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A B S T R A C T

Objective: To explore the role of VEGF in attenuating endoplasmic reticulum stress in placental
trophoblast cells.
Study design: Study was divided into following parts: 1. Serum Analysis of GRP78 and VEGF using
sandwich ELISA. 2. Expression of VEGF and GRP78 in placentae by immunohistochemistry (IHC). 3. In
Vitro experiments. Status of ER stress markers (GRP78, eIF2α, XBP1, ATF6 and CHOP) was assessed at
various time points (8 h, 14 h, 24 h) when trophoblast cells were treated with varying concentration(s) of
VEGF and also by adding recombinant VEGF at protein (Immunofluorescence, Western blot) and
transcript levels (qRT-PCR).
Results: Increased GRP78 and decreased VEGF protein levels in sera and placentae of preeclamptic
pregnant women and reduced expression of various ER stress markers at both transcript and protein
levels was observed in trophoblast cells when they were exposed to recombinant VEGF thereby
indicating positive role of VEGF in alleviating ER stress.
Conclusions: Reduced expression of ER stress markers in trophoblast cells against increased VEGF
highlighted a new window to explore prospective drugs that can be designed to modulate the activities of
various ER stress sensors in order to alleviate ER stress in pregnant women with preeclampsia.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Adequate angiogenesis and subsequent vascularization of a
tissue is a vital step for cellular functions to satisfy energy
requirements. Mammalian placentation requires extensive angio-
genesis for the establishment of an appropriate vascular network
to supply oxygen and nutrients to the growing fetus [1,2]. Vascular
endothelial growth factor (VEGF) is believed to play a critical role in
development of normal placental vasculature by binding to their
receptors VEGFR-1 and VEGFR-2 [3]. The decrease in circulating
VEGF and concomitant increase in its soluble receptor sVEGFR1
(sFlt-1) has been an established hallmark of preeclampsia (PE)
[4,5]. The vascular transformation following invading foetal cells
* Corresponding authors.
E-mail addresses: aiims79@gmail.com (S. Mochan),

renudhingraaiims@gmail.com (R. Dhingra).

http://dx.doi.org/10.1016/j.eurox.2019.100070
2590-1613/© 2019 Published by Elsevier B.V. This is an open access article under the C
(extravillous cytotrophoblast) is incomplete in preeclamptic
pregnancies unlike normal ones. There is ample evidence to prove
that circulating VEGF is bound to the excess soluble fms-like
tyrosine kinase- 1 (sFlt-1) that is produced by the preeclamptic
placenta [6]. The stress which placenta experiences in PE has been
variously categorized as oxidative stress, endoplasmic reticulum
stress, and immunological stress [7]. Oxidative stress in pre-
eclamptic placenta is induced due to hypoxia–reperfusion insult
developed at maternal fetal interface, also activates endoplasmic
reticulum (ER) stress [8,9]. Such stress disrupts homeostasis of
cellular ambience and leads to the accumulation of unfolded or
mis-folded proteins in the ER lumen. These alterations in
homeostasis lead to activation of multiple signaling cascades
comprising three transmembrane sensors, collectively known as
unfolded protein response (UPR) [10]. The UPR ventures to restore
ER function by attenuating protein translation and increasing
folding capacity [11]. Failure of UPR to withstand such restoration
of ER functions leads to individual ER stress pathways comprising
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PERK (PKR-like ER kinase), IRE1 (inositol-requiring protein 1) and
ATF6 (activated transcription factor 6) arms [12].

Preeclampsia is a leading cause of maternal mortality and
morbidity and accounts for nearly 5–8% of maternal deaths [13,14].
The prevalence and associated adverse outcomes are more so in
developing (India) and under developed countries. Being an
important angiogenic player, VEGF may influence multiple
endpoints in pathophysiology of PE. Plenty of available evidence
suggested protective role of VEGF in angiogenesis and cell survival,
however, the role of VEGF in attenuation of ER stress in vitro has not
been investigated so far. It is in this background, this study was
planned to ascertain whether VEGF can minimize the ER stress
in vitro.

Materials and methods

Study subjects

In this cross sectional, case control study, women with singleton
pregnancy attending the antenatal clinic and the inpatient ward of
the Department of Obstetrics and Gynaecology, All India Institute
of Medical Sciences, New Delhi, India were screened. The
preeclamptic women (PE, n = 30) after clinical diagnosis were
enrolled as cases. Diagnosis of preeclampsia was based on ACOG
guidelines (supplementary file). Maternal and gestational age
matched, normotensive, non-proteinuric pregnant women (n = 30)
were enrolled as controls. Pregnant women with chronic
hypertension, chorioamnionitis, diabetes, renal disease, cardiac
disease were excluded from the study. Institute Ethics Committee,
AIIMS, New Delhi (IEC Ref.No.-RT37/28.09.2012) approved the
study protocol and all the enrolled subjects gave their written
informed consent before participation.

Serum of cases and controls was stored in aliquots at -80 �C for
ELISA and cell culture experiments. Caesarean delivered placentae (5
PE and 5 normotensive) were used to analyze the protein expression
of VEGF and GRP78 by Immunohistochemical staining (IHC).

ELISA
Sandwich ELISA was used to estimate the levels of VEGF and

GRP78 in the serum of preeclamptic patients and controls (VEGF
ELISA kit: R&D Systems Inc., Minneapolis, MN, U.S.A., GRP78 ELISA
Kit: Enzo Life Sciences, Inc.).

Immunohistochemistry
Localization of VEGF and GRP78 in placentae was done by IHC.

Paraffin tissue blocks were sectioned on microtome (Thermo
ScientificTM HM 325) and were taken on Poly-L-lysine (Sigma)
coated slides. IHC was performed using UltraVisionTM Quanto
Detection System HRP DAB by Thermo (TL-125-QHD). Primary
antibodies against VEGF (PA5-16754; Thermo) at a dilution of
1:100 and GRP78 (ab181499; Abcam) at a dilution of 1:300 were
used. Slides were observed under Nikon Eclipse Ti-S elements
microscope using NiS-AR software. Other chemicals (analytical
grade) were procured from Fischer Scientific.
Table 1
Primers: Designed by NCBI.

Gene Forward primer 

GRP78 5�-TGTTCAACCAATTATCAGCAAACTC - 

eIF2α 5�- AAGCATGCAGTCTCAGACCC - 3� 

XBP1 5�- TGGCCGGGTCTGCTGAGTCCG- 3� 

ATF6 5�- CCACTAGTAGTATCAGCAGGAACTC-
CHOP 5�- AGAACCAGGAAACGGAAACAGA - 3
GAPDH 5�- AGCCGAGCCACATC - 3� 

β-Actin 5�- GAGCACAGAGCCTCGCCTTT - 3� 
In-Vitro assays

The effect of VEGF on ER stress was analysed in an in-vitro set
up using BeWo cells (human choriocarcinoma cell line; ATCC).
The cell line was maintained in Ham’s F 12 medium supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin, 100 m
g/ml Streptomycin. Cells were passaged with 0.025% trypsin and
0.01% EDTA. Four experimental groups were set up depending
on various treatments given to BeWo cells. BeWo cells of group 1
were exposed to sera from preeclamptic pregnant women who
had lower levels of VEGF (125–150 pg/ml). The sera from five
different preeclamptic mothers with VEGF concentration
ranging (125–150 pg/ml) were selected and pooled. The BeWo
cells were then treated with these sera in Ham’s F-12 incomplete
medium for 8 h, 14 h, 24 h respectively. In group 2, recombinant
VEGF (250 pg/ml) was added to the sera from preeclamptic
mothers and was then used to treat BeWo cells. Tunicamycin
(2.5–5 mg/ml for 5 h) treated cells served as positive control and
were marked as group 3. Tunicamycin is known to block the
initial step of glycoprotein biosynthesis in the ER, causing
accumulation of unfolded glycoproteins in the ER, leading to ER
stress. The cells of group 4 did not receive any treatment.
Following the above mentioned treatments, stimulation of ER
stress markers (GRP78, eIF2α, XBP1, ATF6 and CHOP) was
assessed at various time points (8 h, 14 h, 24 h) at protein level
(IF, Western blot) and transcript level (qRT-PCR).

Immunofluorescence (IF)
BeWo cells were given various treatments as mentioned above

for 8 h, 14 h and 24 h. The cells were then fixed in 4%
paraformaldehyde for 15 min at room temperature followed by
permeabilization with PBS + 0.1% Triton X-100. Nonspecific block-
ing was carried out using 5% normal goat serum in PBS and Triton
X. The cells were incubated in primary antibodies GRP78 (ab21685,
1:1000), eIF2α (ab5369, 1:200), XBP1 (ab37152, 1:200), ATF6
(ab83504, 1:1000) and DDIT3/CHOP (ab27539 1:500) for 12 h at
4℃. Cells were washed with PBSTx before incubating with
secondary antibody at 1:500 dilution for 1 h at room temperature
in dark. After washing, they were mounted in flouroshield
mounting media with DAPI on the slide and observed under the
fluorescence microscope (Nikon Eclipse Ti-S elements using NiS-
AR software).

Immunoblot blot
Cells were lysed in SDS-PAGE sample buffer [10% SDS, 60 mM

Tris-HCl (pH 6.8), 10% glycerol, 0.001% bromophenol blue, 0.33%
mercaptoethanol] and boiled for 5 min. The lysates were analyzed
by immunoblotting. The Nitrocellulose membrane was incubated
with the following primary antibodies i.e. GRP78 (ab21685,
1:1000), eIF2α (ab5369, 1:200), anti XBP1 (ab37152, 1:200) ATF6
(ab83504, 1:1000), CHOP (ab27539 1:500) for 12 h at 4℃. The blots
were then incubated in secondary antibody (HRP conjugated) for
2 h and visualized using DAB, Tetrahydrochloride and H2O2. β-actin
was used as protein loading control. For densitometric analysis, the
Reverse primer

3� 5�- TTCTGCTGTATCCTCTTCACCAGT - 3�
5�- GTGGGGTCAAGCGCCTATTA - 3�
5�- ATCCATGGGGAGATGTTCTGG- 3�

 3� 5�- CCTTCTGCGGATGGCTTCAA- 3�
� 5�- TCTCCTTCATGCGCTGCTTT - 3�

5�- TGAGGCTGTTGTCATACTTCTC - 3�
5�- TCATCATCCATGGTGAGCTGG - 3�



Fig. 1. Maternal serum levels of VEGF. Values are represented as Mean � SD. Error
bars represent standard deviation. *Statistical significance, p < 0.05.

Fig. 2. Maternal serum levels of GRP78. Values are represented as Mean � SD. Error
bars represent standard deviation. *Statistical significance, p < 0.05.
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blots were scanned in a gel documentation system, using Quantity
1 software (Bio-Rad, Hercules, CA, USA).

qRT-PCR (quantitative real time-polymerase chain reaction)
RNA isolation was done using Ambion, Invitrogen kit. The

quality of RNA was examined by denaturing gel, visualized by
ethidium bromide (EtBr) stain under UV and quantity was
measured on micro-volume UV/Visible Spectrophotometer
(Thermo Fisher Scientific- NanoDrop TM 2000). c-DNA synthesis
was done using Thermo revert aid H-minus reverse transcriptase
kit. Quality of cDNA was checked on 0.8% agarose gel visualized by
ethidium bromide (EtBr) stain under UV, its quantity was
measured on UV spectrophotometer and was subsequently used
for qRT-PCR (CFX96 TouchTM Real-Time PCR Detection System).
qRT- PCR reactions were carried out in 20 ml volume, including
SYBR Green (Thermo), forward, reverse primer (Sigma), cDNA
(template) and nuclease free water. Relative quantification cycles
of gene of interest (DCq) was calculated by DCq = Cq (target) - Cq
(reference). Relative mRNA expression was calculated subsequent-
ly by 2�DCq. Primers were designed by NCBI and confirmed by In
silico PCR (Table 1). β actin and GAPDH were used as house-keeping
genes.

Statistical analysis

Data was analyzed by Graph Pad Prism 7. Relative quantification
cycles of gene of interest (DCt) was calculated by DCt = Ct (target) -
Ct (reference). Relative mRNA expression with respect to internal
control gene (β actin and GAPDH) was calculated by 2�DCt. Average
level of the variable between the two groups was compared by
paired t-test and Wilcoxon signed rank test. ANOVA test with
Bonferroni correction and Kruskal Wallis with Dunn’s test were
used for comparing more than two groups. p value<0.05 was
considered statistically significant.

Results

The clinical parameters of the 60 pregnant women were
analyzed and are represented in Table 2.

VEGF and GRP78 levels in sera and placentae of preeclamptic pregnant
mothers

Circulating levels of VEGF measured in the maternal sera were
reduced in preeclamptic pregnant women (170.53 + 36.55 pg/ml)
as compared to maternal and gestational age matched controls
(254.61 + 47.39 pg/ml (p < 0.0001) (Fig. 1). On the contrary, GRP78
levels were found to be increased in sera of preeclamptic pregnant
women (1,103,260 + 104,270 pg/ml) in comparison to control group
(1,018,610 + 125,510 pg/ml) and the difference was statistically
significant. (p = 0.012) (Fig. 2).

Interestingly the levels of the two proteins measured in the
placentae of the same mothers corroborated with our results of the
circulating VEGF and GRP78 levels in sera. The preeclamptic
Table 2
Clinical Characteristics of Preeclamptic and normotensive, non proteinuric pregnant w

Study Groups

Clinical characteristics Preeclampsia (n = 30) Normotens

Systolic blood pressure (mmHg) 158.9 � 11.88 117.8 � 7.34
Diastolic blood pressure (mmHg) 101.43 � 8.39 74.2 � 6.39
Body Mass Index 27.83 � 5.61 23.67 � 3.5
Protein (g/day) 4.9 � 1.6 0.7 � 0.2 

Placenta (g) 411 � 121 464.72 � 55

n = number of subjects, Data presented as mean � SD, Paired t test, *statistical significa
placentae revealed enhanced GRP78 and weaker VEGF expression
of protein. Immunohistochemistry staining demonstrated stronger
expression of GRP78 in syncytiotrophoblast and variable pattern
(from weak to moderate) was seen around the walls of blood
vessels and stromal cells. However, weaker expression of VEGF was
observed in syncytiotrophoblast, endothelial cells and stromal
cells in preeclamptic placentae (Fig. 3) as compared to the
normotensive controls.
omen (controls).

ive, Non proteinuric (Control) (n = 30) Statistical significance (p value)*

 p < 0.0001
 p < 0.0001
9 p < 0.0001

p < 0.0001
.50 p = 0.0087

nce, p < 0.05.



Fig. 3. Immunolocalization of GRP78 in human placentae from Preeclamptic (Fig. 3a) and Normotensive pregnant women (Fig. 3b). GRP78 was strongly localized in
syncytiotrophoblast and weak to moderate around wall of blood vessels and stromal cells (arrows; Fig. 3a). Immunohistochemical staining of VEGF in human placentae from
Preeclamptic (Fig. 3d) and Normotensive pregnant women (Fig. 3e). VEGF was mainly localized in syncytiotrophoblast, endothelial cells and stromal cells (arrows; Fig. 3e). Human
liver tissue was used as positive control (Fig. 3c). Negative control (Fig. 3f). Nuclei were counterstained by hematoxylin. All panels are in the same magnification. Bar = 50mm.
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BeWo cells treated with pre-eclamptic sera undergo endoplasmic
reticulum stress

Bewo cells were treated with sera isolated from pre-eclamptic
mothers for 3 different timepoints. To assess the ER stress on the
Fig. 4. a Immunolocalization of ER stress markers in BeWo cells following treatment with P
24 h. b Representative images of immunoblot showing ER stress markers in BeWo cells fo
diagrams represent the normalized values of the markers. Results are representative of 7 i
using one way ANOVAwith Bonferroni’s post hoc test. c Comparison of relative mRNA expres
h. GAPDH was used as positive control. Data presented as mean � SD. One way ANOVA te
cells post treatment, various ER stress markers like GRP78, eIF2α,
XBP1, ATF6 and CHOP as molecular readouts were analyzed by
immunofluorescence and immuoblotting. The protein levels of
GRP78 were found to be higher at 8 h as compared to 14 and 24 h.
The higher intensity of eIF2α and ATF6 was observed at 14 h by IF
E sera. The GRP78 was seen at 8 h, eIF2α, XBP1 and ATF6 at 14 h and CHOP expression at
llowing treatment with PE sera. β-Actin was used as protein loading control. The Bar
ndependent experiments. Data presented as mean � SD. Statistical analysis was done
sion of ER stress markers in BeWo cells following treatment with PE sera at 8,14 and 24
st with Bonferroni correction was applied (p values indicated on graph itself).
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whereas its expression in immunoblot could be observed at 24 h
[Fig. 4a, b]. XBP-1 levels were raised at 14 h in both IF and western
blot experiments. However, CHOP could be only induced after 24 h
of treatment in IF as well as immunoblot. mRNA levels of GRP78,
eIF2α, XBP1, ATF6 and CHOP were found upregulated at 14 h as
compared to 8 h and 24 h [Fig. 4c]. In summary the markers of ER
stress were unregulated both at the protein and transcript levels
post treatment with sera from PE mothers.

Supplementation of re-VEGF to PE sera alleviated the induction of ER
stress in BeWo cells

Recombinant VEGF exogenously added to the sera from
preeclamptic mothers before treating the BeWo cells mitigated
the PE sera effect of ER stress. Immunofluorescence staining
revealed that expressions of GRP 78, eIF2α, XBP1, ATF6 and CHOP
were reduced significantly at 8, 14 and 24 h [Fig. 5a]. Similarly,
immunoblot data also demonstrated very low expression of
GRP78, eIF2α and CHOP at 8 h and 14 h [Fig. 5b]. Interestingly,
the mRNA levels of the tested genes were consistent with that of
protein expression [Fig. 5c].

Tunicamycin treated cells showed strong expression of all the ER stress
markers [S1a-c]

Tunicamycin is a known inducer of ER stress. Addition of
Tunicamycin to BeWo cells worked as a positive control. It
generated an intense expression of all the ER stress markers
assayed both by IF and immunoblots (supplementary file, S1 a–c),
thus activating all three arms of the UPR pathway. Immunoblot
data revealed higher expressions of GRP 78 and eIF2α at 14 h and
24 h as compared to 8 h. XBP1, ATF6 and CHOP expressions was
found to be dose dependent. [Figure S1b]. The transcriptional
activation of GRP78, eIF2α, XBP1 and ATF6 mRNAs was observed
by 14 h. CHOP mRNA levels were found maximum at 24 h
[supplementary file, Figure S1c].

The expression of ER stress markers was very feeble when BeWo cells
did not receive any treatment [Figure S2a-c]

No expression of XBP1, ATF6 and CHOP, whereas mild
expression of GRP78 at 8 h and eIF2α at 14 h was observed in IF.
[Figure S2a]. Western blot analysis also revealed weaker intensity
of most of the markers at all the time points. However, mild
expression of GRP78 and eIF2α was seen at 14 h. [Figure S2b]. Weak
mRNA levels could be detected only in GRP78, eIF2α, XBP1 and
ATF6 at variable time periods. However, CHOP expression was
negligible till 24 h. [supplementary file, Figure S2c].

ER stress was reduced when BeWo cells were exposed to PE sera
supplemented by recombinant VEGF as compared to the cells which
were treated with only PE sera [Figure S3a-j]

We compared the normalized protein values of various ER
stress markers between the first two groups i.e. PE sera and PE sera
along with recombinant VEGF (PE + re-VEGF) treated BeWo cells. At
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8 and 14 h, the GRP78 and XBP1 expression were significantly
higher in PE group (p < 0.0001) (Figure S3 a and c), whereas by 24 h,
the significantly enhanced expression could also be seen in
other markers i.e. eIF2α, XBP1, ATF6 and CHOP in this group. (Figure
S3 a–e). Significantly increased mRNA expression at 8 h was
observed in eIF2α, XBP1 and ATF6 markers in the BeWo cells
treated with sera from PE women. Interestingly the upregulation of
the other two markers i.e. GRP78 and CHOP in addition to eIF2α,
XBP1 and ATF6 could be seen only after 14 h in the above
mentioned group (p < 0.0001) (Figure S3g-i).

Discussion

The human placenta throughout pregnancy period undergoes
high levels of both angiogenesis and vasculogenesis [15]. VEGF
promotes neovascularization and stabilizes endothelial cells in
mature blood vessels, essential for maintaining endothelial cell
homeostasis and therefore, is a key survival factor for vascular
endothelium [16–19]. Reduced levels of VEGF would affect the
endothelial homeostasis and may cause disordered placental
development. VEGF has also been shown to participate in the
regulation of trophoblast cell survival, proliferation, migration and
endovascular differentiation [20]. However, the role of VEGF in
influencing the ER stress in trophoblast has not been reported in the
literature. Hence, we theorized/speculated that trophoblast cells may
undergoERstressonexposure toreducedconcentrationsofVEGF.We
used BeWo cells as representative of placental trophoblast cells and
treated them with sera from preeclamptic pregnant women having
varying concentrations (125–150 pg/ml) of endogenous VEGF.
Protein and mRNA expressions of different ER stress markers were
analyzed thereafter inthe treatedBeWo cells. In the present study, we
Fig. 5. a Immunolocalisation of ER stress markers in BeWo cells following treatment wi
ATF6 at 14 h and CHOP expression at 24 h. b Representative images of immunoblot show
with re- VEGF. β-Actin was used as protein loading control. The Bar diagrams represent
experiments. Data presented as mean � SD. Statistical analysis was done using one way A
ER stress markers in BeWo cells following treatment with PE sera supplemented with 

mean � SD. One way ANOVA test with Bonferroni correction was applied (p values ind
observed that the sera from preeclamptic women had lower
concentration of VEGF and higher concentrations of GRP78 as
compared to controls. Similar results for both were also seen in term
placentae from preeclamptic women. These results are consistent
with the previous studies [21–24] and indicate towards the
contribution of endoplasmic reticulum stress in pathophysiology
of PE [25]. The lower amounts of VEGF in sera of PE pregnant women
has been attributed to presence of increased amount of soluble form
of its receptor sVEGFR-1(sFlt-1), acting as a decoy receptor which
traps the VEGF and reduces the bioavailability of free VEGF [26].
Interplay of multiple other factors like nitric oxide, hypoxia, oxidative
stress, LCPUFA (Long Chain Polyunsaturated Fatty acids) have been
shown to influence the levels of VEGF and coordinate placental
angiogenesis. LCPUFA (omega 3 and 6) have recently been shown to
play numerous roles during placentation as well as fetal growth and
assist trophoblast in their angiogenic mission [27]. High doses of n-3
PUFA have inhibitory effects on angiogenesis. It can suppress
endothelial proliferation, migration and VEGF production in many
cell types including tumors [28]. Interestingly, on the contrary, one of
the n-3 PUFA i.e. DHA (Docosahexaenoic acid) has been shown to
stimulate angiogenesis in trophoblast cells which is beneficial
during early placentation [29]. These paradoxical findings need
further experimentations to provide better understanding of the
underlying mechanisms. We reported stronger expression of GRP78
in the syncytiotrophoblast of PE placentae. This may be due to the
extensive secretory activity of the syncytiotrophoblast cells in
placentae [30]. We only observed GRP78 expression as dissociation
of GRP78 (central regulator of UPR) from distinct trans-membrane
sensors (PERK, IRE1 and ATF6) is the hallmark of UPR activation,
signaling and ER stress pathway subsequently [31]. With these
outcomes, we speculated that the increased levels of GRP78 in PE
th PE sera supplemented with re-VEGF. The GRP78 was seen at 8 h, eIF2α, XBP1 and
ing ER stress markers in BeWo cells following treatment with PE sera supplemented
 the normalized values of the markers. Results are representative of 7 independent
NOVA with Bonferroni’s post hoc test. c Comparison of relative mRNA expression of
re- VEGF at 8, 14 and 24 h. GAPDH was used as positive control. Data presented as
icated on graph itself).
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patients might be one of the several reasons for its earlier
dissociation from trans-membrane sensors and its subsequent
release in the maternal serum that could have induced ER stress
following signaling through individual ER stress arms.

Following this, in-vitro assays were planned to examine if
treatment of BeWo cells (placental trophoblast cells) with sera
from PE patients (group 1) could upregulate ER stress. Signaling
response of all ER stress markers (GRP78, eIF2α, XBP1, ATF6 and
CHOP) was examined at different time points (8 h, 14 h and 24 h).
When BeWo cells were treated with sera having reduced
concentration of VEGF (PE sera: 125–150 pg/ml), the expression
of GRP78 was found maximum at 8 h and started declining
thereafter. Thus, indicating its earlier dissociation from ER stress
sensors. On the other hand, when BeWo cells were exposed to PE
sera supplemented with recombinant VEGF (group 2) i.e. higher
concentration of VEGF, expression of GRP78 was found to be
significantly reduced in group 2 as compared to group 1 (PE sera
treated) cells at all the time points. Thus, pattern of GRP78
expression at both mRNA and protein levels observed in group 2
indicates towards an important role which may be played by VEGF
in attenuating the ER stress. Activation of PERK results in
phosphorylation of eIF2 α, blocking protein translation and
reducing the protein burden within ER. In the present study,
expression of eIF2α was found maximum at 24 h in BeWo cells
treated with reduced VEGF concentration (group 1: PE sera
treated) indicating the delayed attenuation time of PERK arm
which is consistent with the study carried out by Walter et al. in
2007 where they observed eIF2α signal till 30 h [32] whereas
increased VEGF exposure reduced the eIF2α expression. Our study
demonstrated that although all three branches (PERK, IRE1 and
ATF6) of UPR were activated upon induction of ER stress yet the
behavior of individual signaling pathways varied markedly with
time after the onset of stress. Out of the two isoforms (IRE1α and
IRE1β) of IRE1 in mammalian genome, the dissociation of IRE1α
from GRP78 due to an elevated level of unfolded proteins in the ER
leads to activation of IRE1α (XBP1) [33–36]. Expressions of XBP1,
ATF6 and CHOP were also upregulated when cells were treated
with lower amounts of VEGF in sera, which reduced on exposing
them to higher amounts of VEGF concentration. However, XBP1
was found maximum at 14 h, and ATF6 as well as CHOP at 24 h in
both groups. Since long time, ATF6 has been considered to fulfill
merely adaptive functions during ER stress, and its sole intersec-
tion with ER stress-induced apoptosis consist of a possible role in
regulation of CHOP expression [37]. Our finding is consistent with
the results of Karali et al. in which they established that activation
of ATF6 and PERK contributes to the survival effect of VEGF on
endothelial cells (ECs) by positively regulating mTORC2-mediated
phosphorylation of AKT on Ser473, which is required for full
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activity of AKT [38]. If the various UPR-induced mechanisms fail to
alleviate ER stress, both the intrinsic and extrinsic pathways for
apoptosis can become activated. CHOP (CCAAT-enhancer-binding
protein homologous protein) plays a convergent role in the UPR
and it has been identified as one of the most important mediators
of ER stress-induced apoptosis [39]. An important evidence has
come to light to prove that the major pro-apoptotic consequence
of eIF2α phosphorylation is the upregulation of transcription
factor CHOP, mediated by ATF4 [40]. Thus, markers of ER stress
were upregulated though at different time points when BeWo cells
were treated with lower VEGF concentration (PE sera) and their
expressions were reduced when the VEGF amount was increased
by supplementing the sera with recombinant VEGF. In the present
study we confirmed that higher VEGF levels can alleviate the ER
stress in BeWo cells. The experiments need to be repeated on the
primary trophoblast cells and also the placental explants which
are one of the most appropriate representatives of the in-vivo
conditions as it maintains the tissue integrity.

Conclusions and perspectives

The VEGF exclusively plays its role in angiogenesis and
progression of placental vasculature. Segregation and degenera-
tion of affected tissue may be driven if stimulus is stronger than the
adaptive capacity of UPR associated ER stress pathways. The
therapeutic potential of VEGF can be comprehended using
modulation of ER stress sensors like eIF2α and ATF6. Further
decoding of the interplay between sensors of UPR and vascular
factors (angiogenic and anti-angiogenic) will open a prospective
window which would provide both valuable and fundamental
therapeutic insights. Thus, our study can serve as an experimental
template to explore unacquainted therapeutic dispensation of
preeclampsia.
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