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Abstract

Background: The placenta plays important roles in pregnancy maintenance and fetal development, and chemical-induced functional or
structural abnormalities can lead to adverse pregnancy outcomes. However, information on the placental effects of chemicals remains
limited. To help address this gap, this study aimed to investigate the effects of two model chemicals, phenytoin and phenobarbital, on
syncytialization (the fusion of cytotrophoblasts into multinucleated syncytiotrophoblasts), a critical process in placental development,
using the human choriocarcinoma cell line BeWo. Methods: Phenytoin and phenobarbital, anticonvulsant drugs known to cause ma-
jor congenital malformations, were each co-treated with forskolin, which promotes syncytialization in BeWo cells, for 48 h. Results:
Evaluation of cell fusion showed that phenytoin significantly suppressed forskolin-induced luciferase activity, whereas phenobarbital
did not. Enzyme-linked immunosorbent assay showed that the concentration of human chorionic gonadotropin beta (hCGp) in the cell
culture supernatant was decreased in phenytoin-treated syncytialized BeWo cells but increased in phenobarbital-treated cells. Western
blotting also showed a similar pattern in the hCG protein expression level. Conclusion: Collectively, these results indicate that phenytoin
suppresses the process of syncytialization, whereas phenobarbital does not affect cell fusion and instead enhances hCG production.
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1. Introduction syncytialization (the fusion of cytotrophoblasts into multi-
nucleated syncytiotrophoblasts) is a critical process for pla-
cental development [7]. Normal progression of syncytial-
ization allows the placenta to form a layered structure and
to acquire its hormone-producing capacity [6]. However,
abnormalities in the progression of syncytialization are re-
ported to be associated with the development of pregnancy-
specific diseases such as preeclampsia [8]. Moreover, con-
sidering that the development of preeclampsia has been
reported to negatively affect fetal neurodevelopment [9],
syncytialization is essential not only in the structural and
functional maturation of the placenta but also in fetal de-
velopment. Thus, reproductive and developmental toxicity
caused by chemicals needs to be assessed with a focus on
its effects on the process of placental development.

Pregnant women and fetuses are vulnerable to chemi-
cals, as exposure can cause adverse pregnancy outcomes,
such as miscarriage and congenital abnormalities [1,2].
However, there are limitations on women avoiding expo-
sure to chemicals when pregnant; for example, as many as
19 chemicals, including benzophenone, pesticides, and ph-
thalates, were detected in about 90% or more of pregnant
women [3]. Thus, it is important to understand the effects
of chemicals on pregnancy for the maintenance of a normal
pregnancy and for the growth and development of the fe-
tus. However, reproductive and developmental toxicity as-
sessments mostly focus on signs of fetal toxicity, and those
focusing on the placenta are limited in scope [4].

The placenta develops between 3 and 12 weeks of
pregnancy [5] and plays essential roles, including protect-
ing the fetus from external substances via the placental
barrier, exchanging gas and nutrients between fetus and
mother, and producing placental hormones necessary for
pregnancy maintenance [6]. During placentation, placental

Phenytoin and phenobarbital are used as anticonvul-
sant drugs and are first-line drugs in developing countries,
primarily because they are inexpensive [10]. It has been re-
ported that the rate of births with major congenital malfor-
mations was about 5-9% in pregnant women taking pheny-
toin and about 6-9% in those taking phenobarbital, com-
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pared to about 3% in unexposed pregnancies [11]. The
incidence of major congenital malformations in pregnant
women treated with levetiracetam, oxcarbazepine, carba-
mazepine, topiramate, phenytoin, phenobarbital, and val-
proic acid was also reported to be higher for phenytoin and
phenobarbital after valproic acid [11]. While the effects of
valproic acid on placental formation and function have been
reported [12,13], the effects of phenytoin and phenobarbi-
tal on the placenta and the mechanism of toxicity remain
unclear. To understand how the fetal toxicity of phenytoin
and phenobarbital results in adverse outcomes, we investi-
gated their effect on the process of syncytialization by using
the human choriocarcinoma cell line BeWo, a widely used
model of the trophoblast syncytialization, in which BeWo
cells, which have cytotrophoblastic properties, are induced
to cell fusion by using forskolin, an activator of the cAMP
signaling pathway [14,15].

2. Methods
2.1 Cell Line and Cell Culture

The human choriocarcinoma cell line BeWo
(JCRBII111; Osaka, Japan) was cultured in 10% heat
inactivated fetal bovine serum (SO0CO; Biosera, Nuaille,
France) and 1% (v/v) penicillin-streptomycin-amphotericin
B suspension (161-23181; Fujifilm Wako Pure Chemical,
Osaka, Japan) in Ham’s F-12 nutrient mixture (087-08335;
Fujifilm Wako Pure Chemical). The cell was authenticated
by morphological observation. Mycoplasma contamina-
tion tests were confirmed to be negative. The cells were
maintained at 37 °C and >95% humidity in a 5% CO2
atmosphere (hereafter “standard cell-culture conditions”).

2.2 Cell Viability Assay

BeWo cells were seeded at 1.5 x 10* cells per well
into a 96-well flat clear plate and treated for 48 h with
50 uM forskolin (11018; Cayman Chemical, Ann Arbor,
MI, USA) containing different concentrations of pheny-
toin (15.65, 31.25, 62.5, 125, 250, 500, 800 pM) (162-
11602; Fujifilm Wako Pure Chemical) or phenobarbital
(25, 50, 100, 200, 400, 800, 1600 uM) (166-12082; Fuji-
film Wako Pure Chemical). Only 50 uM forskolin-treated
group was used as control. After treatment, cell viability
was calculated by using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay (349-01824;
Tokyo Chemical Industry, Tokyo, Japan) and measuring
absorbance in accordance with the manufacturer’s instruc-
tions.

2.3 Cell Fusion Assay

Cell fusion was evaluated by using the split luciferase
based HiBiT system [16]. NanoLuc, a shrimp-derived,
small, bright luciferase [17], was divided into a C-terminal
11-amino acid peptide (HiBiT) and an 18-kDa polypep-
tide (LgBiT) [18]. HiBiT binds to LgBiT and recovers lu-
ciferase activity [18]. mCherry-labeled-HiBiT- and GFP-

labeled-LgBiT-expressing BeWo cells were kindly pro-
vided by Dr. Mikihiro Yoshie, Tokyo University of Phar-
macy and Life Sciences [16]. These were authenticated
by morphological observation. Mycoplasma contamina-
tion tests were confirmed to be negative. When mCherry-
HiBiT- and GFP-LgBiT-expressing BeWo cells are fused in
response to forskolin, the luciferase activity is recovered.
Both types of BeWo cells were cultured and maintained un-
der standard cell-culture conditions. Cells were seeded at
1.0 x 10* cells/100 pL into each well in 96-well flat white
plates and then treated for 48 h with 50 uM forskolin alone
or with 50 uM forskolin containing phenytoin (62.5, 125,
250 uM), phenobarbital (100, 200, 400 uM), or H-89 (10
puM; 10010556; Cayman Chemical), which is a protein ki-
nase A inhibitor used as a positive control for inhibition
of the syncytialization process [19]. Next, the cells were
treated with Nano-Glo luciferase assay reagent (N1120;
Promega, Madison, WI, USA) for 3 min, and then relative
luminescence was measured using a GloMax Discover Mi-
croplate Reader (GM3000; Promega).

2.4 Enzyme-Linked Immunosorbent Assay

BeWo cells were seeded at 1.5 x 10° cells/2 mL
per well in six-well flat plates and treated for 48 h with
50 uM forskolin alone or with 50 uM forskolin contain-
ing phenytoin (62.5, 125, 250 uM), phenobarbital (100,
200, 400 uM), or H-89 (10 uM). Levels of human chori-
onic gonadotropin (hCG) were assessed by measuring the
concentration of its free form, hCG beta (hCGp), in cell
culture supernatants by using commercial enzyme-linked
immunosorbent assay kits purchased from R&D Systems
(RNDDY9034-05-1; Minneapolis, MN, USA) according to
the manufacturer’s instructions.

2.5 Western Blotting Analysis

Proteins were extracted using RIPA (50 mM Tris—
HCI; pH 7.5, 150 mM NacCl, 1% NP40, 0.1% sodium dode-
cyl sulfate (SDS), 0.5% sodium deoxycholate, and 1 mM
EDTA) with protease and phosphatase inhibitor (78442;
Thermo Fisher Scientific, Waltham, MA, USA). Proteins
were separated by 12.5% sodium dodecyl sulfate polyacry-
lamide gel electrophoresis and electro-transferred onto a
polyvinylidene difluoride membrane (IPVH00010; Milli-
pore, Billerica, MA, USA) using Protein Ladder One Plus
(19593-54; Nacalai Tesque, Kyoto, Japan) as the stan-
dard. The membranes were incubated with primary anti-
bodies against hCG (1:500; ab54410; Abcam, Cambridge,
UK) and S-actin (1:50,000; A2228; Sigma-Aldrich, St.
Louis, MO, USA) overnight at 4 °C. Then, they were incu-
bated with horse anti-mouse IgG-horseradish peroxidase—
conjugated secondary antibody (1:30,000; 7076P2; Cell
Signaling Technology, Danvers, MA, USA) and with
goat anti-rabbit IgG-horseradish peroxidase—conjugated
secondary antibody (1:3125; 7074S; Cell Signaling Tech-
nology) at room temperature for 1 h. Protein bands were
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detected with ImmunoStar LD luminescence solution (296-
69901; Fujifilm Wako Pure Chemical) using an Image-
Quant LAS 4000 UV mini (8682639; Fujifilm, Tokyo,
Japan).

2.6 Statistical Analysis

Statistical analyses were conducted in GraphPad
Prism version 10.2.3 (GraphPad Software, Boston, MA,
USA). Data are expressed as means + S.D. Statistical anal-
yses were performed using Dunnett’s method. p-values
lower than 0.05 were considered statistically significant.
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Fig. 1. Cytotoxicity of phenytoin and phenobarbital in human
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choriocarcinoma BeWo cells. Cells were treated with forskolin
(50 uM) containing different concentrations of (A) phenytoin or
(B) phenobarbital for 48 h. Cell viability was evaluated by colori-
metric dye assay. Data are expressed as mean £ S.D (n=5). The
data are representative of at least two independent experiments,
with similar results. ns, not significant. **p < 0.01, ****p <
0.0001.

3. Results

3.1 Phenytoin Inhibits Forskolin-Induced BeWo Cell
Fusion

First, we assessed the effect of phenytoin and pheno-
barbital on placental syncytialization in BeWo cells. The
cell viability assay showed that the concentration of pheny-
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toin 250 uM or less in cells treated with forskolin was
not cytotoxic to BeWo cells (Fig. 1A) and that none of
the concentrations of phenobarbital used were cytotoxic
to BeWo cells (Fig. 1B). Therefore, phenytoin was used
with 250 pM as the highest concentration in the subse-
quent experiments. The cell fusion assay revealed that treat-
ment with forskolin increased the luciferase activity, and
co-treatment with a protein kinase A inhibitor H-89 down-
regulated the forskolin-induced luciferase activity (Fig. 2).
Phenytoin significantly suppressed the forskolin-induced
luciferase activity in a concentration-dependent manner
(Fig. 2). In contrast, co-treatment with forskolin and phe-
nobarbital showed no significant changes in the forskolin-
induced luciferase activity of the co-culture model, indicat-
ing that phenytoin inhibited forskolin-induced BeWo cell
fusion, but phenobarbital did not.
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Fig. 2. Effects of phenytoin and phenobarbital on cell fusion
of mCherry-HiBiT- and GFP-LgBiT—expressing BeWo cells.
Cells were treated with forskolin (50 uM) together with phenytoin
or phenobarbital for 48 h. Luciferase activity was measured to
evaluate cell fusion. The protein kinase A inhibitor H-89 (10 uM)
was used as a positive control. Data are expressed as mean = S.D
(n = 5). The data are representative of at least two independent
experiments, with similar results. ns, not significant. *p < 0.05,
**p < 0.01, #+**p < 0.0001.

3.2 Phenytoin Suppresses Forskolin-Stimulated hCG
Production and Phenobarbital Promotes It

hCG is a hormone that is produced by the placenta
in the first trimester of pregnancy and is upregulated in
BeWo cells in which syncytialization has been induced
by forskolin [20]. Therefore, we analyzed concentra-
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Fig. 3. Effects of phenytoin and phenobarbital on human chorionic gonadotropin (hCG) production and secretion. BeWo cells
were treated with forskolin (50 pM) together with phenytoin or phenobarbital for 48 h. The protein kinase A inhibitor H-89 (10 uM) was
used as a positive control. (A,B) Concentration of hCG/3 in the cell culture supernatant, as determined by enzyme-linked immunosorbent
assay. Data are expressed as mean = S.D (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C,D) hCG production in cell

lysates, as detected by western blotting, with S-actin as the endogenous control. The data are representative of at least two independent

experiments, with similar results.

tions of hCGg in cell culture supernatant by enzyme-
linked immunosorbent assay. The hCGfS concentration in
the cell culture supernatant was significantly increased by
forskolin treatment and suppressed by co-treatment with H-
89 (Fig. 3A,B). Phenytoin (250 uM) inhibited the forskolin-

stimulated hCG/ production (Fig. 3A). In contrast, adding
phenobarbital to forskolin-treated cells significantly in-
creased the hCGf concentration in the cell culture super-
natant in a concentration-dependent manner (Fig. 3B). Fur-
thermore, western blotting analysis revealed that hCG pro-
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duction declined when phenytoin was added to forskolin-
treated cells (Fig. 3C) but was elevated when phenobarbi-
tal was added (Fig. 3D). These results indicate that pheny-
toin suppressed forskolin-induced BeWo syncytialization
and subsequent hCG production and secretion.

4. Discussion

Although both phenytoin and phenobarbital are anti-
convulsant drugs, they each have a different pharmacolog-
ical mechanism of action. We consider that this difference
might reflect the difference in the effects on syncytialization
observed in the phenytoin- and phenobarbital-treated BeWo
cells. Phenytoin acts as a voltage-gated sodium ion channel
blocker [21] but has also been reported to inhibit calcium
transport mechanisms in Caco-2 human colorectal cancer
cells [22], suggesting that phenytoin inhibits calcium trans-
port in a membrane potential-independent manner. Pla-
cental cell fusion requires calcium signaling, as evidenced
by the fact that transmembrane protein 16 activated by cal-
cium signaling was found to regulate trophoblast cell fusion
[23]. Therefore, phenytoin may inhibit calcium transport
and reduce intracellular calcium ion concentrations, lead-
ing to the suppression of BeWo syncytialization. There is
a need for further research to determine whether phenytoin
inhibits calcium transport in BeWo cells via a membrane
potential-independent mechanism.

It is known that hCG secretion is modulated by
gamma-aminobutyric acid (GABA) acting via GABA, re-
ceptors [24]. Given that the antiepileptic effects of pheno-
barbital work via GABA4 receptors [21], it can be hypoth-
esized that phenobarbital agonism at the GABA 4 receptor
may cause enhanced hCG/ secretion. Because elevation
of hCG is reported to lead to a higher incidence of adverse
pregnancy outcomes [25], increased hCGf secretion might
contribute to phenobarbital-induced congenital malforma-
tions.

5. Limitation

The limitation of this study is that we assessed syn-
cytialization only by evaluating hCG production and se-
cretion. Various signaling pathways and molecules like
syncytin-1 and syncytin-2 are involved in syncytialization
[26]. We should also evaluate the expression changes of
these various signaling pathways and molecules to provide
stronger evidence of the effects of phenytoin and phenobar-
bital on syncytialization. In addition to that, the evaluation
of the impact of these agents on not only BeWo but also hu-
man trophoblast stem cells syncytialization should be done.
Moreover, the effects of these agents on placental struc-
ture and function also need to be evaluated in vivo. With
these validations, this study will help us understand the ad-
verse outcome pathways of phenytoin- and phenobarbital-
induced fetal toxicity from a placental perspective.
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6. Conclusion

Collectively, we showed that while phenytoin sup-
pressed the process of syncytialization, phenobarbital had
no effect on fusion and increased hCG production. These
findings suggest that phenytoin and phenobarbital disrupt
the process of placental development. Although further re-
search is needed, our data help to understand the effects of
anticonvulsant drugs on placenta.
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