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Abstract: Protease Inhibitors (PI e.g., ritonavir (RTV) and lopinavir (LPV)) used to treat pregnant
mothers infected by HIV induce prematurity and endocrine dysfunctions. The maintenance of
pregnancy relies on placental hormone production (human Chorionic Gonadotrophin (hCG) and
progesterone (P4)). Those functions are ensured by the villous trophoblast and are mainly regulated
by the Unfolded Protein Response (UPR) pathway and mitochondria. We investigated, in vitro, if PI
impair hCG and P4 production and the potential intracellular mechanisms involved. Term villous
cytotrophoblast (VCT) were cultured with or without RTV or LPV from 6 to 48 h. VCT differentiation
into syncytiotrophoblast (ST) was followed measuring hCG and P4 secretion. We evaluated the
expression of P4 synthesis partners (Metastatic Lymph Node 64 (MLN64), cholesterol side-chain
cleavage (P450SCC), Hydroxy-delta-5-Steroid Dehydrogenase and 3 Beta-and steroid delta-isomerase
1 (HSD3B1)), of mitochondrial pro-fusion factors (Mitofusin 2 (Mfn2), Optic Atrophy 1 (OPA1)) and
of UPR factors (Glucose-Regulated Protein 78 (GRP78), Activating Transcription Factor 4 (ATF4),
Activating Transcription Factor 6 (ATF6), spliced X-box Binding Protein 1 (sXBP1)). RTV had no
significant effect on hCG and P4 secretion, whereas lopinavir significantly decreased both secretions.
LPV also decreased P450SCC and HSD3B1 expression, whereas it increased Mfn2, GRP78 and sXBP1
expression in ST. RTV has no effect on the endocrine placenta. LPV impairs both villous trophoblast
differentiation and P4 production. It is likely to act via mitochondrial fusion and UPR pathway
activation. These trophoblastic alterations may end in decreased P4 levels in maternal circulation,
inducing prematurity.
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1. Introduction

To prevent mother-to-fetus transmission of Human Immunodeficiency Virus (HIV),
World Organization of Health (WHO) recommends to continue or initiate antiretroviral
therapy (ART) during pregnancy regardless of the clinical stage or CD4 cell count. ART
consists in the association of two NRTI (Nucleoside Reverse Transcriptase Inhibitor) with
a Protease Inhibitor (PI) such as Lopinavir (LPV) or Ritonavir (RTV) [1]. However, the
use of PI during pregnancy increases the risk of preterm birth and obstetric complications
(e.g., pre-eclampsia, diabetes or intra uterine growth restriction) [2–4]. Those treatments
have been shown to alter both adrenal and placental steroidogenesis. Indeed, neonates
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exposed in utero to PI exhibit adrenal dysfunction with an increase in 17-OH proges-
terone [5]. Anti-HIV treatment during pregnancy also induces a decrease in maternal
serum progesterone (P4), especially when using PI [6].

From the end of the first month of pregnancy, P4 hormone, like human chorionic
gonadotrophin (hCG), is produced by the villous trophoblast in the chorionic villi, mainly
the syncytiotrophoblast (ST) [7,8]. We recently showed that the villous cytotrophoblast
(VCT), which will differentiate into ST, is also able to produce placental glycoproteic hor-
mones such as hCG and steroids such as P4 in vitro [7,9–11]. In placenta, P4 is synthesized
from maternal serum cholesterol, which is captured by the trophoblast and enters the
mitochondria via Metastatic Lymph Node 64 (MLN64) protein. The cholesterol molecule
is then converted by cholesterol side-chain cleavage (P450SCC) enzyme in pregnenolone
(P5), which is further converted in P4 by Hydroxy-delta-5-Steroid Dehydrogenase and 3
Beta-and steroid delta-isomerase 1 (HSD3B1) [8,12].

The production of hCG and P4 relies on the good functionality of the trophoblast. This
functionality is regulated by numerous factors including cyclic Adenosine MonoPhosphate
(cAMP)/Protein Kinase A (PKA) pathway, oxidative stress and stress of the Endoplasmic
Reticulum (ER). ER stress involves different organelles (mitochondria, ER) and pathways
such as the Unfolded Protein Response (UPR) pathway [13–18].

Mitochondria are essential to ensure energy regulation and steroid hormones pro-
duction. We previously confirmed a change in mitochondrial function associated with
structural modifications during VCT differentiation [11]. Different studies demonstrated
that the structural modifications observed between VCT and ST mitochondria are related to
mitochondria dynamics, relying on fusion/fission process [19–23]. The fusion is regulated
by different factors such as Mitofusin 2 (Mfn2) and Optic Atrophy 1 (OPA1) [24–27]. In the
placenta, mitochondrial dynamics are known to change with trophoblast differentiation but
the mechanisms and factors involved remain controversial [18,27,28]. Any disruption in the
fusion/fission process may lead to mitochondrial dysfunction, particularly steroidogenesis
alteration [29,30].

The ER and Golgi apparatus are key organelles involved in the production of peptide
hormones such as hCG [31]. In case of ER stress, an accumulation of unfolded proteins
in ER lumen is observed. In response, Glucose-Regulated Protein 78 (GRP78) dissociates
from the ER membrane activating the UPR pathway. This pathway involves (i) Inositol-
Requiring Enzyme 1α (IRE1α), which induces the splice of X-box Binding Protein 1(XBP1)
transcription factor controlling the expression of IRE1α target genes; (ii) Activating Tran-
scription Factor 6 (ATF6), which is cleaved in its active form to control the transcription
of its target genes; and (iii) Protein kinase RNA-like ER protein Kinase (PERK), which
induces activation of Activating Transcription Factor 4 (ATF4) transcription factor to control
the expression of PERK target genes [32]. These UPR pathways are known to regulate
trophoblast differentiation, hCG secretion and the steroidogenesis [17,33].

It has been established that anti-HIV treatment by PI alters adrenal steroidogenesis
both in the mothers and in their neonates exposed in utero [5,6,34]. As little is known about
the effect of PI on the human placenta, we aimed to investigate the effect of two widely used
PI (RTV and LPV) on the villous trophoblast differentiation in vitro, its endocrine function,
and to identify their potential targets focusing on the mitochondria and the UPR pathway.

2. Results
2.1. Effect of RTV on the Villous Trophoblast

hCG and P4 levels were measured in supernatants of trophoblast cells incubated with
RTV or control dimethylsulfoxide (DMSO). Neither hCG nor P4 secretion was disrupted
during differentiation of VCT into ST whatever the incubation time (6 to 48 h) or RTV
concentration (5 to 20 µM) (Figure 1A). On Western blot, the expression of P450SCC and
HSD3B1, two enzymes involved in P4 synthesis, was not affected during RTV exposition
(Figure 1B). RTV had no effect on villous trophoblast differentiation (data not shown).
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Cytotrophoblasts isolated and purified from term placenta were cultured for 15 h and then incu-
bated with RTV at 5, 10 or 20 µM or DMSO for 6 h, 24 h or 48 h to allow fusion process. (A) hCG 
concentration and P4 concentration were measured by immuno-analysis in culture supernatant. 
(B) The protein expression of P450SCC and HSD3B1 were evaluated using immunoblotting with 
anti-P450SCC and anti-HSD3B1 antibodies. The protein expression of actin was determined with 
anti-actin antibody, used as a loading control. The lanes intensity was measured with ImageJ pro-
gram. Results are expressed as the mean +/− SEM of n = 6 independent experiments. Two-tailed 
paired no parametric student t-tests were performed to compare RTV to DMSO exposition at the 
same incubation time. 

2.2. Effect of LPV on the Villous Trophoblast 
In controls, VCT spontaneously fuses to form a ST at 72 h of culture. After 48 h of 

incubation with LPV at 10 µM, ST formation was decreased as demonstrated with 
desmoplakin staining distribution (Figure 2A). The fusion index calculation points out a 
significant decrease (p < 0.05) of 20% in VCT fusion into ST after 48 h of incubation with 
LPV at 10 µM (Figure 2B).  

Figure 1. Ritonavir has no effect on hCG and P4 production during trophoblast differentiation. Cytotrophoblasts isolated
and purified from term placenta were cultured for 15 h and then incubated with RTV at 5, 10 or 20 µM or DMSO for 6 h,
24 h or 48 h to allow fusion process. (A) hCG concentration and P4 concentration were measured by immuno-analysis
in culture supernatant. (B) The protein expression of P450SCC and HSD3B1 were evaluated using immunoblotting with
anti-P450SCC and anti-HSD3B1 antibodies. The protein expression of actin was determined with anti-actin antibody, used
as a loading control. The lanes intensity was measured with ImageJ program. Results are expressed as the mean +/− SEM
of n = 6 independent experiments. Two-tailed paired no parametric student t-tests were performed to compare RTV to
DMSO exposition at the same incubation time.

2.2. Effect of LPV on the Villous Trophoblast

In controls, VCT spontaneously fuses to form a ST at 72 h of culture. After 48 h
of incubation with LPV at 10 µM, ST formation was decreased as demonstrated with
desmoplakin staining distribution (Figure 2A). The fusion index calculation points out a
significant decrease (p < 0.05) of 20% in VCT fusion into ST after 48 h of incubation with
LPV at 10 µM (Figure 2B).
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Figure 2. Lopinavir decreases VCTs fusion. VCT isolated and purified from term placenta were cultured for 15 h and then 
incubated with LPV 10 µM or DMSO for 48 h to allow fusion process. (A) Picture of cytotrophoblast fusion process by 
fixing and immunostaining of cells for the distribution of desmoplakin (green) and nuclei (4′,6-diamidino-2-phenylindole 
[DAPI] staining). 400 × magnification. Scale bar: 50 µm. (B) Representation of syncytium formation as a fusion index graph. 
Results are expressed as the mean +/− SD of n = 5 independent experiments. * p < 0.05 vs. DMSO, Mann-Whitney t-test. 

As expected, VCT fusion into ST was associated with an increase in hCG (by 1,000-
fold) and P4 (by 10-fold) secretion in controls. LPV at 10 µM significantly (p < 0.001) de-
creased hCG secretion by 35% in average after 6 h of incubation, reaching 84% of decrease 
at 48 h of incubation (Figure 3A). LPV also induced an early significant (p < 0.01) decrease 
in P4 secretion by 41% in average that tended to disappear thereafter (Figure 3B).  

 
Figure 3. Lopinavir decreases hCG and progesterone secretion during differentiation of VCT into ST. Cytotrophoblasts 
isolated and purified from term placenta were cultured for 15 h and then incubated with LPV 10 µM or DMSO for 6 h, 24 h 
or 48 h to allow fusion process. hCG concentrations (A) and progesterone concentrations (B) were measured by immuno-
analysis in culture supernatant. Results are expressed as the mean +/− SEM of n = 11 independent experiments. ** p < 0.01; 
*** p < 0.001 vs. DMSO at the same incubation time, two-tailed paired no parametric student t-test. 

2.3. Expression of Trophoblastic Enzymes Involved in P4 Synthesis during LPV Exposition 
As only LPV decreases both ST formation and P4 secretion, P4 synthesis partners 

were further investigated. On Western blots, LPV significantly (p < 0.05) decreased expres-
sion of P450SCC enzyme by 58% in average and HSD3B1 enzyme by 62% in average after 
48 h of incubation (Figure 4B,C). However, LPV did not affect expression of mitochondrial 
cholesterol transporter MLN64 whatever the incubation time (Figure 4A).  

Figure 2. Lopinavir decreases VCTs fusion. VCT isolated and purified from term placenta were cultured for 15 h and then
incubated with LPV 10 µM or DMSO for 48 h to allow fusion process. (A) Picture of cytotrophoblast fusion process by
fixing and immunostaining of cells for the distribution of desmoplakin (green) and nuclei (4′,6-diamidino-2-phenylindole
[DAPI] staining). 400 ×magnification. Scale bar: 50 µm. (B) Representation of syncytium formation as a fusion index graph.
Results are expressed as the mean +/− SD of n = 5 independent experiments. * p < 0.05 vs. DMSO, Mann-Whitney t-test.

As expected, VCT fusion into ST was associated with an increase in hCG (by 1,000-fold)
and P4 (by 10-fold) secretion in controls. LPV at 10 µM significantly (p < 0.001) decreased
hCG secretion by 35% in average after 6 h of incubation, reaching 84% of decrease at 48 h
of incubation (Figure 3A). LPV also induced an early significant (p < 0.01) decrease in P4
secretion by 41% in average that tended to disappear thereafter (Figure 3B).
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Figure 3. Lopinavir decreases hCG and progesterone secretion during differentiation of VCT into ST. Cytotrophoblasts
isolated and purified from term placenta were cultured for 15 h and then incubated with LPV 10 µM or DMSO for 6 h,
24 h or 48 h to allow fusion process. hCG concentrations (A) and progesterone concentrations (B) were measured by
immuno-analysis in culture supernatant. Results are expressed as the mean +/− SEM of n = 11 independent experiments.
** p < 0.01; *** p < 0.001 vs. DMSO at the same incubation time, two-tailed paired no parametric student t-test.

2.3. Expression of Trophoblastic Enzymes Involved in P4 Synthesis during LPV Exposition

As only LPV decreases both ST formation and P4 secretion, P4 synthesis partners were
further investigated. On Western blots, LPV significantly (p < 0.05) decreased expression of
P450SCC enzyme by 58% in average and HSD3B1 enzyme by 62% in average after 48 h
of incubation (Figure 4B,C). However, LPV did not affect expression of mitochondrial
cholesterol transporter MLN64 whatever the incubation time (Figure 4A).
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was determined with anti-actin antibody, used as a loading control. The lanes intensity was measured with ImageJ pro-
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Figure 4. Lopinavir decreases protein expression of enzymes P450SCC and HSD3B1 involved in progesterone synthesis
during differentiation of VCT into ST. Human VCT isolated and purified from term placenta were cultured for 15 h and then
incubated with LPV 10 µM or DMSO for 6 h, 24 h or 48 h. MLN64 (A), P450SCC (B) and HSD3B1 (C) protein expression
was determined using immunoblotting with anti-MLN64, anti-P450SCC and anti-HSD3B1 antibodies. Actin protein was
determined with anti-actin antibody, used as a loading control. The lanes intensity was measured with ImageJ program.
Results are expressed as a percentage of the control DMSO 6 h conditions and are shown as mean −/+ SEM from six
independent experiments. * p < 0.05 vs. DMSO at the same incubation time, two-tailed paired no parametric paired t-test.

2.4. Trophoblastic Nuclei, Mitochondria and Endoplasmic Reticulum under LPV Treatment

We then analyzed by electron microscopy two main organelles involved in P4 and
hCG synthesis, respectively. In controls, at 6 h, i.e., when VCT are still predominant and
ST not yet formed, mitochondria present a few dense matrix with clearly defined cristae
(Figure 5). On the contrary, at 48 h, i.e., when the vast majority of VCT has differenti-
ated into ST, mitochondria present a clearly denser matrix with a less defined and more
atypical cristae structure than in VCT (Figure 5). Moreover, we observed an increase in
nuclei chromatin condensation with differentiation of VCT into ST (Figure 5). In VCT cells
(i.e., 6 h of incubation), ER is thin, while in ST (i.e., 48 h of incubation), ER is larger (Figure 5).
These physiological changes were not modified under LPV treatment in VCT (6 h). On the
contrary, in ST (48 h), chromatin was less condensed than in controls and ER was thinner
and rather empty. Mitochondria presented a less dense matrix with clearly defined cristae
(Figure 5). In cells incubated with LPV for 24 h, the results were less significant as some
VCT had not already started their differentiation.

2.5. Mitochondrial Dynamics in Villous Trophoblast under LPV

The mitochondrial structure relies on the fusion and fission process regulated by
several proteins (OPA1, Mfn2). LPV induced a significant decrease (p < 0.05) in Mfn2
protein expression after 48 h incubation (Figure 6A), while OPA1 protein expression was
not affected (Figure 6B).



Int. J. Mol. Sci. 2021, 22, 683 6 of 21Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 23 
 

 

 
Figure 5. Lopinavir alters mitochondria and endoplasmic reticulum structure during trophoblast 
differentiation. Cytotrophoblasts isolated and purified from term placenta were cultured for 15 h 
and then incubated with LPV 10 µM or DMSO for 6 h, 24 h or 48 h. Cells have been fixed and pre-
pared for transmission electronic microscopy. The blue, red and green arrows indicate respectively 
the nuclei, mitochondria and endoplasmic reticulum (ER). 1000 × magnification was used for the 
small pictures; scale bar: 2 µm. Zoom in 5000 × magnification was used for the principal pictures. 
Scale bar: 0.5 µm. These pictures are representative of 3 independent experiments. 

2.5. Mitochondrial Dynamics in Villous Trophoblast under LPV 
The mitochondrial structure relies on the fusion and fission process regulated by sev-

eral proteins (OPA1, Mfn2). LPV induced a significant decrease (p < 0.05) in Mfn2 protein 

Figure 5. Lopinavir alters mitochondria and endoplasmic reticulum structure during trophoblast
differentiation. Cytotrophoblasts isolated and purified from term placenta were cultured for 15 h and
then incubated with LPV 10 µM or DMSO for 6 h, 24 h or 48 h. Cells have been fixed and prepared
for transmission electronic microscopy. The blue, red and green arrows indicate respectively the
nuclei, mitochondria and endoplasmic reticulum (ER). 1000×magnification was used for the small
pictures; scale bar: 2 µm. Zoom in 5000×magnification was used for the principal pictures. Scale bar:
0.5 µm. These pictures are representative of 3 independent experiments.
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Figure 6. Impairment in mitochondrial dynamics during trophoblast differentiation under LPV
exposition. Cytotrophoblast cells isolated from human term placentas were cultured for 15 h before
to the incubation with LPV 10 µM or DMSO for 6 h, 24 h or 48 h. Mfn2 (A) or OPA1 (B) protein
expression were evaluated by immunoblotting with anti-Mfn2 and anti-OPA1 antibodies. Vinculin
protein expression determined with anti-vinculin antibody was used as loading control. Results are
expressed as the mean +/− SD of n = 7 independent experiments. * p < 0.05 vs. DMSO at the same
incubation time, two-tailed paired no parametric student t-test.

2.6. ER Stress in Villous Trophoblast under LPV

In collaboration with Dr Marie Cohen, we first checked whether UPR pathways
are involved in steroidogenesis regulation in our in vitro model. We evaluated mRNA
expression of P450SCC and HSD3B1 by RT-qPCR on VCT cells transfected with 3 siRNA
against IRE1α, PERK and ATF6, respectively. Inhibition of UPR pathway tended to induce
an increase in HSD3B1 and P450SCC expression in the same proportion (50% and 55%,
respectively) (Figure 7).
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Figure 7. UPR pathways are involved in transcriptional regulation of enzymes involved in P4
synthesis. VCT cells isolated from human term placenta were transfected with siRNA against IRE1α,
PERK and ATF6 (3 siRNA) or siRNA control (si Ctrl). Total RNA was extracted and P450SCC and
HSD3B1 expression were evaluated by RT-qPCR. The results are presented as mean +/− SD of
3 independent experiments. * p < 0.05 vs. si Ctrl, two-tailed paired no parametric t-test.
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We then investigated whether LPV activates UPR pathways measuring mRNA expres-
sion of UPR markers: GRP78, ATF6, ATF4 and sXBP1 by qPCR. In VCT (i.e., 6 h incubation
with LPV), GRP78 and sXBP1 expression significantly increased 1.5- and 2-fold (p < 0.05)
(Figure 8A). During trophoblast differentiation, GRP78 protein expression under LPV
increased 1.5-fold in VCT cells, after 6 h of incubation but decreased 0.65-fold in ST, after
48 h of incubation (Figure 8B).
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2.7. Effects of LPV on Preformed ST

As ST is trophoblastic tissue in direct contact with maternal blood, we analyzed the
impact of LPV directly on ST (i.e., when VCT differentiation is already performed). VCT
were cultured in complete Dulbecco’s Modified Eagle Medium (DMEM) for 72 h forming
the ST. The resulting ST was further exposed to LPV at 10 µM for 6 h. Exposition to LPV
induced a significant decrease in hCG and P4 secretion by 20% and 40%, respectively
(p < 0.05) (Figure 9).
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Figure 9. Brief incubation with Lopinavir decreases hCG and progesterone secretion both in VCT
and ST cells. Cytotrophoblasts isolated and purified from term placenta were cultured for 72 h in
complete DMEM to allow ST formation before incubation for 6 h with LPV 10 µM or DMSO. hCG
and progesterone concentrations were measured by immuno-analysis in culture supernatant. Results
are expressed as the mean +/− SEM of n = 11 independent experiments. ** p < 0.01 vs. DMSO,
two-tailed paired no parametric student t-test.

P450SCC and HSD3B1 protein expression was also significantly decreased by 20% in
ST exposed to LPV for 6 h (p < 0.05) (Figure 10).

Exposition of ST to LPV for 6 h also induced a significant increase by 20% in Mfn2
mitochondrial protein expression (p < 0.05) (Figure 11A), while OPA1 mitochondrial protein
expression was unchanged (Figure 11B).

Exposition of ST to LPV tended to activate UPR pathway as attested by the increase in
GRP78 and sXBP1 transcripts (Figure 12A).

We investigated whether the IRE1α-pathway was targeted by LPV. Using STF-083010
(STF), an IRE1α inhibitor, we checked that IRE1α inhibition led to a decrease in LPV effects
on UPR pathway, quantifying sXBP1 and GRP78 gene expression by RT-qPCR (Figure 13).

We then evaluated the effect of IRE1α inhibition on hCG and P4 production by ST
under LPV exposition. Pre-incubation with STF-083010 (STF), the IRE1α inhibitor, did not
restore hCG and P4 secretion, decreased by LPV in ST (Figure 14).

In addition, this pre-incubation did not modify the expression of either P450SCC or
HSD3B1 (Figure 15) at both mRNA and protein levels.
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human term placentas were cultured for 72 h before incubation with LPV 10 µM or DMSO for 6 h. Mfn2 (A) and OPA1
(B) protein expression was evaluated by immunoblotting with anti-Mfn2 and anti-OPA1 antibodies. Vinculin protein
expression determined with anti-vinculin antibody was used as loading control. Results are expressed as the mean +/− SD
of n = 7 independent experiments. * p < 0.05 vs. DMSO, two-tailed paired no parametric student t-test.
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Figure 13. Inhibition of IRE1α pathway partially prevents the UPR pathway activation. Cytotro-
phoblast cells isolated from human term placentas were cultured for 72 h. Cells were then incubated
for 2 h with STF (100 µM) (LPV with STF preincubation) or DMSO control (LPV without (w/o) STF
preincubation) before incubation for 4 h with LPV (10 µM). (A) mRNA expression of sXBP1 and
GRP78 were measured by RT-qPCR. The results are expressed as mean +/− SD of n = 3 independent
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. DMSO, two-tailed paired no parametric t-test.
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Figure 15. Inhibition of IRE1α pathway does not prevent the inhibitory effect of LPV on P4 synthesis partners expression.
VCT cells isolated from human term placenta were cultured for 72 h. Cells were further incubated for 2 h with STF (100 µM)
(LPV + STF preincubation) or DMSO control (LPV without (w/o) STF preincubation) before incubation for 4 h with LPV
(10 µM). MLN64, P450SCC and HSD3B1 expression was evaluated by RT-qPCR (A) and Western blot using anti-MLN64,
anti-P450SCC and anti-HSD3B1 antibodies (B). Vinculin protein expression determined by Western blot using anti-vinculin
antibody was used as loading control. The results are presented as the mean +/− SD from n = 3 independent experiments
for RT-qPCR and n = 5 independent experiments for Western blot.
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3. Discussion

During pregnancy, HIV-infected mothers are treated with two NRTI and one PI
to prevent the viral transmission to the fetus [1]. According to several studies those
treatment, notably the PI, have secondary effects such as pre-term birth, pre-eclampsia,
and intra uterine growth restriction [3,4]. Moreover, PI impair steroidogenesis, inducing a
decreased P4 level in maternal blood and impaired adrenal function in neonates exposed in
utero [3,5,6]. However, very little is known about the placenta, which produces P4, a steroid
hormone mandatory for the maintenance of pregnancy [7,8,35]. Our aim was to investigate
in vitro whether PI such as RTV and LPV disturb human placental steroidogenesis, focusing
on the P4, mitochondria and main intracellular pathways potentially targeted.

For many years, the syncytiotrophoblast (ST) has been considered as the main en-
docrine tissue of the placenta as it is in direct contact with maternal blood in the intervilli
chamber [36]. As in the chorionic villi, the ST arises from the differentiation of the villous
cytotrophoblast (VCT), we used our in vitro model to extensively characterize P4 produc-
tion in human villous placenta. In our previous study [11], we established that placental
steroidogenesis is not restricted to ST only but starts early in the VCT, which expresses
the cholesterol transporter MLN64 and the key enzymes P450SCC and HSD3B1 required
for P4 synthesis and secretes significant levels of P4. We confirmed these findings in this
work, pointing out that the whole trophoblast is able to produce placental steroid and
protein hormones. This is in agreement with previous studies showing that VCT and
also extravillous cytotrophoblast (EVCT) produce significant amounts of hCG and its sub-
units [37]. We confirmed in this in vitro study that the endocrine production increases with
the morphological differentiation of VCT into ST, hCG secretion increase being associated
with ST formation. We also established that this increase in hCG secretion is correlated
with an increase in P4 synthesis and secretion [11].

The mitochondria is a key organelle involved both in steroidogenesis and in tro-
phoblast differentiation [16,27,30]. We have previously demonstrated that the differen-
tiation of VCT into ST is associated with a decrease in mitochondrial transmembrane
potential. This functional change in mitochondria could explain the observed changes
in P4 synthesis [11]. Indeed, a previous study on placental tissue demonstrated that a
decrease in transmembrane potential in mitochondrial fraction is associated with a high
steroidogenesis activity [38]. In addition, we showed that in vitro differentiation of VCT
into ST is associated with morphological changes in mitochondria using transmission
electronic microscopy. Indeed, in our in vitro model, VCT are predominant at 24 h of
culture, whereas ST is formed at 72 h of culture. In VCT, mitochondria are larger than in ST.
Moreover, mitochondria in VCT present cristae with typical structure, whereas they present
in ST an atypical structure of cristae and a denser matrix than in VCT, in agreement with
previous histological studies [20]. These structural modifications are known to be related
to fusion/fission dynamics of mitochondria [21]. However, in our model, we observed no
modification in the expression of two main fusion proteins Mfn2 and OPA1 during differen-
tiation of VCT into ST. These results are not consistent with a previous study in BeWo cells
that demonstrated a decrease in Mfn2 and OPA1 expression but, under forskolin, induced
differentiation [27]. This suggests that the observed changes in mitochondria depend on
the model used, i.e., primary trophoblast culture in our model compared to choriocar-
cinoma cell lines and on experimental conditions, i.e., basal or stimulated by forskolin.
Mitochondrial dynamics are known to be involved in the regulation of steroidogenesis.
Some studies demonstrated that fission process is necessary for steroidogenesis [22,27],
while others reported on the contrary that steroidogenesis relies on fusion process [30,39].
In our model, it is likely that fusion process is not necessary for P4 synthesis as we found
no change in Mfn2 and OPA1 expression during the ST formation. It would thus be of
interest to evaluate the expression of other factors such as fission factors Drp1 and Fiss1. An
increase in Peroxisome proliferator-activated receptor Gamma Coactivator 1-α (PGC1-α)
expression induced by P4 could lead to an increase in mitochondria biogenesis allowing an
increase in P4 synthesis itself [40].
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We also found morphological changes in nuclei and ER during VCT differentiation
into ST. In ST, we observed that the nuclei present a denser chromatin compared to VCT,
confirming previous placental histological findings [36]. The ER is also thinner in VCT
than in ST cells. The presence of large ER in ST is associated with an intense protein
synthesis [41,42], consistent with the observed increase in hCG secretion. It is also in
agreement with the UPR activation during VCT differentiation into ST [17]. To conclude, the
use of transmission electronic microscopy allowed us to fully characterize the differentiation
of VCT into ST at cellular level, pointing out a membrane fusion, a nuclear high-condensed
chromatin, small and dense mitochondria and large ER. This is in agreement with in vivo
findings showing a release of syncytial knots containing ST DNA and UPR activation and
an increased hormonal production.

We tested the impact of PI, notably the LPV, at a concentration of 10 µM, which
corresponds to maternal blood concentration. Higher concentrations are likely to induce
apoptosis as observed in HEK293 cells [43]. LPV at 10 µM induced an early decrease in P4
production in VCT that could be in part responsible for the decrease in P4 level in treated
mother serum [3,6]. However, it would be of interest to investigate the effect of LPV/RTV
as RTV is often associated to LPV as a booster [3]. Surprisingly, the decrease in P4 secretion
under LPV was not associated with a decrease in expression of P450SCC and HSD3B1
enzymes in VCT. LPV could act rather indirectly by modulating P4 catabolism or transport.
Indeed, LPV could activate Cytochrome P450 (CYP) family enzymes [44] and could modu-
late Adenosine-Tri-Phosphate (ATP)-Binding Cassette transporter activity [45]. Moreover,
in BeWo cells, Papp et al. have demonstrated that PI could act on 20-α Hydroxysteroid
Dehydrogenase, an enzyme involved in progesterone catabolism [46]. Consequently, in
short incubation times, PI could decrease progesterone secretion in inhibiting enzymes
involved in its synthesis and in activating enzymes involved in its catabolism. In ST, after
48 h of incubation with LPV, we also noted a discrepancy between the decreased expression
of P450SCC and HSD3B1 enzymes, and the level of P4 secretion. The decrease in enzyme
expression could be due to a global alteration in protein synthesis involving the eucaryotic
Elongation Factor-2 (eEF2) translation factor. Indeed, it has previously been shown in
the myocyte that LPV induces a decrease in protein synthesis [47]. The absence of P4
decrease after 48 h of incubation with lopinavir, while P450SCC and HSD3B1 expression is
reduced, could be explained by the high stability of steroid hormones in our media culture.
Consequently, we are not able to detect significant changes in P4 concentration after 48 h of
incubation. So, it would be interesting to measure P4 concentration at shorter time or by
changing our media culture.

LPV did not only induce an early decrease in P4 but also in hCG secretion in VCT.
However, the decrease in hCG also persisted in ST after 48 h of incubation. This could
be due to the fact that LPV affects rather ER and protein pathway than mitochondria
and steroidogenesis. During ST formation, dynamic changes in some mitochondria could
overlap the initial effect of LPV observed on VCT. On the contrary, as far as hormone
production is concerned, we observed that LPV leads to a decrease in plasma membrane
fusion as demonstrated by the decrease in fusion index associated with a decreased nu-
clei chromatin condensation and a thinner ER. Consequently, the 48 h incubation with
LPV may prevent the morphological changes physiologically associated with functional
differentiation. However, it is possible that the early decrease in P4 and hCG secretion
induced by LPV from 6 h of incubation in VCT is responsible for the reduced morphological
differentiation as both hormones are involved in autocrine an paracrine regulation of the
trophoblast differentiation. As a matter of fact, hCG receptors are more expressed in VCT
cells than in ST [13] and could be regulated by P4 [48] in order to control plasma membrane
fusion [14]. Consequently, the decrease in P4 observed in VCT cells could impair hCG
receptor expression. The decrease in hCG receptors expression and hCG secretion would
lead to a decrease in plasma membrane fusion, preventing the global differentiation of VCT
into ST.
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Several intracellular mechanisms are involved in trophoblast differentiation [13,14]
such as mitochondria dynamics and UPR pathways [16,17]. It is known that PI, notably
LPV, alter both mitochondria DNA content and dynamics [49]. We analyzed the protein
expression of two mitochondrial pro-fusion factors Mfn2 and OPA1. We demonstrated
that LPV induced a decrease in Mfn2 expression after 48 h of incubation while OPA1
expression remained unchanged. The decrease in at least one fusion factor could result in a
decrease in fusion process. These results are consistent with previous studies demonstrating
that mitochondrial fusion is necessary for steroidogenesis [30,39]. However, they are
inconsistent with the observed P4 secretion in ST after 48 h of incubation. This discrepancy
could be explained by a global decrease in protein synthesis including Mfn2. It could
be induced by a global cellular stress targeting rather the ER and the proteins than the
mitochondria and the steroidogenesis [47].

Marie Cohen et al. also previously demonstrated that trophoblast differentiation and hCG
secretion are under the control of UPR pathway [17]. Interestingly, several studies showed
an activation of UPR, especially the IRE1α pathways under LPV exposition [43,50–53]. In
collaboration with Dr Marie Cohen, we firstly demonstrated that UPR pathway regulates
the expression of enzymes involved in P4 synthesis in placenta. We established in our
model that LPV induces an early increase in sXBP1 and GRP78 expression in VCT pointing
out an activation of IRE1α pathway in agreement with previous studies [43,50–53]. The
activation of IRE1α is not maintained in ST, where GRP78 expression is on the contrary
decreased. All these findings under LPV exposition, i.e., UPR activation, and decrease in
GRP78, P450SCC, HSD3B1 and Mfn2, are likely to reflect an uncontrolled global cellular
stress. Physiologically, UPR activation allows the maintenance of cellular homeostasis in
case of stress. During a stress which cannot be controlled by UPR pathways activation,
other processes take place, including particularly a general decrease in protein synthe-
sis [32]. Thus, LPV could induce a stress activating IRE1α pathways. This stress could
become uncontrollable after 48 h incubation with LPV ending in a global cell alteration
and decreased protein synthesis as previously demonstrated in myocytes cells [47]. In
summary, LPV have dual effects, an early effect (after 6 h of incubation) on enzyme and
transporter activities to reduce P4 secretion and a later effect (after 48 h of incubation) on
protein synthesis due to an ER stress.

In comparison to other PI, we demonstrated that RTV has no effect either on the ST
formation or on hCG and P4 secretion in vitro, whatever the used concentration.

LPV exposition could not only disrupt VCT and its functional differentiation into ST,
but it could also directly damage the ST covering the villi in direct contact with maternal
blood and thus with PI. Indeed, on preexisting ST, we showed that LPV induces a decrease
in both hCG and P4 secretion. In ST, on the contrary of VCT, this decreased secretion is
associated with a decrease in P450SCC and HSD3B1 expression. LPV induces an increase
in Mfn2 expression in ST. Consequently, the mitochondria in ST are more fused under
LPV exposition. The increase in mitochondrial fusion induced by LPV could explain
the decrease in P4 secretion by ST. We also investigated the effect on UPR pathways.
In the preexisting ST, LPV induces an increase in sXBP1 expression demonstrating the
activation of IRE1α pathway. To investigate whether this activation is responsible for
the disruption in hCG and P4 secretion, we used an IRE1α inhibitor. We showed that
the IRE1α inhibitor does not prevent either the decrease in hCG and P4 secretion or the
decrease in P450SCC and HSD3B1 expression induced by LPV. The absence of effect of the
IRE1α inhibitor may be explained by compensatory mechanisms of other UPR pathways.
Indeed, the use of chemical UPR inhibitors is known to lead to compensatory mechanisms
via the activation of the other UPR pathways [54]. It will thus be of interest to perform
additional experiments combining different chemical inhibitors or siRNA targeting the
3 UPR pathways. Further investigation would also be necessary to check whether LPV
directly activates UPR pathways or not. As a matter of fact, in HEK293 cells, Taura et al. [43]
demonstrated that LPV is able to produce Reactive Oxygen Species (ROS), leading to an
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activation of JUNK kinase pathway, further activating UPR pathways. Consequently, ROS
production could be involved in the indirect effect of LPV on UPR activation in trophoblast.

The treatment of HIV infection uses a combination of two NRTI combined with a
PI. In our study, we have demonstrated for the first time that RTV has no significant
effects on endocrine function in trophoblast cells. On the contrary, LPV induces alteration
of trophoblast morphological differentiation related to a decrease in plasma membrane
fusion and in nuclei chromatin condensation, larger mitochondria and a thinner ER. These
morphological alterations are associated with a decrease in P4 and hCG secretions. LPV
also impairs mitochondrial dynamics as attested by an increase in Mfn2 expression and
an induction of ER stress. ER stress leads to IRE1α activation marked by an increase in
sXBP1 and GRP78 expression. These findings give the beginning of an explanation for
the PI in vivo toxicity as they are known to induce preterm birth especially when they are
“boosted” with RTV.

4. Materials and Methods
4.1. Placental Tissue Collection

Placental tissues from patients delivering by cesarean section at full term (mean ges-
tational age: 39 ± 1 weeks of gestation) were obtained from Antoine Béclère Hospital
(Clamart, France), Antony Hospital (Antony, France), Port-Royal Maternity (Paris, France)
and Montsouris Mutual Institute (Paris, France). Indications for cesarean sections were:
maternal uterus abnormalities (uterus scar, myomectomy), maternal wish, breech pre-
sentation, narrow maternal pelvis. Placentas were collected following informed patient
written consent and approval from our local ethics committee (CPP 2015-mai-13909). All
the collected placentas resulted from monofetal non-complicated pregnancies, i.e., with
no fetal abnormalities, no maternal diseases or treatment (i.e., diabetes, thyroid disorder,
hypertension, pre-eclampsia). Placentas included were all macroscopically normal (weight
and macroscopic examination).

4.2. Isolation and In Vitro Culture of VCT

Chorionic villi were obtained by manual dissection of placental tissues from term
placentas as previously described about one hour after delivery [11,55]. Villous tissue was
dissected free of membranes, rinsed and minced in Hank’s Balanced Salt Solution (HBSS)
1X. The villous sample was then subjected to sequential enzymatic digestion in HBSS 1X
containing 0.2% trypsin (w/v), 25 IU/mL DNAse I, 0.1 mM MgSO4, 0.1 mM CaCl2 and 4%
milk (v/v). Cell dissociation was monitored by light microscopy. The first three digests
were discarded to eliminate residual ST fragments and erythrocytes. Cell suspensions
resulting from the following four or five sequential digestions were pooled. Cells were
then purified on a discontinuous Percoll gradient (5% to 70% in 14 steps) and their viability
was determined in v/v solution with trypan blue.

Isolated cells were seeded in DMEM containing 10% Fetal Calf Serum (FCS), 1%
Penicillin-Streptomycin and 1% L-Glutamin (complete DMEM) at 1000 cells/mm2 during
15 h at 37 ◦C with 5% CO2. After plating, cells were incubated with RTV, LPV or DMSO
control during 6 h, 24 h or 48 h (time necessary to allow fusion process). RTV concentrations
used ranged from 5 to 20 µM. LPV chosen concentration was 10 µM (=6.288 µg/mL or
6288 ng/mL) corresponding to the mean LPV blood concentration measured in mothers
treated for HIV infection. RTV (SML-0491, Sigma-Aldrich® Inc, St-Louis, MO, USA)
or LPV (SML-1222, Sigma-Aldrich® Inc, St-Louis, MO, USA) were dissolved in DMSO.
Consequently, control DMSO was equivalent to the percentage of DMSO necessary to
dissolve LPV.

Cell culture media were collected at different times of culture, supernatants were
kept frozen at −80 ◦C as part of the Equipex 10-PhC/SC-11/243 project “Perinatcollection”
until use. Cells were either fixed or snap-frozen for RNA/Protein extraction and stored at
−80 ◦C until use.
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4.3. Immunofluorescence Microscopy

Immunocytofluorescence staining was performed after 48 h of incubation with LPV
or control DMSO, which corresponds to the time required for ST formation, as previ-
ously described [11]. Briefly, cells were fixed and permeabilized in methanol and blocked
in Phosphate Buffered Saline (PBS) 1× Bovine Serum Albumine (BSA) 1%-Tween 0.1%.
Cells were first incubated overnight at 4 ◦C with primary polyclonal rabbit antibody to
desmoplakin (5 µg/mL, ab16434 abcam®, Cambridge, UK). They were then incubated
for 1 h at room temperature and protected from light, with secondary goat anti-rabbit
antibody conjugated with Alexa Fluor 488 (1/500, A-11008 LifeTechnologies, Carlsbad, CA,
USA). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) and samples were
conserved in mounted-medium. Pictures were taken using a BX60 epifluorescence micro-
scope (Olympus) equipped with a 40× oil objective (Olympus 1.00), an ultrahigh-vacuum
mercury lamp and a Hamamatsu camera (C4742-95) and analyzed with VisionStage Orca
software (v 1.6). The “control immunoglobulin without specific epitope” conditions were
used to evaluate the background signal and to set up the acquisition and colorization of
pictures. Resulting pictures allowed us to calculate fusion index i.e., (nuclei number in
ST-ST number)/total nuclei number. ST was considered when at least two nuclei were not
separated by plasmic membrane, observed thanks to desmoplakin staining in green.

4.4. Transmission Electronic Microscopy

Trophoblastic cells were seeded for 15 h post isolation and incubated with LPV or
control DMSO for 6, 24 or 48 h. Cells were collected after each time by trypsin-EDTA,
centrifuged 5 min at 1400× g, and washed twice in PB (0.05 M PIPES [piperazine-N,N’-
bis(2-ethanesulfonic acid)] buffer, 5 mM CaCl2, pH 7.3) for 10 min, then centrifuged
5 min at 1400× g. Each sample was fixed during 45 min at room temperature protected
from light in PB containing 2.5% glutaraldehyde and 2% paraformaldehyde. After 5 min
of centrifugation at 1400× g, samples were washed twice for 10 min in PB and then
post-fixed first in PB–1% osmium tetroxide (45 min at 4 ◦C) and then in 1% aqueous
uranyl acetate solution for 2 h at room temperature. Samples were then dehydrated
in increasing concentrations of ethanol (30%, 50%, 70%, 95% and 100%) followed by
ethanol/propylene oxide (1/1 (vol/vol)) and propylene oxide and were finally embedded
in Epon epoxy resin. Ultrathin sections (80 nm of thickness) were performed with a Leica
ultracut S microtome fitted with a diamond knife (Diatome histoknife Jumbo or Diathome
ultrathin). Theses sections were stained with lead citrate and placed on copper grids. The
sections were analyzed at 80 kV with a Jeol electron transmission microscope (JEM-100S
transmission electron microscope, Croisy sur Seine, France). Acquisitions were made with
Gatan software (Gatan Microscopy Suite ®, Gatan Inc., AMETEK, Pleasanton, CA, USA).

4.5. Hormones Immuno Assays

As previously described [11], total hCG and P4 concentrations were determined in su-
pernatants of culture using ECLIA immuno-assay (Liaison®, DiaSorin, Sallugia, Italy). Mea-
suring ranges of both assays were respectively of 1.5–10,000 UI/L and of 0.7–190 nmol/L.
Between assay precision expressed by the coefficient of variation (CV %) were <5% and
<11% and detection limits were 0.3 UI/L and 0.4 nmol/L respectively.

4.6. Western Blots

Total proteins were isolated from cells incubated with RTV, LPV or DMSO using
Lysis Buffer (NP40 Cell Lysis Buffer; InvitrogenTM, Carlsbad, CA, USA) combined with a
protease inhibitor cocktail 100× (1× final; Protease Inhibitor Cocktail Set I, Calbiochem®,
EMD Chemicals Inc., Merck KGaA, Darmstadt, Germany) and a phosphatase inhibitor
cocktail 50× (1× final; Phosphatase Inhibitor Cocktail 50× Set V, Calbiochem®, EMD
Chemicals Inc., Merck KGaA, Darmstadt, Germany). Proteins (20 µg) were loaded on 4–
15% gradient gel (Mini-PROTEAN® TGXTM Precast Gels, BIORAD®, Hercules, CA, USA),
and were then transferred on nitrocellulose membrane which was blocked with TBS 1×-
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Milk 5%-Tween 0.1% solution. The resulting proteins blots were probed with anti-MLN64,
anti-P450SCC, anti-HSD3B1, anti-OPA1, anti-Mfn2, anti-GRP78, monoclonal mouse anti-
actine or anti-vinculine antibodies (references and concentration in Table 1) [11,17]. Actine
or vinculine were used as loading control. Addition of secondary goat anti-mouse antibody
conjugated with DyLight 680 (1/15,000, #35518 Thermo Fisher Scientific, Waltham, MA,
USA) or secondary goat anti-rabbit antibody conjugated with DyLight800 4× PEG (1/15,000,
SA5-35571 Thermo Fischer Scientific, Waltham, MA, USA) allowed blots revelation using
Odyssey infrared fluorescent system (LI-COR).

Table 1. References and concentrations of primary antibodies.

Target Protein Concentration Species Clonality Reference

MLN64 1 µg/mL Rabbit Polyclonal ab3478 abcam®

P450SCC 1 µg/mL Rabbit Polyclonal ab75497 abcam®

HSD3B1 0.18 µg/mL Rabbit Monoclonal ab167417 abcam®

Mfn2 1 µg/mL Mouse Monoclonal ab56889 abcam®

OPA1 1 µg/mL Rabbit Polyclonal ab42364 abcam®

GRP78 1 µg/mL Rabbit Polyclonal G8918 Sigma-Aldrich
Actine 0.2 µg/mL Mouse Monoclonal A5441 Sigma-Aldrich

Vinculine 1 µg/mL Mouse Monoclonal V9131 Sigma-Aldrich

4.7. Reverse Transcription-Quantitative Polymerase Chain Reaction

Total RNA from human term trophoblast previously transfected with siRNA against
IRE1α, ATF6 and PERK were used [17]. Briefly, VCT cells were transfected with 16.6 nM
siATF6 (SantaCruz Biotechnology, Labforce, Muttenz, Switzerland), 16,6 nM of siIRE1α
(SantaCruz Biotechnology, Labforce, Muttenz, Switzerland) and 16,6 nM of siPERK (San-
taCruz Biotechnology, Labforce, Muttenz, Switzerland) or 50 nM control siRNA (SantaCruz
Biotechnology, Labforce, Muttenz, Switzerland) using Interferin transfection reagent (Poly-
plus transfection SA, Illkirch-Graffenstaden, France) and following the manufacturer’s
protocol [17]. RNA extracted from trophoblast cells incubated with LPV or DMSO control
with or without IRE1α inhibitor (STF-083010) was also analyzed. An amount of 500 ng
of total RNA were reversed transcript with SuperScript® III Reverse Transcriptase Kit
(InvitrogenTM, Carlsbad, CA, USA). The qPCR was performed using cDNA diluted 1/5
in RNase-DNase free water using the the TakyonTM ROX SYBR® MasterMix blue dTTP
(Eurogentec, Kaneka, Liège, Belgium). Data were normalized using SDHA, 18S and HPRT
as endogenous controls. Used primers are described in Table 2.

Table 2. Sequences of primers used for RT-qPCR.

Target mRNA Gene Name Sequences

MLN64 STARD3 Forward GAGCGATGGTATCTTGCCGC
Reverse CTGCAAAGGATTCTGGGGGT

P450SCC CYP11A1 Forward TTTTTGCCCCTGTTGGATGCA
Reverse CCCTGGCGCTCCCCAAAAAT

HSD3B1 HSD3B1 Forward AGTACGTCCACTCTTCTGTCCA
Reverse TTCTCCTTCACCAAGAGGCG

GRP78 GRP78 Forward CGTGGAGATCATCGCCAAC
Reverse ACATAGGACGGCGTGATGC

sXBP1 sXBP1 Forward CTGAGTCCGAATCAGGTGCAG
Reverse ATCCATGGGGAGATGTTCTGG

ATF4 ATF4 Forward GTTCTCCAGCGACAAGGCTA
Reverse ATCCTGCTTGCTGTTGTTGG

ATF6 ATF6 Forward GAGTATTTTGTCCGCCTGCC
Reverse CGGGCTAAAAGGTGACTCCA
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4.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software package® (San
Diego, CA, USA). Results were expressed as raw values or mean ± SD. Significant differ-
ences (p < 0.05) were identified using paired non-parametric student t test.
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