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ABSTRACT
Preeclampsia remains a challenge without an effective therapy. Evidence supports 
targetability of soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin 
(sEng), which are released excessively from the placenta under ischemic and hypoxic 
stresses. We compared four trophoblast cell lines, BeWo, Jar, Jeg-3, and HTR-8/
SVneo, in order to identify a suitable model for drug screening. Cultured trophoblasts 
were exposed to 1% oxygen vs. normoxia for 24-48 hr; human umbilical vein and 
aortic endothelial cells were included for comparison. Supernatant sFlt-1 and sEng 
concentrations were measured by ELISA, and sFlt-1 mRNA expression determined 
by RT-PCR. Cellular responses to experimental therapeutics were explored. All four 
trophoblast lines secreted sEng, which did not increase by hypoxia. BeWo, Jar, and 
Jeg-3 exhibited significantly enhanced expression of sFlt-1 i13 and e15a mRNA in 
response to hypoxia; however, only BeWo released a detectable level of sFlt-1 pro-
tein, which was doubled by hypoxia. In contrast, hypoxia decreased sFlt-1 mRNA 
expression and protein release in HTR-8/SVneo, similarly to endothelial cells. The 
cellular mechanism involved HIFα. BeWo responded to representative agents simi-
larly to human primary placental tissues in the literature. These data support that the 
BeWo-hypoxia model mimics a key pathogenic mechanism of preeclampsia and has 
potential value for translational drug discovery.
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1 |  INTRODUCTION

Preeclampsia remains a major complication of pregnancy that 
causes significant mortality and morbidity.1,2 It affects 3%-5% 
of pregnant women in general, but the risk is much higher in 
those with predisposing conditions such as diabetes.3 It is char-
acterized by de novo hypertension after 20 weeks of gestation in 
a previously normotensive woman, accompanied by proteinuria 
or end-organ damage including thrombocytopenia, renal insuf-
ficiency, liver dysfunction, pulmonary edema, or cerebral or vi-
sual symptoms.4 The etiology of preeclampsia is still unknown 
and there is no truly effective therapy. The current standard of 
care is resource-intensive, relying heavily on risk assessment 
and monitoring. Available treatments, including antihyperten-
sives and anticonvulsants, are “reactive” and do not address 
mechanisms. Delivery is the only known cure. Although low-
dose aspirin has some prophylactic value in high-risk women, 
its overall efficacy is modest.5 Therefore, there is an urgent 
need for new, targeted therapies that address pathogenesis.

Development of effective therapies relies on careful se-
lection of “druggable” targets and adequate screening mod-
els that are of translational value. In the past, drug discovery 
for preeclampsia (and for maternity indications in general) 
was largely hindered in part by poor understanding of dis-
ease biology, in addition to safety concerns; however, recent 
scientific advances provide new opportunities. Preeclampsia 
is generally considered a two-stage disease: (1) in early preg-
nancy, deficient remodeling of uterine spiral arteries results 
in narrowed vessels; and (2) later, as demands increase, the 
placenta suffers ischemia, hypoxia, and oxidative stress, and 
releases “toxic” circulating factors into the maternal circula-
tion, causing vascular and glomerular endothelial injury (en-
dotheliosis) leading to clinical preeclampsia.6 Seminal work 
in the last 15 years has led to the identification of at least two 
such circulating factors, including soluble fms-like tyrosine 
kinase-1 (sFlt-1) and soluble endoglin (sEng): these are the 
extracellular fragments of vascular endothelial growth factor 
(VEGF) receptor 1 and endoglin (co-receptor for transform-
ing growth factor β1; TGFβ1), respectively.7-9 Specifically, 
sFlt-1 is produced by alternative splicing and sEng is thought 
to be an enzymatic cleavage product. Elevated in blood cir-
culation, they scavenge VEGF, placental growth factor, and 
TGFβ1, causing a deficiency of angiogenic factors that in turn 
leads to generalized endothelial dysfunction and vasospasm 
characteristic of preeclampsia, and eventually, eclampsia.

Numerous clinical studies have established sFlt-1 and 
sEng as preeclampsia biomarkers; they are elevated weeks 
before disease onset.3,7-9 Ample evidence also supports 
an important mechanistic role especially for sFlt-1 in pre-
eclampsia development. Karumanchi et al10 showed that 
higher plasma sFlt-1 and sEng levels were associated with 
more severe hypertension, kidney injury, and adverse out-
comes in preeclampsia patients. Experimentally induced 

placental ischemia in rats and primates produced symptoms 
analogous to human preeclampsia, accompanied by elevated 
sFlt-1 and sEng.11-13 In rodents, administration of sFlt-1 or 
VEGF-neutralizing antibody mimicked preeclampsia.14,15 
The findings of preeclampsia-like symptoms in non-preg-
nant women, and also men, receiving anti-VEGF therapies 
provided unique insights into the role of the angiogenic/anti-
angiogenic axis in disease development.16 The biological evi-
dence was also corroborated by human genomic findings.17,18 
Encouragingly, some interventional strategies to mitigate 
sFlt-1 effects have been explored with favorable outcomes. In 
a mouse preeclampsia model induced by sFlt-1, VEGF sup-
plementation lowered plasma sFlt-1 to a subthreshold level 
and prevented vascular and renal damage.19 In women with 
severe preeclampsia, removal of circulating sFlt-1 by apher-
esis improved symptoms and prolonged pregnancy, without 
apparent adverse effects.20,21 Thus, these studies provide 
important, albeit preliminary, proof-of-concept evidence to 
support sFlt-1 as a potential drug target. However, apheresis 
is an invasive procedure, and its effect in pregnant women 
was transient, likely because it only passively filters out cir-
culating sFlt-1 without addressing placental overproduction 
or release. Newer therapies to intervene at the placental level 
could have more sustained efficacy.

To exploit these promising targets, it is important to iden-
tify a suitable model that can be employed for drug screening. 
While a simple cell model mimicking human preeclampsia is 
highly desirable, such an ideal model hardly exists. Human 
primary cytotrophoblasts are typically considered the gold 
standard, but they undergo rapid phenotypic changes once 
in culture, are individually variable, and do not proliferate; 
thus, their utility in drug screening is limited. Immortalized 
cell lines (either of tumor origin or virally transfected) are 
generally considered less representative of human placenta, 
but they are readily available and can be expanded to accom-
modate large-scale applications with good reproducibility. 
In the present study, we examined several commonly used 
immortalized trophoblast cell lines in order to identify one 
(or more) surrogate model that best simulates the human dis-
ease pathogenesis, specifically, the placental expression and 
secretion of the soluble anti-antigenic factors in response to 
hypoxia. We also compared such a model with the available 
data from human primary cytotrophoblasts and ex vivo pla-
cental tissues in the literature, and evaluated its translational 
potential using experimental therapeutic agents.

2 |  MATERIALS AND METHODS

2.1 | Cell culture

The choriocarcinoma trophoblast cell lines, BeWo, Jar, 
and Jeg-3, were from American Type Culture Collection 



   | 3ZHAO et Al.

(ATCC). The non-tumor trophoblast HTR-8/SVneo was 
a gift from Prof. Charles Graham (Queen's University at 
Kingston, Canada). Human umbilical vein endothelial cells 
(HUVECs; originally from ATCC) and aortic endothelial 
cells (HAoECs; originally from PromoCell GmbH) were 
provided by Dr. Andriana Margariti and Prof. David Grieve, 
respectively (Queen's University Belfast, UK). BeWo cells 
were maintained in DMEM/F12 Gibco (Thermo Fisher) 
supplemented with 2 mmol/L L-glutamate. Jar and HTR-8/
SVneo were cultured in RPMI 1640 (Sigma-Aldrich), and 
Jeg-3 was cultured in EMEM (ATCC). Both HUVECs and 
HAoECs were cultured in EGM-2 (Lonza) with all vendor-
provided supplements in flasks or plates coated with 0.1% 
gelatin (Sigma-Aldrich). All growth media contained 10% 
fetal calf serum. There was no mycoplasma contamination 
with the cells.

2.2 | Hypoxia and drug treatments

For investigations of hypoxia effects, cells were harvested 
at 90% confluency after trypsinization, and seeded into 
6-well culture plates overnight prior to treatment with 
ambient oxygen or 1% oxygen in a humidified, tempera-
ture-controlled hypoxia chamber (Coy Laboratories) for 
24-48 hr. Initial cell densities in 6-well plates with 1.5 ml 
growth media were optimized to ensure subconfluency 
at 48  hr, that is, 30  ×  104 for BeWo, Jeg-3, and HTR-8/
SVneo, 20  ×  104 for Jar, and 5  ×  104 for HUVECs and 
HAoECs. To determine time-related cell viability under 
hypoxia, 6 × 104 BeWo cells were seeded into a 48-well 
plate. At 6, 12, 24, and 48 hr, cells were treated with cold 
phosphate-buffered saline (PBS) for 10 min before being 
harvested, followed by immediate cell number quantifica-
tion with a hemocytometer and trypan blue.

For studies of the effects of dimethyloxalylglycine 
(DMOG; Sigma-Aldrich), cells were seeded into 6-well 
plates overnight before DMOG treatment for 24  hr. Other 
agents including chetomin (Santa Cruz Biotechnology), 
Trolox, heparin, lipopolysaccharides (LPS) (all from Sigma-
Aldrich), pravastatin, and resveratrol (both from Tocris) were 
added to cultured cells 1 hr before treatment with hypoxia or 
ambient oxygen.

2.3 | Enzyme-linked immunosorbent assay 
(ELISA)

Culture supernatants were collected and clarified by 
centrifugation for 10  min at 4°C. sFlt-1 concentrations 
were initially quantified using the Quantikine ELISA kit 
DVR100B, and later by the newer version Quantikine 
ELISA kit DVR100C (both from R&D Systems) when the 

manufacturer discontinued the former. All samples were 
assayed in duplicate per manufacturer's instructions. For 
the DVR100B kit, a detection range of 7.8-2000 pg/ml was 
established to accommodate the lower protein concentra-
tions in some samples. Per the vendor, the DVR100C kit 
uses a polyclonal antibody that improves the detectability 
of sFlt-1 e15a isoform, and thus has approximately 7-fold 
higher sensitivity than DVR100B, using a conversion for-
mula y  =  7.2175  ×  +  32.06 (y, new kit and x, old kit). 
We have compared the measurements from both kits using 
the same set of samples, which were generally compara-
ble after conversion (Figure S1). Therefore, relative fold 
changes were reported for the purpose of data presentation. 
sEng protein levels were quantified using the Quantikine 
ELISA kit DNDG00 (R&D Systems).

2.4 | Real-time quantitative PCR (RT-PCR)

Total RNA was isolated using an RNeasy mini kit (Qiagen) 
per manufacturer's protocol, and concentrations were as-
sessed by a NanoDrop 1000 spectrophotometer (NanoDrop 
Technologies). One microgram RNA was reverse-tran-
scribed into cDNA using the First Strand cDNA synthesis kit 
(Thermo Fisher). mRNA expression was quantified by RT-
PCR using the LightCycler 480 system with SYBR Green 
I Master (Roche Diagnostics). The primers included sFlt-1 
i13 forward: ACAATCAGAGGTGAGCACTGCAA, sFlt-1 
i13 reverse: TCCGAGCCTGAAAGTTAGCAA, sFlt-1 
e15a forward: ACACAGTGGCCATCAGCAGTT, sFlt-1 
e15a reverse: CCCGGCCATTTGTTATTGTTA, 18S for-
ward: TAACGAACGAGACTCTGGCAT, and 18S reverse: 
CGGACATCTAAGGGCATCACAG. 18S was used as a 
reference house-keeping gene. Gene expression fold changes 
were calculated by dividing normalized values of treated 
samples by the normalized values of control samples.

2.5 | Western blotting

Cells were washed with cold PBS, lysed with the RIPA Lysis 
and Extraction Buffer in the presence of the Halt Protease 
and Phosphatase Inhibitor (1:1000) (Thermo Fisher). Protein 
concentrations were determined by the Pierce BCA assay 
(Thermo Fisher). Protein (10 μg) was separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis, trans-
ferred to a nitrocellulose membrane, and then probed with 
the primary antibodies against HIF-1α (1:1000) and tubulin 
(1:10000) (Cell Signalling Technology). Tubulin was used 
as a loading control. The membrane was developed by Pierce 
ECL Western Blotting Substrate (Thermo Fisher), and im-
ages were captured with the UVP BioSpectrum Imaging 
System (UVP).
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2.6 | Data analysis

Data were presented as means ± SEM. Unpaired, two-tailed 
Student's t-test was used to compare experimental and con-
trol groups. For measurements over time, two-way ANOVA 
analysis was conducted. P values <0.05 were considered sta-
tistically significant.

3 |  RESULTS

3.1 | Hypoxia differentially modulates sFlt-1 
protein release from human trophoblast cell 
lines

To determine the effect of hypoxia on sFlt-1 release from 
cultured trophoblasts, we first measured supernatant sFlt-1 
levels by ELISA following incubation under hypoxia (1% 
oxygen) vs. normoxia (21% oxygen) for 24-48 hr. We found 
that sFlt-1 was undetectable in the supernatant from either 
Jar or Jeg-3, after culture with various cell densities rang-
ing from 10 × 104 to 40 × 104 in 6-well plates. For BeWo, 
sFlt-1 concentration was approximately 10 pg/ml (average of 
n = 6, based on Quantikine ELISA kit DVR100B; cell den-
sity 30 × 104) at 24 hr under normoxia. Following 24 hr hy-
poxia treatment, sFlt-1 concentration was doubled; however, 

the difference between hypoxia and normoxia disappeared 
at 48 hr (Figure 1A). In HTR-8/SVneo, sFlt-1 concentration 
was approximately 38 pg/ml (average of n = 6; cell density 
30  ×  104) at 24  hr under normoxia. Surprisingly, hypoxia 
reduced supernatant sFlt-1 levels in HTR-8/SVneo by ap-
proximately 25% and 40% at 24 hr and 48 hr, respectively, 
as compared to normoxia (Figure 1B). All four cell lines had 
detectable sEng protein in the supernatant as measured by 
ELISA, which, however, did not increase in response to hy-
poxia; therefore, we did not explore it further.

3.2 | Hypoxia differentially modulates sFlt-1 
gene expression in human trophoblast cell lines

Since sFlt-1 i13 and e15a are the two predominantly expressed 
isoforms in trophoblasts, and both are implicated in preec-
lampsia, we investigated the effect of hypoxia on their expres-
sion. Overall, hypoxia treatment significantly enhanced sFlt-1 
gene expression in BeWo, Jar, and Jeg-3 (Figure 2A-C): both 
i13 and e15a transcripts were upregulated relative to normoxia 
at both time points (except for i13 in Jar at 48 hr).

In HTR-8/SVneo, hypoxia did not significantly affect 
sFlt-1 i13 gene expression, but reduced sFlt-1 e15a gene ex-
pression at both 24 and 48 hr, relative to normoxia (Figure 
2D). This is consistent with the above observation of a 

F I G U R E  1  Effects of hypoxia on sFlt-1 protein secretion from BeWo and HTR-8/SVneo cells. A, Hypoxia increased sFlt-1 release from 
BeWo at 24 hr, but not at 48 hr, relative to normoxia at the same time points. B, Hypoxia reduced sFlt-1 release from HTR-8/SVneo at both 24 and 
48 hr, relative to normoxia at the same time points. Data are presented as means ± SEM, n = 6. *p < 0.05, **p < 0.01 and ***p < 0.001.
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reduction of sFlt-1 protein in this cell line under hypoxia 
(Figure 1B).

3.3 | Hypoxia down-regulates sFlt-1 
protein and mRNA expression in vascular 
endothelial cells

Because HTR-8/SVneo, as an extravillous cytotrophoblast, 
shares some endothelial characteristics during placental 

development, we included two endothelial cell lines for com-
parison. In HUVECs, supernatant sFlt-1 was approximately 
2290 pg/ml (mean of n = 6; cell density 5 × 104) at 24 hr 
under normoxia. Hypoxia did not affect sFlt-1 protein or 
gene expression at 24 hr, but reduced protein levels by 55% 
at 48 hr relative to normoxia (Figure 3A). In line with this, 
hypoxia also decreased sFlt-1 i13 (but not e15a) gene expres-
sion vs. normoxia at 48 hr.

In HAoECs, supernatant sFlt-1 protein level was approx-
imately 4381 pg/ml (mean of n = 6; cell density 5 × 104) 

F I G U R E  2  Effects of hypoxia, relative to normoxia, on sFlt-1 i13 and e15a mRNA expression in four trophoblast cell lines. A, In BeWo, 
hypoxia increased sFlt-1 i13 and e15a at both 24 and 48 hr. B, In Jar, hypoxia increased both sFlt-1 i13 and e15a at 24 hr, and sFlt-1 e15a at 
48 hr. C, In Jeg-3, hypoxia increased sFlt-1 i13 and e15a at both 24 and 48 hr. D, In HTR-8/SVneo, hypoxia did not significantly affect sFlt-1 
i13 expression, but decreased sFlt-1 e15a expression at 24 and 48 hr. Data are presented as means ± SEM, n = 6. *p < 0.05, **p < 0.01 and 
***p < 0.001.
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at 24 hr under normoxia. Hypoxia treatment caused 40%-
45% reduction of supernatant sFlt-1 at 24 and 48 hr, rela-
tive to normoxia (Figure 3B). Consistently, hypoxia also 
down-regulated sFlt-1 gene expression, that is, i13 at both 
24 and 48  hr, and e15a at 48  hr. Thus, hypoxia did not 
cause an upregulation or release of sFlt-1 in these two en-
dothelial cells.

3.4 | Hypoxia induces sFlt-1 protein release 
from BeWo in a time-related fashion

Apart from HTR-8/SVneo, all other three trophoblast cell 
lines we investigated (BeWo, Jar, and Jeg-3) showed an en-
hanced sFlt-1 gene expression in response to hypoxia, but 
only BeWo secreted a quantity of sFlt-1 protein that was 
detectable by ELISA. To further explore its potentiality to 
be used as a drug-testing model, we profiled the time-course 
effect of hypoxia. As shown in Figure 4A, sFlt-1 protein 
concentrations in BeWo supernatant increased over time, 

approximating 10-fold at 48 hr. At 6 hr, the concentrations 
were comparable between hypoxia and normoxia, but hy-
poxia significantly enhanced sFlt-1 release vs. normoxia at 
12 and 24 hr. However, the gap between hypoxia and nor-
moxia disappeared at 48 hr, likely because the cells were less 
healthy following longer-term hypoxia treatment. During 
this period, there was a modest degree of cell proliferation 
(Figure 4B), but the rate of change was significantly less than 
that of sFlt-1. Hypoxia did not significantly alter cell prolifer-
ation. Therefore, 12-24 hr appeared to be an optimal window 
to simulate hypoxia effects for drug evaluation.

3.5 | HIFα is involved in the regulation of 
sFlt-1 in BeWo

Since HIFα mediates hypoxic responses in numerous tis-
sues including sFlt-1 regulation in human placenta,22 we 
investigated if this property was also shared by BeWo. We 
found that HIF1α protein was significantly upregulated under 

F I G U R E  3  Effects of hypoxia, relative to normoxia, on sFlt-1 secretion and gene expression in endothelial cells. A, Hypoxia reduced sFlt-1 
protein release and sFlt-1 i13 expression from HUVECs at 48 hr, but did not affect sFlt-1 e15a expression. B, Hypoxia reduced sFlt-1 release from 
HAoECs at both 24 and 48 hr. It also down-regulated sFlt-1 i13 expression at both 24 and 48 hr, and sFlt-1 e15a expression at 48 hr. Data are 
presented as means ± SEM, n = 6. *p < 0.05, **p < 0.01 and ***p < 0.001.

F I G U R E  4  Time-course effects of hypoxia on sFlt-1 secretion from BeWo. A, Hypoxia significantly increased sFlt-1 protein release from 
BeWo relative to normoxia at 12 and 24 hr. B, Hypoxia did not significantly alter BeWo cell proliferation relative to normoxia over 48 hr. Data are 
presented as means ± SEM, n = 3. *p < 0.05 and ***p < 0.001.
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hypoxia for 24 hr (Figure 5). DMOG, a HIFα prolyl hydroxy-
lase inhibitor, induced sFlt-1 protein release under normoxia 
(Figure 6A) to a degree that was comparable to true hypoxia 
treatment. It also upregulated both sFlt-1 i13 and e15a gene 
expression. We further tested the effect of a HIFα inhibitor, 
chetomin. Under normoxia, chetomin did not significantly 
alter sFlt-1 protein secretion from BeWo, although it reduced 
sFlt-1 i13 and e15a mRNA expression at 10 nmol/L (Figure 
6B). Under hypoxia, chetomin suppressed sFlt-1 protein re-
lease in a dose-related manner, together with a reduction of 
sFlt-1 i13 and e15a mRNA expression (Figure 6C). Thus, 
these data confirm an involvement of HIFα in the BeWo-
hypoxia model.

3.6 | Effects of representative agents on 
hypoxia-induced sFlt-1 response in BeWo

To determine whether BeWo responds to some of the previ-
ously reported agents, we evaluated their effects in this model. 
We found that supernatant sFlt-1 was suppressed by resvera-
trol at 50  μmol/L under hypoxia (Figure 7A). Similarly, the 
synthetic vitamin E, Trolox, inhibited sFlt-1 protein release 
and gene expression in a concentration-related fashion (Figure 
7B). However, pravastatin was unable to reduce sFlt-1 up to 
1000  μmol/L tested, but modestly increased it at the higher 
concentration range (Figure 7C). Pravastatin also did not in-
hibit sFlt-1 i13 or e15a mRNA expression. In addition, BeWo 
responded to heparin treatment with a dramatically enhanced 
sFlt-1 release, but was not responsive to LPS (Figure S2).

4 |  DISCUSSION

Developing new therapies for preeclampsia and the under-
lying placental insufficiency continues to be challenging in 

F I G U R E  5  Upregulation of HIF-1α in BeWo cells under hypoxia 
vs. normoxia for 24 hr. Western blotting, n = 3.

F I G U R E  6  Regulation of sFlt-1 expression by the HIF pathway. A, The HIF stabilizer DMOG (10 μmol/L, 24 hr) increased sFlt-1 protein 
release and mRNA expression for both sFlt-1 i13 and e15a in BeWo (n = 3). B, Under normoxia, the HIF inhibitor chetomin (1-10 -nmol/L, 24 hr) 
did not significantly affect sFlt-1 release from BeWo; however, it reduced sFlt-1 i13 and e15a expression at the high concentration of 10 nmol/L 
(n = 6).C, Under hypoxia, chetomin (1-10 nmol/L, 24 hr) significantly reduced sFlt-1 protein release and gene expression (both i13 and e15a) in 
BeWo in a concentration-dependent manner (n = 6). Data are presented as means ± SEM. *p < 0.05 and **p < 0.01. Che, chetomin.
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light of the lack of success in clinical trials.23-25 Effective 
translational research requires reliable preclinical mod-
els that simulate human disease pathogenesis as closely 
as possible. In this study, we explored the feasibility of 
establishing a cell-based phenotypic model to simulate a 
key pathogenic feature of preeclampsia, that is, placental 
release of sFlt-1 in exposure to hypoxic stress. Considering 
the need for high assay throughput, reproducibility and 
scalability, we chose commercially available immortal-
ized cell lines that included three choriocarcinoma troph-
oblasts (BeWo, Jar, and Jeg-3)26-28 and a non-tumor cell 
line HTR-8/SVneo.29 We also evaluated the potential of 
the cell-based model for translation to the clinical setting 
using representative agents. We found that while all three 
choriocarcinoma trophoblasts exhibited significantly en-
hanced sFlt-1 mRNA expression in response to hypoxia, 
only BeWo secreted a detectable quantity of sFlt-1 protein. 
HTR-8/SVneo produced measurable protein, but had a 
modest yet statistically significant reduction of both sFlt-1 

mRNA expression and protein release. Therefore, BeWo 
showed the greatest promise. BeWo also responded to sev-
eral probe agents in a manner that is generally comparable 
to human primary placental tissues in the literature. Thus, 
our data support that the BeWo-hypoxia model mimics a 
key pathogenic mechanism of human preeclampsia with 
potential translational value.

Previous comparative studies have revealed a multitude 
of genetic, epigenetic, transcriptomic, and phenotypic simi-
larities and dissimilarities across trophoblast cell types.30-36 
Specifically, controversies abound with regard to sFlt-1 biol-
ogy: while some studies showed that hypoxiaelicited sFlt-1 
release or gene expression in primary trophoblasts37-40 and 
trophoblast cell lines, such as BeWo, Jar, and Jeg-3,38,41-43 
others found no effect of hypoxia on sFlt-1 release or gene 
expression in HTR-8/SVneo,44 Jar, or BeWo.45 One study re-
ported no measurable sFlt-1 protein in culture supernatants 
of BeWo, Jar, and Jeg-3.39 An interesting observation from 
our study is that all three tumor cell lines exhibited enhanced 

F I G U R E  7  Responses of BeWo to representative chemical agents in terms of sFlt-1 protein release and gene expression under hypoxia. A, 
Resveratrol reduced sFlt-1 protein release at 50 μmol/L, and also showed a trend to reduction of sFlt-1 i13 gene expression. B, Trolox-elicited 
concentration-dependent reductions of sFlt-1 protein release and gene expression (both i13 and e15a). C, Pravastatin did not reduce, but instead 
elicited a modest increase of sFlt-1 protein release at higher concentrations. All drug treatments lasted 24 hr. Data are presented as means ± SEM, 
n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001. Res, resveratrol; Tro, Trolox; Pra, pravastatin.
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sFlt-1 mRNA expression following hypoxia exposure, con-
sistent with the current understanding of preeclampsia 
pathogenesis. Two of the predominant sFlt-1 transcripts, i13 
and e15a, were both upregulated, generally at 24 and 48 hr. 
However, among these tumor cell lines, only BeWo secreted 
sFlt-1 protein that was measurable by ELISA in the superna-
tant, with an optimal window identified at 12-24 hr for the 
hypoxia effect. This difference is most likely attributable to 
the lower basal level of sFlt-1 mRNA expression in Jar and 
Jeg-3 (Ct values for i13 were 31.5 and 33.3, respectively, 
vs. 28.0 in BeWo, and for e15a were 32.1 and 33.3, respec-
tively, vs. 28.6 in BeWo). This coincides with that, of the 
cell lines examined, only BeWo forms syncytium,46 and that 
sFlt-1 is released primarily from syncytiotrophoblasts.22 It is 
noted that both BeWo and Jeg-3 originated from the same 
choriocarcinoma specimen of a patient more than a half cen-
tury ago, and thus, genetic or epigenetic changes at certain 
stage might have caused differential degrees of sFlt-1 gene 
expression. Additionally, we found that hypoxia also en-
hanced membrane Flt-1 mRNA expression in BeWo (data not 
shown), suggesting a regulatory mechanism primarily at the 
transcriptional level.

The mechanism for the hypoxia-elicited sFlt-1 overex-
pression and release in BeWo involved the HIFα pathway, 
as shown by the effect of the HIFα inhibitor, chetomin. The 
hypoxia-induced sFlt-1 response was also reproduced by the 
HIFα stabilizer DMOG. This profile is in line with the con-
cept that placental hypoxia is a major pathogenic factor of 
preeclampsia.22

It was surprising that hypoxia inhibited sFlt-1 expression 
and release in HTR-8/SVneo, a non-tumor cell line that has 
been thought to mimic human trophoblasts more closely 
than tumor cell lines. HTR-8/SVneo is a first trimester 
human trophoblast cell line that was immortalized by trans-
fection of Simian virus 40 large T antigen.29 It is unclear 
why HTR-8/SVneo possesses a distinct sFlt-1 biology. We 
speculate that because HTR-8/SVneo represents extravil-
lous cytotrophoblasts that invade the decidua and remodel 
uterine spiral arteries by replacing the endothelium during 
placental development, it might assume some aspects of 
vascular endothelial phenotypes. Indeed, we found that 
both HUVECs (fetal endothelial cells) and HAoECs (adult 
endothelial cells) behaved similarly to HTR-8/SVneo in 
their response to hypoxia. These findings are generally in 
line with some40,44 but not all studies.47 One study reported 
reduced sFlt-1 expression in dermal microvascular endo-
thelial cells under hypoxia48; in other preliminary work, we 
found that hypoxia also did not enhance sFlt-1 expression 
in human retinal endothelial cells (data not shown). Thus, 
HTR-8/SVneo differs from villous trophoblasts in this re-
spect. HTR-8/SVneo cells are able to incorporate with en-
dothelial cells to form capillary-like tubes49; a reduction 
(but not increase) of sFlt-1 may facilitate vascularization. 

In addition, a recent study found that HTR-8/SVneo con-
tains stromal cells and thus might not represent a uniform 
cell type50; whether the present observation was compli-
cated by stromal cells requires further investigation.

In order to assess the general responsiveness of the BeWo-
hypoxia model to pharmacologic interventions, we tested 
several agents that have previously been evaluated in human 
primary placental tissues or clinical studies. We found that 
sFlt-1 protein release and mRNA expression were attenuated 
by both resveratrol (at 50  μmol/L) and Trolox (a synthetic 
vitamin E, at 500-1000 μmol/L), consistent with their antiox-
idant properties. Oxidative stress in preeclamptic placentas 
contributes to hypoxia-elicited sFlt-1 secretion.51 Resveratrol 
has previously been shown to reduce the release of sFlt-1 (at 
25-100 μmol/L) and sEng (at 100 μmol/L) from human pri-
mary placental trophoblasts and villous explants.52,53 Trolox 
at 1000  μmol/L has been reported to suppress hypoxia-in-
duced reactive oxygen species formation and sEng release in 
Jar cells,54 and tocopherol supplementation in pregnant ewes 
suppressed sFlt-1 mRNA expression and improved angiogen-
esis in the placenta.55 While effective in preclinical scenar-
ios, these antioxidants have yet to establish definitive clinical 
efficacy in preventing or treating preeclampsia, considering 
their low potencies relative to the clinical dose exposures.56-59

The discovery of the role of soluble antiangiogenic factors, 
particularly sFlt-1, in preeclampsia development has greatly 
stimulated therapeutic discovery efforts in recent years. One 
of the most investigated clinical candidates is pravastatin, 
which has been evaluated as a potential prevention or treat-
ment for preeclampsia.60-62 In a pilot randomized controlled 
pharmacokinetic study of high-risk pregnancies, Costantine 
et al63 showed promising, although non-significant, sFlt-1 
and sEng lowering in 10 women who received 10 mg pravas-
tatin daily (vs. 10 placebo subjects) starting from early sec-
ond trimester. A few other small trials and case studies also 
reported encouraging data.64-66 However, the recent random-
ized controlled trial of “Statins to Ameliorate Pre-Eclampsia 
(StAmP)” found no evidence of sFlt-1 reduction in 30 women 
with early-onset preeclampsia who received 40 mg pravas-
tatin daily in the third trimester (vs. 32 placebo subjects).25 
Intriguingly, in most studies with cultured human primary 
trophoblasts or villous explants, pravastatin appeared to re-
duce sFlt-1 and sEng only at sub-millimolar to millimolar 
concentrations,67-70 substantially higher than the sub-micro-
molar plasma concentrations achievable in humans taking the 
drug.63,71 In the present BeWo-hypoxia model, we were also 
unable to confirm sFlt-1 inhibition by pravastatin. However, 
it is important to note that the BeWo model is not designed 
to detect non-trophoblast mechanisms of action (e.g., placen-
tal vascular effects), which may occur in vivo and underlie 
pravastatin's potentially prophylactic effect for preeclampsia.

Additionally, we found that BeWo responded to hepa-
rin treatment with dramatically enhanced sFlt-1 release, 
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a known phenomenon that was also observed in human 
primary placental tissues.72,73 It was suggested that hy-
poxia might promote sFlt-1 release from BeWo via hepa-
ranase activation rather than transcriptional upregulation,42  
although our present data are explicable by the latter effect. 
Also, we found that BeWo did not respond to LPS stimula-
tion in regard to sFlt-1 regulation; this is consistent with the 
earlier findings that Toll-like receptor 4 is not responsive in 
this cell line.74,75 Thus, the BeWo-hypoxia model exhibits 
characteristics that are generally comparable to the pub-
lished human primary placental trophoblasts and tissues. 
Although our present focus was on the placenta-derived 
antiangiogenic factors, others have documented similarities 
between BeWo and human primary trophoblasts in regard 
to placental protein-13 and β-hCG secretion and the effect 
of vitamin C.76

The novelty of this work includes the identification and 
characterization of BeWo to be a suitable surrogate model 
for the hypoxia-mediated sFlt-1 release from the placenta, a 
promising therapeutic target already with early proof-of-con-
cept evidence, and the validation of its translational potential 
using clinically relevant agents. Using a tumor cell line, rather 
than primary cells or tissues, is expected to greatly facilitate 
drug development for preeclampsia. There are some un-an-
swered questions and limitations in our study. First, previous 
studies showed that human primary cytotrophoblasts could 
release up to ng/mL of sFlt-1,37,40 but trophoblast cell lines 
appeared to secret much lower concentrations. This likely had 
led to the earlier conclusion that most trophoblast cell lines 
do not secrete sFlt-1.39 Second, there are controversies with 
regard to the oxygen level to be used in cell culture studies: 
some adopted 8% oxygen as the normoxia control, which rep-
resents the intervillous blood oxygen level during the second 
and third trimesters when preeclampsia occurs.77 However, 
the work from Chen et al.78 shows that the steady-state peri-
cellular oxygen tension of cultured human trophoblasts is 
much lower than ambient air, reflecting an inefficient gas 
diffusion in the medium, where no hemoglobin is present 
to facilitate oxygen delivery as in vivo. They estimated that 
even 21% O2 in cell culture might not be sufficient to re-
produce the intervillous O2 level of humans. Therefore, we 
used ambient air as the normoxia baseline. This has the ad-
ditional benefits to allow for comparison of our results vs. 
the primary trophoblast cell data in the literature, as well as 
a convenient drug screening setup without the unnecessary 
phenotypic or epigenetic alterations potentially caused by an 
artificial adjustment of the baseline oxygen level. It is also 
possible that acute hypoxia treatment in cell culture may 
not fully mimic chronic placental ischemia in preeclampsia 
patients. Nevertheless, the hypoxia-elicited sFlt-1 response 
(~2-fold) was in good agreement with the literature data from 
human primary trophoblasts and other experimental condi-
tions,37,39,40,44 as well as that in humans,3,7 lending further 

support to the utility of BeWo as a surrogate model. Third, 
while BeWo exhibits sFlt-1 biology consistent with human 
preeclampsia and fulfils the throughput requirement for drug 
screening, it remains a tumor cell line and thus caution is 
always needed in preclinical-to-clinical translation. This lim-
itation may be mitigated by secondary verifications using 
human primary trophoblasts or additional cells/tissues, as 
well as multiple species integrative pharmacokinetic/phar-
macodynamic analyses.

In summary, by comparing four common human placen-
tal trophoblast cell lines, we found that BeWo responded to 
hypoxia with an enhanced expression and release of sFlt-1, a 
major pathogenic factor in preeclampsia development. BeWo 
responses were generally consistent with known properties 
of human primary placental trophoblasts and tissues. The 
BeWo-hypoxia model has potential as a convenient cell-
based platform for medium-to-high throughput drug testing 
(e.g., in 48-96 well plates) for the development of new, tar-
geted therapies for preeclampsia.
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