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ARTICLE INFO ABSTRACT

Keywords: Introduction: Accumulated data indicate that placental hypoxia is implicated in the pathogenesis of preeclampsia
Tight junction (PE). Tight junction (TJ) is important structure that sustains normal placental barrier function, its dysregulation
Hypoxia under hypoxia has been observed. This study was designed to explore hypoxia-induced TJ dysfunction in tro-
Hypoxia-inducible factor 1 alpha phoblast cells and its possible involvement in PE pathophysiology.

g;z:g:g:ztia Methods: Choriocarcinoma cells were grown in a monolayer and treated with cobalt chloride (CoCl,) to induce

hypoxia. TJ architecture was assessed using transmission electron microscopy, and locations of TJ proteins were
determined by immunofluorescence. TJ functions were assessed by transepithelial electrical resistance (TER)
and increased cell paracellular permeability (CPP), and the expression of TJ-related proteins, HIF-1a and VEGF
was measured.

Results: The TJ functions of trophoblast cells were significantly altered by hypoxia; TER decreased and CPP
increased in a time- and concentration-dependent manner. Significant alterations in TJ protein expression and
increases in HIF1a and VEGF expression were observed in hypoxic cells, and these effects were attenuated by
pretreatment with YC-1. Moreover, corresponding changes in TJ protein expression were also detected in pre-
eclamptic placentas.

Conclusion: These data demonstrate that trophoblast cells undergo significant changes in TJ protein expression
under hypoxic conditions and highlight the potential significance of the HIF1a-VEGF axis in the regulation of TJ
structure and function in the preeclamptic placenta.

membrane-associated accessory proteins. The transmembrane protein
families claudin (CLDN) and occludin (OCLN) contain multiple trans-
membrane domains and function as homodimeric bridges between

1. Introduction

The placental syncytium is a critical structure that facilitates the

transfer of materials between the mother and developing fetus. The
placental barrier is composed of syncytiotrophoblast (ST) cells, cyto-
trophoblast (CT) cells, vascular endothelial cells, the basement mem-
branes and connective tissues of both the mother and fetus. Damage to
or alteration of this barrier is often observed in preeclampsia (PE) and
other pregnancy-related complications [1].

Tight junctions (TJs) are junction complexes located at the border of
neighboring epithelial cells and formed by transmembrane proteins and

adjacent cells [2]. Zonular occludens (ZO) are important membrane-
associated accessory proteins that link the cytoplasmic tails of CLDN/
OCLN and the actin cytoskeleton to keep the TJs stable. TJs work as
both a seal and a “fence”, with the former regulating the paracellular
passage/transport of ions and molecules [3] and the latter blocking the
movement of membrane molecules between the apical and basolateral
domains of the cell plasmalemma. TJs form a major barrier in epithelial
tissues and maintain the unique electroosmotic gradients and secretory
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paracellular fluids within each type of epithelium. TJs have been well
studied in many tissues and cell types. In the placenta, expression of TJ
proteins and their locations have been described. CLDN1, CLDN5 and
Z01 were found in human placental vascular trees [4,5] and CLDN4,
CLDN16 at the border between the syncytiotrophoblast and cyto-
trophoblast layers [5]. Our laboratory investigated TJ architecture in
placental trophoblasts and vascular endothelial cells using transmission
electron microscopy (TEM) [6].

Normal placental function relies on the integrity of TJs. Defects in
TJ structures may underlie abnormal placental permeability and con-
tribute to pathological conditions, such as PE. TJs damage was reported
in placentas associated with PE, and the expression of some TJ proteins
(CLDN1, CLDN3 and CLDNS5) were decreased in preeclamptic placentas
[5]. Moreover, a study using a co-culture model of placental tropho-
blasts and endothelial cells further demonstrated alterations of para-
cellular permeability in preeclamptic placentas [7]; these data strongly
suggest the significance of TJ protein dysregulation in the development
of PE.

The regulation of TJ expression in placental cells in unclear. Oxygen
saturation is crucial for placentation and for supporting normal preg-
nancy. Hypoxia in the fetal-placental unit has been recognized as a
pathological change characteristic of PE [8,9]. It is widely believed that
persistent placental hypoxia due to shallow trophoblast invasion and a
lack of spiral artery remodeling upregulates HIF-1a, which leads to
endothelial dysfunction and the maternal syndrome of PE [10]. How-
ever, how this placental hypoxia leads to the clinical manifestations of
PE remains open for debate. Studies of other barrier tissues, such as the
blood-brain barrier [11] and the blood-air barrier in the lungs [12],
have shown that hypoxia affects TJ protein expression, resulting in
impaired TJ functions. Accordingly, we hypothesized that there might
be a correlation between hypoxia and TJ dysfunction in the human
placental barrier, which may play a role in the pathophysiology of PE.
The aim of the present study was to elucidate the effects of hypoxia on
the expression of TJ proteins in preeclamptic placentas and BeWo
choriocarcinoma cells and to determine whether this regulation of TJs
by hypoxia is mediated by hypoxia-inducible factor 1 alpha (HIF1a).

2. Materials and methods
2.1. Materials

BeWo cells were provided by the China Center for Type Culture
Collection. Placental tissues from both PE and control patients were
provided by the Clinic Center of Reproductive Medicine of Jiangsu
Province Hospital. All subjects provided informed consent, and the re-
search program was approved by the Ethical Committee of the First
Affiliated Hospital of Nanjing Medical University. All the placentas
were donated by women who had been diagnosed with severe PE
during their pregnancies (n = 10) or women with normal pregnancies
(n = 7). All these women had singleton pregnancies, and the babies
were delivered by Caesarian section. Clinical data were collected from
the Jiangsu Province Hospital Center of Clinical Reproductive Medicine
database. Placental specimens were matched based on parity, maternal
age, and infant sex (Table 1).

The primary antibodies used were as follows: rabbit anti-ZO1 anti-
body (Invitrogen, Carlsbad, CA, Catalog No. 61-7300), rabbit anti-
HIFla antibody (Bioworld, Catalog No. BS3514), rabbit anti-CLDN8
antibody (Sigma Aldrich, St. Louis, MO, Catalog No. AV33621), mouse
anti-CLDN4 antibody (Invitrogen, Carlsbad, CA, Catalog No. 32-9400),
rabbit anti-OCLN antibody (Invitrogen, Carlsbad, CA, Catalog No. 71-
1500) and rabbit anti-GAPDH antibody (Bioworld, Catalog No.
AP0063). CoCl2 was purchased from Sigma (St. Louis, MO, USA,
Catalog No. C8661). 3-(5-Hydroxymethyl-2’-furyl)-1-benzylindazole
(YC-1) was purchased from Cayman (Ann Arbor, MI, USA, Catalog No.
81560), and fluorescein isothiocyanate (FITC)-dextran was obtained
from Sigma (St. Louis, MO, USA, Catalog No. FD4). All chemical
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reagents used in our study were at least analytical grade.
2.2. Cell culture and hypoxia model establishment

BeWo cells were maintained at 37 °C as monolayers in F-12K
medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 U/ml streptomycin in a humidified atmosphere of
5% CO, and 95% air. The cells were subcultured by treatment with
0.25% trypsin containing 0.02% EDTA and then seeded at a density of
3 x 10° cells per well and grown for subsequent experiments. The
culture medium was replaced every 24-48h. Once the cells had
reached 70-80% confluence, agents, such as CoCl, and/or YC-1 (an
inhibitor of HIFla expression), were added to the medium. The cells
were incubated for the indicated times. Specifically, the in vitro cell
model of hypoxia was established as follows. BeWo cells were seeded in
pore plates or Millicell wells, as required, and then treated with various
concentrations (0 pmol/L, 125 pmol/L 250 pumol/L and 500 pmol/L) of
CoCl; or 250 pmol/L CoCl, for various times (6 h, 12 h and 24 h). YC-1
was added to the medium 30 min before treatment with 250 umol/L
CoCl,. CoCl, was dissolved in F-12 K medium, and YC-1 was dissolved
in dimethyl sulfoxide (DMSO).

2.3. TEM examination

The TJ structures of the placenta or BeWo cells were examined using
TEM. The placental samples or Millicell membranes on which the cells
were cultured were fixed in 2.5% glutaraldehyde in cacodylate buffer.
Then, the samples were transferred to cacodylate buffer with 0.05 M
sucrose (pH 7.2) and stored at 4 °C. The placental villous tissues or
BeWo cells were postfixed in 1% OsO4 for 2h at 4 °C and routinely
processed in a graded series of acetone. The samples were infiltrated
with acetone-araldite and embedded in araldite. The embedding blocks
were then cut into semi-thin sections (thickness, 1 ym) and stained with
thionine. The ultrathin sections (thickness, 80 nm) were treated (double
contrast) with uranyl acetate for 25 min and 8% lead nitrate for 5 min.
The TJ structures of all tissues and cells were systematically in-
vestigated at 6,000 x, 20,000 X, and 50,000 X magnification using a
JEM-1010 electron microscope (JEOL Ltd.).

2.4. Immunofluorescence (IF)

Cellular localization of proteins of interest was determined by in-
direct IF. BeWo Cells were grown on sterile glass cover slips, rinsed
three times with ice-cold phosphate-buffered saline (PBS), fixed for
30 min in 4% formaldehyde in PBS, and permeabilized for 5 min in PBS
containing 0.1% Triton X-100 at room temperature. After being wa-
shed, the cells were blocked in 1% bovine serum albumin (BSA)-PBS for
1h at room temperature. Primary antibodies were diluted to the ap-
propriate concentration in 1% BSA (1:50 dilution) and incubated
overnight with the samples at 4 °C. The dilutions for the primary an-
tibodies used in the study are given in Supplemental data 1. The DNA
dye Hoechst 33,258 was used for nuclear staining (0.5 mg/ml, per-
meabilized for 5min). All washing steps were performed with PBS.
Slides were observed under an Axioskop 2 Plus microscope (Carl Zeiss)
and photographed.

2.5. Assay of cell paracellular permeability (CPP)

For the cell permeability assay, the cell culture insert system was
used, and movement of a macromolecule, FITC-dextran, was assessed.
First, BeWo cells (3 x 10°) were seeded onto cell culture inserts. When
the cultured cells reached 70-80% confluence, FITC-dextran (1 mg/ml,
50 pL; average molecular mass, 43,200 Da) was added into the upper
compartment. CoCl, was then added, and the cells were incubated in
the absence or presence of YC-1. At the indicated time points, 50 L of
sample medium was taken from the lower compartment. After diluting
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Table 1
Clinical characteristics of placental samples (N = 7 + 10).
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Control (N = 7) PE (N = 10)
Maternal age (years) 28.86 = 0.72 28.4 = 2.63
Nulliparous (N) 6 7
Gestational weeks at delivery 39.5 + 0.78 37.6 + 0.79
Mode of delivery Cesarean Cesarean
Birth weight (g) 3588.6 + 199.8 2991.0 * 516.6
Infant sex Female 4 4
Male 3 6
Cases Age (years) Gravidity Parity Gestational weeks Mode of Sex of the  Birth Average systolic BP  Average diastolic BP  Proteinuria (grams per
at delivery delivery baby weight (g) (at admission) (at admission) 24 h urine)
PE1 28 1 0 37.0 Cesarean Male 2950 160 110 224
PE2 31 4 1 38.3 Cesarean Male 2800 170 105 335
PE3 33 2 1 39.2 Cesarean Female 4410 170 110 360
PE4 32 2 0 36.6 Cesarean Female 2700 190 130 510
PE5 26 1 0 37.1 Cesarean Female 2900 175 115 210
PE6 27 3 0 37.2 Cesarean Male 3000 180 110 320
PE7 26 1 0 38 Cesarean Male 2850 165 110 290
PE8 26 3 1 37.6 Cesarean Female 3000 170 120 480
PE9 27 1 0 36.9 Cesarean Male 2600 170 110 360
PE10 28 1 0 38 Cesarean Male 2700 180 120 510
the sample medium to 500 uL with PBS, the fluorescence intensity of Table 2
FITC-dextran was measured at excitation and emission wavelengths of Primers used for qQRT-PCR.
490 nm and 520 nm, respectively, using a fluorescent reader (Spectra ) . e (b
MAX Gemini XS). Gene Primer Sequence(5'~3") Size (bp)
Z01 Forward CCAGCCTGCTAAACCTACTAAAGTCA 273 bp
g g . . Reverse TTCAATAGCGTAGCCCGTTCAT
2.6. Measurement of transepithelial electrical resistance (TER) CLDN4 Forward CTTATGGTGATAGTGOCGGTGTC 197 bp
Reverse GCGGAGTAAGGCTTGTCTGTG
The TER of the cell culture insert system was measured using the CLDN8 Forward GATTCCCTGCTGGCTCTTTCTC 151 bp
Millicell ESR apparatus (Millipore corporation, Catalog No. 00198103). Reverse TGTGAGCCTTCACCTTCTCATTGT
BeWo cells were seeded onto Millicell hanging cell culture inserts OCLN Forward CTAGGACGCAGCAGATTGGTTTA 153 bp
. . . . Reverse GGTGCATAATGATTCGGTTTGAAT
(d.lameter, 10 mm; pore size, 0.4 pm; polycarbf)nate meml;rane, VEGF Forward AGCAAGACAAGAAAATCCCTGTGG 160 bp
Millipore corporation, Catalog No. P90740) at a density of 3 x 10 cells Reverse TCGGCTTGTCACATCTGCAAGTAG
per well and then treated as indicated. An equal volume of culture GAPDH Forward GAAGGTCGGAGTCAACGGATTT 223 bp
medium without cells served as the blank control. After treatment for Reverse CTGGAAGATGGTGATGGGATTTC

the indicated times, the TER of the monolayer of cells was measured.
The measurement was performed at a constant temperature (25 °C),
and each well was measured three times from 3 different directions.
The value of TER was calculated as follows: (the TER value of samples
with cells — the TER value of the blank control) x 0.33.

2.7. Quantitative reverse-transcription polymerase chain reaction (qRT-
PCR)

qRT-PCR was performed for quantitative assessment of the mRNA
levels of TJ-associated genes, including ZO1, CLDN4, CLDN8, OCLN
and VEGF. Total RNA was extracted from cells treated with CoCl, and/
or 10 uM YC-1 using the RNAiso Plus reagent (TaKaRa Biotechnology
Co., Ltd., Dalian, China, TaKaRa code: D9108B) according to the
manufacturer's instructions. The first-strand complementary synthesis
reaction was performed using a PrimeScript RT Reagent Kit (Perfect
Real Time; TaKaRa Biotechnology Co., Ltd., Dalian, China). Gene-spe-
cific primers were used, and the sequences are listed in Table 2.
GAPDH, a housekeeping gene, was used for normalization. Amplifica-
tion was conducted using an ABI Prism 7300 Sequence Detection
System (PerkinElmer Applied Biosystems, CA). The relative abundances
of the target mRNAs were calculated using the 2~ 24°T method.

2.8. Western immunoblotting

Cells were collected and boiled in Laemmli sample buffer containing
100 mM dithiothreitol. Proteins were separated by sodium dodecyl

polyacrylamide electrophoresis (SDS-PAGE) and then transferred to
nitrocellulose membranes. Primary antibodies, which were diluted in
5% skim milk, were added, and the membranes were incubated over-
night at 4 °C. The membranes were washed in PBS before incubation
with HRP-conjugated secondary antibodies (1:1000; Zhongshan
Biotechnology Co. Ltd., Beijing, China) for 1 h in a hybridization oven
at 37 °C. After washing with PBS, the membranes were examined using
an enhanced chemiluminescence system (Amersham Biosciences,
Uppsala, Sweden). The membranes were then scanned, and the signal
intensity of each band was determined using Alpha Ease FC (Fluorchem
5500) software (Alpha Innotech Corp., CA). To standardize for loading
variations, the relative protein expression levels in each sample were
normalized to GAPDH.

2.9. Enzyme-linked immunosorbent assay (ELISA)

The levels of immunoreactive VEGF in the conditioned supernatant
were measured with a commercial ELISA kit, according to the instruc-
tions provided by the manufacturer. This assay has a sensitivity of
5.0 pg/mL, with intraassay and interassay coefficients of variation of
10%. The expression levels of VEGF were measured at an emission
wavelength of 450 nm with a fluorescent reader (Spectra MAX Gemini
XS). The ELISA results were normalized for protein content, and the
data are expressed as picograms per milliliter of conditioned medium
per microgram of protein.
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2.10. Immunohistochemistry (IHC)

To investigate the functions of TJ-related proteins in PE, IHC was
performed to analyze differences in the levels of ZO1, CLDN4, CLDN8
and OCLN between PE and normal placentas. Formalin-fixed, paraffin-
embedded placental tissues from the control and PE groups were de-
paraffinized, re-hydrated, sectioned (4pm) and immunostained.
Detection of these proteins in placental tissues was carried out by two-
step IHC. Primary antibodies were incubated at a specific concentration
overnight at 4 °C. The primary antibodies utilized are shown in the
Supplemental Table (see Supplemental data 1). Secondary antibodies
were incubated at a 1:500 dilution for 1 h at 37 °C. IgG was used as the
negative control. IHC staining of the placental samples and negative
controls was conducted simultaneously using the same methods.

2.11. Statistical analyses

All data are presented as the mean = SEM. Comparisons between
the study and control groups were calculated by an unpaired t-test or
one-way analysis of variance (ANOVA), as indicated. Differences were
considered statistically significant at a value of p < 0.05.

3. Results

3.1. TJ structure and expression of tight junction proteins in human
placenta and trophoblast cells

To observe the location of TJ structures in human placenta and
trophoblast cells, microscopic observation was performed. As shown in
Fig. 1, in human placentas, TJs were mainly located at the cell junctions
of adjacent syncytiotrophoblast cells located on the top of the free
surface (Fig. 1, A) and at cell junctions with the endothelium (see
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Supplemental data 1). In cultured trophoblast cells, TJs were located at
the cell-cell junctions. The cellular location of ZO1 and CLDNS8 in
human placenta was evaluated using IHC (Fig. 1, B). ZO1 and CLDN 8
were mostly located in the cytoplasm of syncytiotrophoblasts. Im-
munofluorescence was conducted to identify the subcellular location of
TJ proteins, including ZO1, CLDN4, CLDN8 and OCLN (Fig. 1, D). ZO1
was principally located in the cell junction, and most OCLN molecules
were located in the cytoplasm, with a lower level detected in the cell
junction and endonuclear regions. CLDN4 and CLDN8 were mainly
located in the cytoplasm.

3.2. Increased cell CPP and decreased TER in response to CoCl,-induced
hypoxia in BeWo cells

To access TJ function under hypoxia, the CPP levels were quantified
by measuring FITC-dextran flux through the paracellular monolayers in
the Millicell culture system after CoCl, treatment. A dose- and time-
dependent increase in CPP was observed (Fig. 2A1). While treatment
with 125 pmol/L CoCl, did not alter the CPP levels of BeWo cells, ex-
posure to 250 umol/L or 500 umol/L CoCl, caused a significant change
in CPP levels. The time course study showed a maximal effect following
24 h of CoCl, treatment. TER was measured with a Millicell ESR ap-
paratus. Again, dose- and time-dependent decreases of TER were ob-
served when BeWo cells were treated with CoCl, (Fig. 2A2). Similar to
the effect of CPP, no significant alteration of TER was detected fol-
lowing treatment with 125 pmol/L CoCl, for the three time points ex-
amined, while a significant decrease of TER was observed following
treatment with 250 or 500 umol/L CoCl,. To confirm that the altera-
tions of CPP and TER were not due to cytotoxicity, cell viability was
assessed with the MTT assay (see Supplemental data 2). At dosages of
125 pmol/L and 250 pmol/L, no significant difference in cell viability
was observed. However, treatment with 500 umol/L CoCl, resulted in

CLDNsS
T

d«

hoechst

701

CLDN4

Fig. 1. Location of tight junction (TJ) structures and proteins in human placenta and trophoblast cells. The TJ structures of human placenta (A) and BeWo cells (C) growing on the
Millicell membrane were observed with TEM at 50,000 X magnification (scale bar, 500 nm). The cellular location of ZO1 and CLDN8 in human placenta was determined with the use of
THC (scale bar, 10 um) (B). The cellular localization of ZO1, CLDN4, CLDN8 or OCLN in BeWo cells was determined with immunofluorescence. (Scale bar = 10 um) (D).
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Fig. 2. Dysfunction and alterations of tight junction protein expression in response to the CoCl,-induced hypoxic condition. BeWo cells cultured in the Millicell culture system were
exposed to various concentrations (control, 125 pmol/L, 250 umol/L and 500 pmol/L) of CoCl,. At the indicated time points (6 h, 12 h, and 24 h), the leakage of FITC-dextran through the
Millicell membrane was measured (A1). TER between the membranes was measured with an ESR apparatus (A2). After exposure to 250 pmol/L CoCl, for the indicated times, the mRNA
(B1) and protein (B2) expression levels of ZO1, CLDN4, CLDN8 and OCLN were measured by qRT-PCR and Western blotting, respectively. A dose-dependent effect on the expression levels
of ZO1, CLDN4, CLDN8 and OCLN was measured both at the mRNA (C1) and protein (C2) levels. After exposure to 250 pmol/L CoCl, for 24 h, the locations of ZO1, CLDN4, CLDN8 and
OCLN were visualized by immunofluorescence (D). The data represent the mean * S.E.M. from three independent experiments. *,p < 0.05, compared to the control group at each time

point. **, p < 0.01, compared to the control group at each time point.

apparent cytotoxicity in BeWo cells, and cell viability was greatly re-
duced. Thus, we used the concentrations of 125 pmol/L and 250 pmol/
L in the subsequent experiments to assess the influence of different
CoCl, concentrations on the expression of TJ proteins in trophoblast
cells.

3.3. Alterations of tight junction protein expression in response to CoCly-
induced hypoxia

To determine whether the CoCl,-induced functional changes in the
TJ barrier were associated with alterations in the expression of TJ
proteins, the mRNA and protein levels of ZO1, CLDN4, CLDN8 and
OCLN were measured with qRT-PCR and Western blotting. As shown in
Fig. 2B1, following treatment with 250 pmol/L CoCl,, ZO1 mRNA ex-
pression levels were reduced at 6 h and 24 h, while CLDN4 mRNA levels
were significantly reduced at 12 h and 24 h. CLDN8 showed a low level
of expression at 6 h, and no statistically significant difference was ob-
served between the two groups at 12 h or 24 h. We also measured the
expression of OCLN mRNA and found no significant difference between
the treated and untreated cells at any time points analyzed.

We assessed how the protein levels of these TJ proteins changed in
response to treatment with 250 pmol/L CoCl,. A marked reduction of
701 and CLDN4 was detected in the treated cells at 6 h, 12 h and 24 h
compared with the levels in untreated cells (Fig. 2B2). In contrast, the
expression of CLDN8 was significantly elevated, while the expression of
OCLN was not affected (Fig. 2B2). These results at the protein level
were consistent with those observed at the mRNA level.

The dose-dependent responses to CoCl, treatment were also de-
termined. While there was a trend of reduction in the ZO1 mRNA level

following treatment with 125 pmol/L or 250 umol/L CoCl, for 12 h, the
change did not reach statistical significance (Fig. 2C1). However, on the
protein level, treatment with 250 pmol/L CoCl, led to a significant re-
duction of ZO1 (Fig. 2C2). CLDN4 expression was decreased at both the
mRNA and protein levels after the treatment with 250 pmol/L CoCl,
but not at the 125 pmol/L CoCl, concentration (Fig. 2C1 and C2).
mRNA levels of CLDN8 showed no statistically significant difference
among the different concentration groups (Fig. 2C1), whereas on the
protein level, there was a significant increase in CLDN8 expression at
both the 125 pmol/L and 250 umol/L concentrations (Fig. 2C2). No
evident change in OCLN expression was found following treatment with
different concentrations of CoCl, (Fig. 2C1 and C2).

To examine the potential location alteration of TJ proteins under
hypoxia, the distribution of TJ proteins was observed under a fluores-
cence microscope. The results showed no obvious location alterations
for Z0O1, CLDN4, CLDN8 and OCLN after treatment with 250 umol/L
CoCl,, although the changes in the expression levels of ZO1, CLDN4,
and CLDN8 were consistent with the Western blotting results.

3.4. HIFla and VEGF contribute to TJ dysfunction under the response to
CoCly-induced hypoxia

We determined HIFla and VEGF expression changes induced by
hypoxia in BeWo cells. As seen in Fig. 3A1, elevated HIF1a expression
was detected in a time-dependent manner after exposure to 250 umol/L
CoCl, in Western blotting experiments. While no change in HIFla ex-
pression was observed at the 125 umol/L concentration, a significant
change was detected after treatment with 250 umol/L CoCl, (Fig. 3A2).
Using an ELISA kit, the protein concentration of VEGF in culture media
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was measured. Similarly, a time-dependent increase of VEGF at
250 pmol/L CoCl, was observed (Fig. 3B1 and B2).

We applied the HIFla inhibitor, YC-1, to verify the HIFla regula-
tion on VEGF. BeWo cells were pretreated with YC-1 before CoCl,
treatment. YC-1 treatment alone significantly reduced HIF1a and VEGF
expression (Fig. 3C1 and C2), confirming the efficacy of YC-1 as a
HIFla inhibitor. Importantly, pretreatment with YC-1 blocked the cell
response to CoCl,, indicating that in the HIF1a-VEGF pathway, the
VEGF changes caused by CoCl, exposure are mostly mediated by
HIFla. Subsequently, we determined the role of HIFla in the regula-
tion of TJ protein under hypoxia. As shown in Fig. 4, HIF1a inhibition
by YC-1 (10 pumol/L) significantly reversed the elevation in CPP
(Fig. 4A) and decrease in TER (Fig. 4B) induced by CoCl,. Moreover,
while the protein levels of ZO1 and CLDN4 were reduced by CoCl,
exposure for 24 h, these effects were blocked by pretreatment with the
HIFla inhibitor. In parallel, CoCl,-induced elevation of CLDN8 ex-
pression was also blocked by YC-1 pretreatment (Fig. 4C). In addition,
immunofluorescence staining results also confirmed that the alterations
of TJ protein expression were neutralized by HIFla inhibition. Thus,
HIFla appeared to be a major factor mediating the hypoxia-triggered
disruption of TJ functions and dysregulation of TJ protein expression.

3.5. Alteration of tight junction protein expression and HIF1a in PE
placentas

To verify the in vivo significance of the above findings in cell culture,
the mRNA and protein expression of TJ proteins were examined in
preeclamptic placentas. As shown in Fig. 5A and B, decreased expres-
sion levels of ZO1 and CLDN4 were detected in PE placentas at both the
mRNA and protein levels compared to those in placentas from normal
pregnancies. The expression of CLDN8 was increased in preeclamptic
placentas compared with that in normal placentas, while no difference
in OCLN expression was observed (Fig. 5A and B). Using IHC, we
compared the location and expression of ZO1 and CLDNS8 in pre-
eclamptic and normal placentas (Fig. 5D). ZO1 and CLDN8 were mainly
localized in the cytoplasm of syncytiotrophoblasts. No alteration in the
location of these TJ proteins was detected in PE placentas, while ZO1
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protein expression was decreased and CLDNS8 protein was increased
compared to the levels in normal placentas. Thus, the altered expression
of TJ proteins in PE placentas was similar to that observed in tropho-
blast cells induced by hypoxia, indicating that hypoxia-induced TJ
dysfunction may be involved in the pathogenesis of PE. Moreover, we
assessed HIF1la expression in PE and control placentas and found a
significant elevation of HIF1a expression in PE (Fig. 5C and D). Thus,
hypoxia may contribute to the development of PE via the HIFla
pathway.

4. Discussion

The placental barrier serves as the frontline defense to protect the
fetus. Specifically, this barrier controls the transport of ions, solutes and
water across the epithelia through both transcellular and paracellular
passages. Maintenance of the concentration gradients in the nutrients
and wastes across placental barriers is dependent on the integrity of TJs
between adjacent cells [13]. Trophoblast cells, as one of the most im-
portant cell types in the placenta, play a significant role in sustaining
the homeostasis of the placental barrier. Dysfunctional TJs in human
placenta and trophoblast cells are correlated with abnormal placental
functions and the development of pregnancy complications [13-15]. In
this study, utilizing a cell culture model, we examined the effects of
hypoxia on the TJs of placental trophoblasts. Our results showed that
hypoxia significantly modified TJ protein expression and function in
BeWo cells, and this effect was most likely mediated by the HIFla-
VEGF axis. Additionally, in PE placentas, the expression of TJ proteins
was significantly altered compared to that in control placentas. To-
gether, the present results provide some novel insights into the me-
chanism of placental dysfunction.

Although TJs have been widely investigated in other organs and
systems, PE-related alterations in TJ structure and function have not
been well elucidated. Previous studies have shown that TJ structures
and proteins are located both in endothelial cells and trophoblast cells
of human placenta [4,5,16,17]. TJ protein expression was found to be
altered throughout gestation, indicating that TJs participate in normal
placentation. Studies also showed that the destruction of TJ structure
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and altered expression of TJ proteins are associated with complete
hydatidiform moles [18]. In PE placenta, Samuel Liévano observed the
downregulation of CLDN1, CLDN3, and CLDN 5 and an unaltered ex-
pression of ZO1 and occludin, but no mechanistic study was performed
[5]. Alterations of TJ proteins in PE placentas suggest a dysfunction in
the TJ barrier in this condition. As a result, fluxes of macromolecules
across the paracellular route may be increased, which might account for
the edema of the placenta observed in PE patients. In addition, some
investigators have found that reduced TJ expression was accompanied
by paracellular leakage when trophoblast cells were cocultured with
cytokines derived from PE placentas [7]. Our findings on the ZO1 and
CLDN8 changes in BeWo cells under hypoxia, alterations of CPP and
TER functions, together with corresponding changes in preeclamptic
placentas, has provided additional data in support of hypoxia-induced
TJ changes in the development of PE.

Hypoxia has been shown to alter the expression and location of TJ
proteins, leading to decreased restrictiveness of the barrier and defec-
tive paracellular transport, thereby resulting in epithelium barrier
dysfunction [12,19]. Willis et al. [20] observed that in rat brains, hy-
poxia induced the downregulation of CLDN5, OCLN and ZO1 at the
blood-brain barrier. In cultured human corneal epithelial cells, Kimura
et al. [21] observed that hypoxia induced the disruption of barrier
function and a downregulation of TJ proteins, while dexamethasone
exhibited a protective effect on epithelial barrier dysfunction by in-
hibiting the degradation of ZO1l. Again, in non-placental cells, the
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S.E.M. from three independent experiments. *, p < 0.05, compared to the control group. **, p < 0.01, compared to the control group. #, p < 0.05, compared to the CoCl,-

HIF1a-VEGF axis was found to mediate downstream cellular responses
to the hypoxia condition [22,23]. As one of the most important
downstream target genes of HIFla, VEGF is a vascular permeability
factor that is particularly important in endothelial cells [24]. Studies on
barrier systems have demonstrated the relationship between VEGF and
TJs in non-trophoblast cells. In a blood-brain barrier model, Davis et al.
[25] found that hypoxia upregulated VEGF expression, which increased
blood-brain barrier permeability. Both in brain microvessel endothelial
cell cultures and in the central nerve system, Argaw et al. [26] proved
that VEGF inhibited CLDN5 and OCLN expression at both the mRNA
and protein levels, leading to dysfunction of the brain barrier. Cai et al.
[27] found that VEGF induced the downregulation of ZO1 and CLDN5
in retinal cells, thereby resulting in eye damage in mice. However,
opposing results have also been reported. Zhou et al. [28] observed that
the downregulation of VEGF induced cell barrier impairment of human
umbilical vein endothelial cells in vitro. Our studies showed that dys-
functional TJs and alterations of TJ protein expression induced by hy-
poxia is mediated by the HIF1a-VEGF axis. We speculate that the hy-
poxia-induced TJ dysfunction in trophoblasts might cause the release of
anti-angiogenic factors, such as soluble Fms-like tyrosine kinase-1
(sFLT-1) and soluble endoglin (sENG), into the maternal vasculature,
and this is believed to be a crucial step in the pathogenesis of PE [29].
Moreover, YC-1 has been shown to reduce sFLT-1 and sENG secretion
from human primary trophoblast cells and placental explants derived
from patients with PE, concordant with the downregulation of HIFla
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expression [30]. These data emphasize the significance of hypoxia-in-
duced HIFa and the potential role of VEGF in the development of PE. In
our present study, we did not conduct any experiments to elucidate the
relation between hypoxia-induced TJ dysfunction and the direct se-
cretion of sFLT-1 and sENG. Further studies on the detailed molecular
mechanism of VEGF regulatory pathway leading to the increasing pla-
cental permeability are required for a better comprehension of PE pa-
thogenesis.

In summary, our data demonstrate that placental trophoblasts un-
dergo significant changes in TJ protein expression under conditions of
CoCl,-induced hypoxia. The HIF1a-VEGF axis plays a major role in the
regulation of TJ expression and function, as reflected by the changes in
CPP and TER. In vivo studies demonstrated relevant changes in TJ
protein expression patterns in placental tissues from preeclamptic and
normal pregnancy placentas. Further research regarding TJs will enrich
our knowledge regarding the pathogenesis of preeclampsia, which is
expected to facilitate the prevention and treatment of this deadly dis-
ease affecting a large number of pregnant women.
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