, we confirmed that dexamethasone can regulate
the placental OATP2B1 expression via GR. Taken to-
gether, PDE-induced gender different patterns in the ex-
pression of GR and Oatp2bl may be the main reason for
the gender differences in placental BA transport, which
may further lead to more severe alterations in male BA
metabolism. However, the specific mechanism of this
gender difference requires further investigation.

Conclusion

A previous study in our lab demonstrated that dexa-
methasone induces mouse fetal developmental toxicity
in a course-, dose-, and stage-dependent manner: mul-
tiple courses, a high dose, or the use at an early develop-
mental stage induces stronger toxic effects on fetal
development [68]. In the pregnant rats treated with
dexamethasone (0.2 mg/kg per day) during the second
and third trimesters, we confirmed that PDE can induce
developmental toxicities in multiple organs, such as
bone, hippocampus, and ovary [35, 69, 70]. In this study,
we used the same PDE rat model to investigate the ef-
fects of PDE on BA metabolism in fetal rats and eluci-
date the underlying mechanism. Our study confirmed
that PDE can increase serum BA level and induce pla-
cental function damage in fetal rats, which was consist-
ent with the clinical changes in newborns treated with
antepartum dexamethasone. It should be pointed out
that although the dose of dexamethasone in the PDE rat
model is achievable in the clinical practice, the duration
of dexamethasone exposure is longer than the standard
use in human clinical practice, which was the deficiency
of this PDE rat model. Based on the consistency of the
results from animal experiments and clinical studies in
this study, this PDE rat model can still provide insights
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Fig. 7 Placental mechanism in the metabolic changes of fetal serum bile acids induced by prenatal dexamethasone. BAs, bile acids; TBA, total
bile acid; GR, glucocorticoid receptor; FXR, farnesoid X receptor; Bcrp, breast cancer resistant protein; Oatp2b1, organic anion-transporting

into the adverse effect of prenatal dexamethasone use on
the fetal-placental-maternal BA circulation. In addition,
we found that PDE significantly increased all kinds of
BA components (primary and secondary BAs) in the ma-
ternal serum. Although the PDE rat model and human
trophoblast cell line (BeWo) confirmed that the increase
of primary BA in fetal blood was mainly due to the pla-
cental damage caused by dexamethasone, we cannot rule
out the possible impairments of maternal cholestasis on
the placenta and fetus. This is a limitation of our study
and this possibility requires further studies in the future.

In summary, we integrated for the first time human,
animal, and cell experiments and provided evidence that
PDE can elevate serum TBA level in male fetuses and
affect metabolic BA profile, which was characterized by
the elevation of primary unconjugated and conjugated
BA levels. The potential mechanism (Fig. 7) might be
that dexamethasone downregulates placental OATP2B1
via activating GR and decreases BCRP expression and
enhances MRP4 expression by inhibiting FXR expres-
sion. This placental dysfunction leads to the imbalance
of fetal-placental-maternal BA circulation and the accu-
mulation of hydrophobic BAs in the fetal serum. We
also found for the first time that there are some gender
differences in the changes in fetal serum BA levels in-
duced by PDE, but the exact mechanism remains to be
uncovered. This study provides an important experimen-
tal and theoretical basis for elucidating the mechanism
of PDE-induced maternal and offspring abnormal BA
metabolism-associated diseases and for exploring early
prevention and treatment strategies.
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