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Abstract

Endogenous hydrogen sulfide (H2S), mainly synthesized by cystathionine β-synthase (CBS) and
cystathionine γ -lyase (CTH), has been implicated in regulating placental angiogenesis; however,
the underlying mechanisms are unknown. This study was to test a hypothesis that trophoblasts
synthesize H2S to promote placental angiogenesis. Human choriocarcinoma-derived BeWo cells
expressed both CBS and CTH proteins, while the first trimester villous trophoblast-originated HTR-
8/SVneo cells expressed CTH protein only. The H2S producing ability of BeWo cells was significantly
inhibited by either inhibitors of CBS (carboxymethyl hydroxylamine hemihydrochloride, CHH) or
CTH (β-cyano-L-alanine, BCA) and that in HTR-8/SVneo cells was inhibited by CHH only. H2S donors
stimulated cell proliferation, migration, and tube formation in ovine placental artery endothelial
cells (oFPAECs) as effectively as vascular endothelial growth factor. Co-culture with BeWo and
HTR-8/SVneo cells stimulated oFPAEC migration, which was inhibited by CHH or BCA in BeWo but
CHH only in HTR-8/SVneo cells. Primary human villous trophoblasts (HVT) were more potent than
trophoblast cell lines in stimulating oFPAEC migration that was inhibited by CHH and CHH/BCA
combination in accordance with its H2S synthesizing activity linked to CBS and CTH expression
patterns. H2S donors activated endothelial nitric oxide synthase (NOS3), v-AKT murine thymoma
viral oncogene homolog 1 (AKT1), and extracellular signal-activated kinase 1/2 (mitogen-activated
protein kinase 3/1, MAPK3/1) in oFPAECs. H2S donor-induced NOS3 activation was blocked by
AKT1 but not MAPK3/1 inhibition. In keeping with our previous studies showing a crucial role of
AKT1, MAPK3/1, and NOS3/NO in placental angiogenesis, these data show that trophoblast-derived
endogenous H2S stimulates placental angiogenesis, involving activation of AKT1, NOS3/NO, and
MAPK3/1.

Summary Sentence

Human trophoblast-derived endogenous H2S mediates trophoblast–endothelial cell interaction in
stimulating placental artery endothelial cell angiogenesis in vitro.
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Introduction

Angiogenesis is a process of new vessel formation that requires pro-
liferation, migration, and differentiation of endothelial cells (ECs)
from the preexisting blood vessels as they send out capillary sprouts
to initiate the formation of new tube-like structures, and secondary
vasodilatation to enhance circulation and nutrient uptake. This mul-
tistep process begins with a rise in local and/or systemic angiogenic
factors, followed by breakdown of endothelial basement membrane
to facilitate EC migration and proliferation. EC differentiation leads
to newly formed tube-like structures that stabilize as mature ves-
sels with the recruitment of pericytes or smooth muscle cells [1].
Deranged angiogenesis has a major impact on human health and
contributes to the pathogenesis of numerous vascular diseases that
are caused by either excessive angiogenesis in tumors, retinopathy,
and cavernous hemangioma or insufficient angiogenesis in hyperten-
sion, diabetes, and restenosis [2]. Angiogenesis is a key mechanism
for regulating maternal–fetal interface blood flows that are rate-
limiting to fetal/placental growth and the mother’s well-being during
pregnancy [3]. Angiogenesis in the placenta takes similar steps as it
occurs in any other organs; it also requires proliferation, migration,
and differentiation of ECs from the preexisting placental microves-
sels [4,5]. Deranged placental vasculature has been recognized as the
most common placental pathology in numerous pregnancy compli-
cations including preeclampsia and intrauterine growth restriction
[6–9], implicating that placental angiogenesis must be tightly regu-
lated during pregnancy.

Hydrogen sulfide (H2S) is a gaseous signaling molecule of the
gasotransmitter family after nitric oxide (NO) and carbon monoxide
(CO) [10]; it functions as a potent vasodilator [11] and angiogenic
factor [12,13]. The biological function of H2S is elicited through
several mechanisms. Activation of adenosine triphosphate (ATP)-
sensitive K+-channel (KATP) in smooth muscle cells is important for
the vasorelaxatory effect of H2S [14]. Activation of phosphoinositol-
3-kinase (PI3K)-protein kinase B/v-AKT murine thymoma viral
oncogene homolog 1 (AKT1) and extracellular signal-activated pro-
tein kinase (mitogen-activated protein kinase kinase 3/1, MAPK3/1)
mediates the proangogenic effect of H2S in ECs [12]. H2S can alter
numerous cellular processes via sulfhydration of the proteome post-
translationally [15]. Moreover, H2S regulates cellular physiology via
interaction with NO and CO synergistically [16,17].

Endogenous H2S is primarily synthesized from L-cysteine by two
enzymes: cystathionine β-synthase (CBS) and cystathionine γ -lyase
(CTH) [18–20]; their expression can be tissue/cell specific as both are
needed to generate H2S in some tissues while one enzyme is sufficient
in others [21,22]. Our recent work first shows that H2S is a new uter-
ine artery vasodilator since H2S production and CBS, but not CTH,
mRNA/protein expressions are significantly stimulated by exoge-
nous estrogens in ovine uterine arteries [23] and are augmented and
positively linked to endogenous estrogens in human uterine artery,
contributing to pregnancy-associated uterine vasodilation [24]. Dys-
regulation of H2S metabolism disrupts oviduct transport of embryos
[25] and CBS insufficiency causes infertility [26]. The system is also
downregulated in uterine myometrium during the transition of preg-
nant uterus from quiescence to contractile state with labor onset
in mice and women [27], via suppressing myometrial contraction-
associated proteins and inflammation [28]. In human placenta, CBS,
but not CTH, protein is localized in trophoblasts and Hofbauer cells
and CTH, but not CBS, protein is found in placental microvessel
ECs [29–31]. Human placental CTH/H2S signaling is downregu-
lated in preeclamptic vs. normotensive pregnancies [30,32]. H2S in-
hibition results in decreased placental angiogenesis with increased

anti-angiogenic factors, shallow trophoblast invasion, and impaired
uterine spiral remodeling during mouse and human pregnancy [33].
These observations suggest a critical role of H2S in placental an-
giogenesis. However, it is unknown how H2S regulates placental
angiogenesis.

We hypothesize that human placental trophoblasts synthesize
H2S to stimulate placental angiogenesis. We report herein that (1)
exogenous H2S donors stimulate proliferation, migration, and for-
mation of tube-like structures of placental artery ECs in vitro (i.e.
angiogenesis); (2) endogenous H2S derived from CBS/CTH in tro-
phoblasts stimulates placental artery EC migration in vitro; and
(3) H2S activates AKT1-endothelial nitric oxide synthase (NOS3)
and MAPK3/1, which we have previously shown to be important
for placental artery EC migration [34,35]. Thus, we conclude that
trophoblast-derived endogenous H2S stimulates placental angiogen-
esis in vitro at least partially mediated by AKT1-NOS3 pathway and
MAPK3/1 pathways.

Materials and methods

Antibodies and chemicals
A cysteine-activated H2S donor 5a [36] was kindly provided by
Dr Xian Min at the Washington State University. Mouse mon-
oclonal antibodies (mAbs) against CBS and CTH and rabbit
polyclonal antibody (pAb) against NOS3 were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Mouse mAb against beta-
actin (ACTB) was from Life technologies (Carlsbad, CA). Rabbit
pAbs against phospo-NOS3Ser1177 (pNOS3), phosphor-AKT1ser473

(pAKT1), phosphor-MAPK3/1Thr202/Tyr204 (pMAPK3/1), AKT1, and
MAPK3/1 were from Cell Signaling Technology (Beverly, MA).
Horseradish peroxidase-conjugated goat anti-mouse and anti-rabbit
immunoglobins were obtained from Pierce (Rockford, IL). O-
(Carboxymethyl) hydroxylamine hemihydrochloride (CHH, a CBS
inhibitor) and PI3K inhibitor wortmannin were from Sigma-Aldrich
(St. Louis, MO). β-cyano-L-alanine (BCA, a CTH inhibitor) was
from Cayman Chemical (Ann Arbor, MI). Dynabeads CD31 EC
beads and cell culture supplies were from Invitrogen (San Diego, CA).
The mitogen-activated protein kinase kinase 1/2 inhibitor U0126
was from Cell Signaling Technology (Danvers, MA). Sodium hydro-
sulfide (NaSH) and all other chemicals were from Sigma (St Louis,
MI), unless indicated.

Tissue collection
All human tissues were obtained at the University of California Irvine
Medical Center. Written consent was obtained from all participants,
and ethical approval was granted by the Institutional Review Board
for Human Research at the University of California, Irvine. Uter-
ine myometrium and endometrium tissues were collected from five
pregnant subjects recruited with suspected placental accrete based
on previous ultrasound findings in the event a hysterectomy was in-
dicated. They were 35–44 year old and at 35–36 weeks gestation.
The samples were collected immediately after Caesarean section hys-
terectomy and placed in chilled endothelial growth medium (ECM)
and transported to the laboratory.

Trophoblast cell lines and primary cell isolation
and culture
Human trophoblast-derived choriocarcinoma BeWo cells and JEG3
cells were purchased from American Type Culture Collection and
grown in FK12 and DMEM, respectively, as described previously
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[37,38]. The first trimester trophoblast-derived HTR-8/SVneo cell
line, kindly provided by Dr Peeyush K. Lala (Western University,
Canada), was grown in RPMI 1640, as described previously [39].
All trophoblast cell line culture media contained 10% fetal bovine
serum (FBS) and 1% antibiotics (100 U/ml penicillin and strepto-
mycin). Primary human villous trophoblasts (HVT) were purchased
from ScienCell (Carlsbad, CA). They were cultured in ScienCell Tro-
phoblast Medium with 10% FBS and used without passage. The
cells were authenticated by immunofluorescence staining with anti-
cytokeratin-7 antibody (1 μg/ml, Dako) and time-dependent secre-
tion of human chorionic gonadotropin (hCG, determined by using
an Abcam enzyme-linked immunoassay kit according to the man-
ufacturer’s instructions) in response to stimulation with 100 μM
8-bromo-cyclic adenosine monophosphate (cAMP). Human umbili-
cal vein endothelial cells (HUVECs) were isolated from cords from
healthy term placentas collected at the University of California Irvine
Medical Center, with approval from the Institutional Review Boards
and written consents from all subjects, as detailed previously [40].
Collagenase digestion was used to isolate primary human myome-
trial myocytes [41] and endometrial stromal cells (STCs) [42], as
described previously. Primary human myometrial microvascular en-
dothelial cells (hMMECs) and endometrial microvascular endothe-
lial cells (hEMECs) were purified from the isolated myometrial my-
ocyte and STC suspensions by using Dynabeads CD31 (platelet and
EC adhesion molecule 1) EC beads according to the manufacturer’s
instruction. HUVECs, hMMECs, and hEMECs were cultured in
ECM containing 10% FBS and 1% EC growth factors (ScienCell)
and used at passage 2–4. Primary human myometrial myocytes and
endometrial STCs were cultured in DMEM with 10% FBS and 1%
antibiotics as described [41,42]. Ovine fetoplacental artery endothe-
lial cells (oFPAECs) were isolated from secondary sheep placental
arteries collected at the University of California San Diego with
approval granted by the Animal Use Committee, and cultured in
MCD131 containing 10% FBS and used at passages 7–11, as de-
tailed previously [43].

Cell stimulation, sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophores (PAGE), and
immunoblotting
Prior to each experiment, subconfluent (∼70%–80%) oFPAECs
were serum starved in M-199 (Invitrogen) containing 1% FBS,
0.1% bovine serum albumin, and 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid overnight. The cells were stimulated
with or without vascular endothelial growth factor (VEGFA, 10
ng/ml), NaHS, (100 μM), or a cysteine-activated H2S donor 5a (1,
3, and 10 μM) for 10 min. Cells were washed four times with ice-
cold phosphate-buffered saline. Total protein samples were extracted
with a nondenaturing NP-40 lysis buffer [34] and quantified by using
the Pierce BCA Protein Assay Kit. Equal amounts of total protein
extracts (20 μg/lane) were separated on 10% SDS-PAGE and trans-
ferred to polyvinylidene difluoride membrane and immunoblotted as
described previously [44]. Proteins of interest were measured by im-
munoblotting with specific antibodies against NOS3 (1:500), CBS
(1:500), CTH (1:500), AKT1 (1:500), MAPK3/1 (1:1000), phos-
phorylated NOS1177 (1:500), phosphorylated AKT1 (1:500), and
phosphorylated MAPK3/1 (1:1000). ACTB was measured by im-
munoblotting with an anti-ACTB mAb (1:20 000) to normalize
changes in proteins. Normalized proteins were expressed as fold
of untreated controls.

Methylene blue assay
The H2S synthesizing activity was measured by using the methy-
lene blue assay [23], with minor modifications. Trophoblast cells
(5 × 105/treatment in duplicate) were harvested and homogenized
in ice-cold 50 mM potassium phosphate buffer, pH 8. The reac-
tion mixture contained 50 mM potassium phosphate buffer pH 8.0,
10 mM L-cysteine, and 2 mM pyridoxal 5’-phosphate. Microtubes
(2 ml) were used as the center wells; each contained 0.3 ml of 1%
zinc acetate as trapping solution and a filter paper of 0.5 × 1.5
cm to increase the air/liquid contacting surface. The reaction was
performed in 12 ml test tubes. The tubes containing the reaction
mixture and center wells were flushed with N2 before being sealed
with a double layer of Parafilm. The reaction was initiated by trans-
ferring the tubes from ice to a 37◦C shaking water bath. After in-
cubating at 37◦C for 90 min, the reaction was stopped by adding
0.5 ml of 50% trichloroacetic acid. The tubes were sealed again and
incubated at 37◦C for another 60 min to ensure acomplete trapping
of the H2S released from the mixture. Subsequently, 0.05 ml of 20
mM N, N-dimethyl-p-phenylenediamine sulfate in 7.2 M HCl was
added immediately after the addition of 0.05 ml 30 mM FeCl3 in
1.2 M HCl. The absorbance of the resulting solution at 670 nm was
measured after 20 min. The H2S concentration was calculated based
on a calibration curve generated from NaHS solutions. For CBS and
CTH inhibition experiments, their respective inhibitors, CHH or
BCA, were added separately or in combination (final concentration
= 2 mM) to the reaction mixtures prior to initiating the methylene
blue assay.

Cell proliferation
Cell proliferation was measured by CellTiter 96 AQueous One So-
lution Cell Proliferation Assay (Promega, Madison, WI) exactly fol-
lowing the manufacturer’s instructions as described previously [44].

Cell migration
A transwell migration assay using the 24-well Multiwell BD Falcon
FluoroBlok Insert System (8.0 μm pores; BD Biosciences, San Jose,
CA) was carried out as described previously [34], with modifica-
tions for measuring cell migration under the influence of trophoblast-
derived H2S. Briefly, the top insert was first coated with 20 μg/ml
of fibronectin (Sigma-Aldrich) overnight at 4◦C. BeWo or HTR-
8/SVneo cells were seeded into the bottom chamber with FK12 and
DMEM, respectively, as described above and cultured until reaching
∼70% confluence. On the day of experiment, oFPAE cells were re-
suspended in MCDB131 medium containing 0.1% bovine serum al-
bumin and 0.2% FBS and seeded in the top insert at a density of 1.5 ×
104 cells/well. Then the inserts were assembled with the trophoblast
cultures as a transwell system, with or without 2 mM CHH and 2
mM BCA that were added into the trophoblast cultures in the bottom
chamber. The systems were cultured under humid air with 5% CO2

at 37◦C to allow oFPAECs to migrate. After removing the medium
in the top insert at 16 h after co-culture, the inserts were placed into
wells of a new 24-well plate, containing 0.5 ml/well of Hanks’ buffer
salt solution with a cell hydrolysable fluorescent dye calcein ace-
toxymethyl ester (Calcein-AM, 0.2 μg/ml, Invitrogen). After incuba-
tion at 37◦C for 30 min, the inserts were examined with a 10× objec-
tive by using an inverted fluorescence microscopy. Cells migrated to
the bottom side of the filter membrane of the insert were green fluo-
rescence labeled by Calcein-AM. Digitalized images of green fluores-
cently labeled cells migrated to the bottom side of the filter membrane
of the inserts from four randomly chosen fields were captured with
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excitation at 494 nm and emission at 517 nm by a Hamamatsu
charge-coupled device camera using the SimplePCI image analysis
software. The numbers of migrated cells in four fields of each treat-
ment were counted offline using the same software and averaged.

Tube formation
Endothelial cell differentiation (in vitro tube formation) was deter-
mined as described previously [44].

Experimental replication and statistical analysis
All experiments were repeated at least four times. Data were pre-
sented as means ± SD, and analyzed by one-way analysis of vari-
ance using SigmaPlot (Systat Software Inc., San Jose, CA). Student
paired t-test we used for comparison of data between two groups.
Significance was defined as P < 0.05.

Results

H2S biosynthesis in immortalized human trophoblast
cell lines and placental ECs
Immunoblotting revealed that baseline CBS protein was readily de-
tectable at a comparable level among all the widely used trophoblast
cell lines, while CTH protein was found to be highest in BeWo cells,
modest in JEG3 cells, and very low in HTR-8/SVneo cells. Ovine
FPAECs expressed both CBS and CTH proteins, while HUVECs
only expressed CBS protein. As expected, both types of ECs ex-
pressed NOS3 protein. NOS3 protein was undetectable in all the
trophoblast cell lines (Figure 1A).

We determined the enzymatic sources of H2S in BeWo and HTR-
8/SVneo cells. Both had the ability of synthesizing H2S; however, the
H2S synthesizing activity in BeWo cells nearly doubled that of HTR-
8/SVneo cells (P < 0.05). Incubation with the CTH inhibitor, BCA
inhibited ∼25% (P < 0.05) of the H2S synthesizing activity in BeWo
cells; incubation with the CBS inhibitor CHH was much more potent
as it inhibited ∼75% (P < 0.001) of the H2S synthesizing activity in
BeWo cells. The combination of BCA and CHH completely inhibited
the H2S synthesizing activity in BeWo cells. These data show that
both CBS and CTH are involved in H2S biosynthesis in BeWo cells.
In contrast, incubation with CHH alone was able to inhibit ∼92%
of the H2S synthesizing activity in HTR-8/SVneo cells, while BCA
alone was ineffective and had no additive effects to that of CHH
(Figure 1B). These data show that only CBS is involved in H2S
biosynthesis in HTR-8/SVneo cells.

Effects of exogenous H2S on ovine placental artery
endothelial cell angiogenesis in vitro
We investigated if exogenous H2S donors stimulate proliferation,
migration, and tube formation of oFPAECs (i.e. in vitro angiogen-
esis). As a positive control, incubation with VEGFA (10 ng/ml) sig-
nificantly (P < 0.05) stimulated oFPAEC proliferation (Figure 2A),
migration (Figure 2B), and tube formation (Figure 2C), similar to
our previous reports [34]. Incubation with two different H2S donors
(i.e. 100 μM NaHS and 10 μM 5a) also significantly stimulated
in vitro angiogenesis of oFPAECs. Treatment with 100 μM NaHS
stimulated cell proliferation, migration, and tube formation with
comparable effects to that of VEGFA. Treatment with 10 μM 5a
induced similar significant effects on cell proliferation and migration
and lower but still significant tube formation response compared to
VEGFA and NaSH in oFPAECs (Figure 2).

Figure 1. Cystathionine β-synthase (CBS) and cystathionine γ -lyase (CTH)
proteins in human placental trophoblast cell lines and placental ECs and
H2S production in trophoblast cells. (A) Qualitative immunoblotting analy-
sis of CBS and CTH and NOS3 protein expression in human trophoblast cell
lines and placental ECs. Equal amount of proteins (20 μg/lane) of BeWo,
JEG3, HTR-8/SVneo, HUVECs, and oFPAECs were resolved on SDS-PAGE and
transferred to polyvinylidene difluoride membranes. Proteins of NOS3, CBS,
and CTH were analyzed by immunoblotting with specific antibodies, respec-
tively. Beta-actin was used as the sample loading control. (B) BeWo and HTR-
8/SVneo cells (5 × 105/reaction) were used to determine the H2S synthesizing
activity assay with or without addition of CHH (2 mM) and/or BCA (2 mM) by
using the methylene blue assay. Data were expressed as mean ± SD from
four independent experiments. Bars with different letters differ significantly
(P < 0.05).

Effects of co-culture with trophoblast cell lines on
ovine placental artery endothelial cell migration
Next, we determined the effects of endogenous H2S derived from
trophoblast cells on the migration of oFPAECs by using a transwell
assay. In these experiments, BeWo and HTR-8/SVneo cells were
chosen because both have H2S synthesizing ability but with different
CBS and CTH expression patterns, BeWo expressing both but HTR-
8/SVneo only expressing CTH (Figure 1A). Thus, they can be used
to differentiate the role of H2S derived from CBS/CTH or CTH only,
respectively.

Co-culture with BeWo and HTR-8/SVneo cells stimulated oF-
PAEC migration by 7.64 ± 0.35 fold (P < 0.001) and 4.06 ± 0.12
fold (P < 0.01), respectively. The stimulatory effect of BeWo cells
was significantly greater than that of HTR-8/SVneo cells (P < 0.05).
H2S inhibition by both CHH and BCA effectively inhibited
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Figure 2. Effects of exogenous H2S donors on in vitro angiogenesis
in ovine placental artery ECs (oFPAECs). (A) Cells were treated with
or without VEGFA (10/ng/ml) or H2S donors NaHS (100 μM) or 5a
(10 μM) for 24 h. Cell proliferation was measured by using the CellTiter 96
AQueous One Solution Cell Proliferation Assay kit. Data were expressed as
mean ± SD from four independent experiments using oFPAECs from four
different ewes and calculated as fold of control. Bars with different letters
differ significantly (P < 0.05). (B) Cell migration was determined by a tran-
swell migration assay after treatment with or without VEGFA (10/ng/ml) or
H2S donors NaHS (100 μM) or 5a (10 μM) for 16 h. The migrated cells on the
bottom of the insert were stained with calcein AM (0.2 μg/ml) and fluores-
cence images were captured by a fluorescent microscope. The migrated cells
were quantified. Data were expressed as mean ± SD from four independent
experiments using oFPAECs from four different ewes and calculated as fold
of control. Bars with different letters differ significantly (P < 0.05). Bar = 100
μm. (C) Tube formation was determined by using a matrigel tube formation
assay after treatment with or without VEGFA (10/ng/ml) or H2S donors NaHS
(100 μM) or 5a (10 μM) for 16 h. Data were expressed as mean ± SD from
four independent experiments using oFPAECs from four different ewes and
calculated as fold of control. Bars with different letters differ significantly
(P < 0.05).

oFPAEC migration induced by co-culture with BeWo cells (P <

0.05); the inhibitory effect of CHH was slightly greater than BCA
but the difference did not reach statistical significance. The com-
bination of CHH and BCA completely blocked the stimulatory ef-
fect of BeWo co-culture (Figure 3A). In contrast, H2S inhibition
by CHH alone was able to inhibit oFPAEC migration induced by
co-culture with HTR-8/SVneo cells and this was as effective as the
combination of CHH and BCA, while BCA alone was ineffective
(Figure 3B).

Effects of exogenous H2S on cell signaling pathways in
ovine placental artery endothelial cells
Our previous studies have shown that activation of cell signaling
pathways, including MAPK3/1, AKT1, and NOS3/NO, plays a crit-
ical role in mediating in vitro angiogenesis of oFPAECs in response to
stimulation with angiogenic growth factors such as VEGFA [34,35]
and basic fibroblast growth factor [44,45]. We then investigated
whether exogenous H2S donors activate these pathways in oFPAECs.
Treatment with 10 ng/ml VEGFA for 10 min significantly stimulated
phosphorylation of NOS3, MAPK3/1, AKT1, and NOS3, similarly
as shown previously [34,35]. Treatment with relative low concen-
tration of NaSH at 100 μM also stimulated activation of MAPK1/3,
AKT1, and NOS3; however, the response in AKT1 activation was
slightly weaker than that to VEGFA. Treatment with increasing
concentrations (1, 3, and 10 μM) of 5a stimulated concentration-
dependent activation of AKT1 and NOS3, with significant activation
at 3 or 10 μM. However, only at a higher concentration (10 μM),
5a activated MAPK3/1 (Figure 4).

Exogenous H2S activates nitric oxide synthase via
AKT1 but not mitogen-activated protein kinase 3/1 in
ovine placental artery endothelial cells
As NOS3 can be directly activated through MAPK3/1 and AKT1-
dependent phosphorylation [46–48], we determined the role of
MAPK3/1 and AKT1 in NOS3 activation by exogenous H2S donors.
Treatment with 100 μM NaSH for 10 min significantly stimulated
NOS3 phosphorylation in oFPAECs. Pretreatment with the specific
MAPK3/1 inhibitor U0126 (10 μM) for 1 h effectively blocked
NaSH-stimulated MAPK3/1 phosphorylation, but did not alter
NaSH-stimulated phosphorylation of AKT1 and NOS3. Pretreat-
ment with the specific PI3K/AKT1 inhibitor wortmannin (100 nM)
for 1 h effectively blocked NaSH-stimulated AKT1 and NOS3 phos-
phorylation, but did not alter NaSH-stimulated MAPK3/1 phospho-
rylation (Figure 5).

Effects of co-culture with primary human villous
trophoblasts on ovine placental artery endothelial
cell migration
Finally, we tested if H2S derived from primary HVT regulates oF-
PAEC cell migration to verify the data obtained by using immor-
talized human trophoblast cell lines. Immunoblotting revealed that
primary HVT expressed both CBS and CTH proteins, which were
also found in primary myometrial myocytes and hMMECs, and en-
dometrial STCs and hEMECs. NOS3 protein was also not found in
primary myometrial myocytes and endometrial STCs. The ScienCell
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Figure 3. Effects of co-culture with trophoblast cell lines on migration of ovine placental artery ECs (oFPAECs). Ovine FPAECs (1.5 × 104/well) were seeded on
the top of the inserts in a six-well transwell plate. BeWo (A) or HTR-8/SVneo cells (B) were cultured in the bottom chamber with approximately 90% confluence
with or without CHH (2 mM) and/or BCA (2 mM). The assembled co-culture system was cultured to allow oFPAEC cell to migrate for 16 h. The migrated cells
were quantified as Figure 2B. Data were expressed as mean ± SD from four independent experiments using oFPAECs from four different ewes and calculated
as fold of control. Bars with different letters differ significantly (P < 0.05).
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Figure 4. (A) Effects of exogenous H2S donors on activation of NOS3, AKT1, and MAPK3/1 ovine placental artery ECs (oFPAECs). Cells were seeded in a six-well
plate. After serum starvation, subconfluent cells were treated with VEGFA (10 ng/ml), H2S donor NaHS (100 μM) and H2S donor 5a (1, 3, and 10 μM) for 10
min. Equal amounts of proteins (20 μg/lane) were subjected to immunoblotting with specific antibodies against phosphorylated NOS3, AKT1, and pMAPK3/1.
Phosphorylation of NOS3, AKT1, and pMAPK3/1 was quantified as a ratio to their total protein levels, respectively. Data were expressed as mean ± SD from
four independent experiments using oFPAECs from four different ewes and presented as fold of control. Bars with different letters differ significantly (P < 0.05).

HVT cells expressed trace amount of NOS3 protein (Figure 6A), sim-
ilar to the trophoblast cell lines and likely contradicting to previous
reports showing NOS3 protein in human extravillous trophoblasts
in vivo and in vitro [49,50]. These cells were trophoblast cells as they
stained positively with cytokeratin-7 (Figure 6B) and secreted hCG
in response to stimulation with cAMP in a time-dependent fashion
in culture (Figure 6C). L-cysteine stimulated the H2S synthesizing
activity of HVT (P < 0.001), similar to BeWo cells (Figure 1B).
Co-incubation with CHH and CHH in combination with BCA, but
not CHH alone, significantly inhibited the H2S synthesizing activity
of HVT (P < 0.001) (Figure 6D). Co-culture with HVT strongly
stimulated oFPAEC migration by 10.52 ± 1.32 fold (P < 0.001).
The stimulatory effect of HVT was significantly greater than that of
BeWo (P < 0.05) and HTR-8/SVneo (P < 0.01) cells. H2S inhibition
by either CHH or BCA effectively attenuated HVT co-culture stimu-

lated oFPAEC migration (P < 0.001); however, the inhibitory effect
of CHH was greater than that of BCA (P < 0.05). The combination
of CHH and BCA completely blocked the stimulatory effect of HVT
co-culture (Figure 6E).

Discussion

We have investigated herein whether trophoblast cells synthesize H2S
and whether trophoblast-derived H2S stimulates placental EC angio-
genesis in vitro by using the widely used human placenta trophoblast-
derived cell lines (i.e. BeWo, JEG3, and HTR-8/SVneo cells), primary
HVT, and a widely used EC model (oFPAECs) for placental angio-
genesis. We report for the first time that exogenous H2S stimulates
in vitro angiogenesis in placental ECs and that endogenous H2S
derived from human trophoblasts potently stimulates placental EC
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Figure 5. Role of AKT1 and pMAPK3/1 in exogenous H2S donor NaHS-induced NOS3 activation in ovine placental artery ECs (oFPAECs). After serum starvation,
subconfluent cells in a six-well plate were pretreated with or without U0126 (10 μM) or wortmannin (Wort, 100 nM) for 30 min, followed by treatment with or
without a H2S donor NaHS (100 μM) for 10 min. Equal amounts (20 μg/ml) protein extracts were subjected to immunoblotting with specific antibodies against
phosphorylated NOS3, AKT1, and pMAPK3/1. Phosphorylation of NOS3, AKT1, and pMAPK3/1 was quantified as a ratio to their total protein levels, respectively.
Data were expressed as mean ± SD from four independent experiments using oFPAECs from four different ewes and presented as fold of control. Bars with
different letters differ significantly (P < 0.05).

migration, which is at least partially mediated by interacting with the
endothelial NOS3-NO pathway via AKT1-dependent mechanisms.

Our first series of experiments conducted using oFPAECs show
that exogenous H2S from donors NaSH and 5a, at the most ef-
fective concentrations tested in other EC types [13,51], stimulate
cell proliferation, migration, and tube formation of oFPAECs in
vitro, with comparable potency to the dominant angiogenesis pro-
moter VEGFA. These results are consistent with previous studies
using HUVECs and other EC models [13,51]. These findings impli-
cate a potential role of H2S in placental angiogenesis and raise an
important question whether endogenous H2S stimulates placental
angiogenesis. Endogenous H2S in mammalian tissues is mainly syn-
thesized from L-cysteine by two pyridoxal 5’-phosphate-dependent
enzymes, including CBS and CTH [18–20]. Our data show that all
three trophoblast cell lines express comparable strong baseline CBS
protein expression, with differentially expressed CTH protein with
highest levels in BeWo, low in JEG3, and nearly undetectable in
HTR-8/SVneo cells. Consistent with their distinct CBS and CTH

protein expression patterns, we have observed that the H2S produc-
ing capacity of BeWo cells doubles that of HTR-8/SVneo cells. Co-
incubation with the CBS inhibitor CHH significantly inhibits H2S
production in both BeWo and HTR-8/SVneo cells, while the CTH
inhibitor BCA inhibits H2S production in BeWo cells only. Although
it is unknown why these trophoblast cell lines have distinct CBS and
CTH expression patterns, our current results show that both CBS
and CTH contribute to H2S biosynthesis in BeWo cells and only CBS
is required for H2S biosynthesis in HTR-8/SVneo cells.

Next, we have used a co-culture model with trophoblasts and
oFPAECs to determine if endogenous H2S derived from trophoblasts
regulates oPAEC migration. In these studies, BeWo and HTR-
8/SVneo cells are chosen as the trophoblast cell models for deter-
mining the enzymatic sources of H2S in trophoblasts to stimulate
oFPAEC angiogenesis. Due to their distinct CBS and CTH protein
expression patterns, BeWo cells offer a natural model for endoge-
nous H2S from both CBS and CTH, and HTR-8/SVneo cells offer a
natural model for endogenous H2S from CBS only. Our data show
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Figure 6. H2S biosynthesis in primary villous trophoblasts (HVT) and placental artery EC migration. (A) Qualitative immunoblotting analysis of CBS and CTH and
NOS3 protein expression in primary human villous trophoblasts (HVT), human endometrial stromal cells (STC), and microvascular ECs (hEMEC), and human
myometrial myocytes (hMYO) and microvascular ECs (hMMEC). Beta-actin was used as a loading control. (B) Immunofluorescence microscopy: Primary HVT
cells cultured on glass coverslips were fixed with methanol and stained with anti-human cytokeratin-7 antibody (1 μg/ml), followed by Alex486-labeled mouse
anti-human IgG (2 μg/ml). Coverslips were mounted with Prolong Gold antifade reagent containing 4′,6-diamidino-2-phenylindole (DAPI) for labeling cell nuclei.
Images were acquired using a fluorescence microscopy. Cells incubated with no first antibody displayed no immunofluorescence staining (data not shown).
(C) Human chorionic gonadotropin (hCG) secretion: Primary HVT cells (5 × 105/well) were cultured in six-well plate and stimulated with or without out 8-bromo
cyclic adenosine monophosphate (100 μM, cAMP) from day 1 for 5 days in culture. Human chorionic gonadotropin content was determined by an enzyme-linked
immunoassay kit in conditioned media sampled daily. Data were expressed as mean ± SD from four independent experiments. ∗∗P < 0.01; ∗∗∗P < 0.001.
(D) Primary HVT cells (5 × 105/reaction) were used to determine the H2S synthesizing activity assay with or without addition of CHH (2 mM) and/or BCA (2 mM)
by using the methylene blue assay. Data were expressed as mean ± SD from four independent experiments. Bars with different letters differ significantly (P
< 0.05). (E) Ovine fetoplacental artery endothelial cells (oFPAECs, 1.5 × 104/well) were seeded on the top of the inserts in a six-well transwell plate. HVT were
cultured in the bottom chamber with approximately 90% confluence with or without CHH (2 mM) and/or BCA (2 mM). The assembled co-culture system was
cultured to allow oFPAEC cell to migrate for 24 h. The migrated cells were quantified as Figure 2B. Data were expressed as mean ± SD from four independent
experiments using oFPAECs from four different ewes and calculated as fold of control. Bars with different letters differ significantly (P < 0.05).

that co-culture with HTR-8/SVneo cells is as effective as H2S donors
and VEGFA in stimulating oFPAEC migration. The stimulatory
effect of co-culture with HTR-8/SVneo cells on oFPAEC migration
is significantly inhibited by CHH but not BCA, showing that CBS
is the enzymatic source for H2S derived from HTR-8/SVneo cells,

consistently with only CBS but not CTH protein expression in this
cell line. Co-culture with BeWo cells is more potent in stimulating
oFPAEC migration and nearly doubles that of HTR-8/SVneo cells,
which is significantly inhibited by incubation with either CHH or
BCA. These findings show that both CBS and CTH are involved in
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endogenous H2S generation in BeWo cells, consistent with both CBS
and CTH protein expressions in this cell line. We are able to confirm
the findings obtained with immortalized trophoblast cells lines by
using primary HVT. The H2S synthesizing activity of HVT is orig-
inated from both CBS and CTH in accordance with their protein
expression patterns. Co-culture with HVT is even more potent than
BeWo cells in stimulating oFPAEC cell migration, which is signifi-
cantly inhibited by CHH and CHH in combination with BCA, but
not BCA alone. These findings show that both CBS and CTH are
involved in baseline endogenous H2S production in HVT; however,
CBS/H2S seems to play a major role stimulating placental endothelial
angiogenesis.

Surprisingly, endogenous H2S from trophoblast cells is more po-
tent than exogenous H2S from donors in stimulating oFPAEC mi-
gration. H2S elicits its biological functions in a similar way to the
other members (i.e. NO and CO) of the gasotransmitter family.
They can rapidly diffuse into cells through cell membranes without
the need of a specific transporter to carry out its biological function
in a bell-shape dose-dependent manner, i.e. cytoprotective effects at
low concentrations and cytotoxic effects at higher concentrations. It
is possible that trophoblast-derived H2S could fail in more physio-
logically relevant concentrations to stimulate EC migration. Of note,
addition of both CHH and BCA is able to completely block oFPAEC
cell migration stimulated by co-culture with HVT and BeWo cells
but not HTR8-SVneo cells, even though the combination of CHH
and BCA completely inhibits the H2S synthesizing activity in these
cells. These findings, together with differential CBS and CTH pro-
tein expression patterns in HVT vs. trophoblast cell lines, enforce the
need of using primary trophoblasts for mechanistic understanding
of human placental biology.

Activation of PI3K/AKT1 and MAPK3/1 as well as NOS3–NO
has been previously reported to at least partially mediate the effects
of H2S on angiogenesis in vitro and in vivo. For instance, the angio-
genic role of H2S is initially reported in retinal RF/6A ECs, which is
dependent on AKT1 and MAPK3/1 phosphorylation [12]. In bovine
aortic arterial ECs, H2S activates NOS3 to produce NO via activa-
tion of PI3K/AKT1 [52]. Our current data show that H2S donors
rapidly phosphorylate AKT1, MAPK3/1, and NOS3 in oFPAECs.
Furthermore, H2S-stimulated NOS3 activation could be blocked by
a specific PI3K inhibitor wortmannin [53], but not by a highly se-
lective inhibitor for the MAPK3/1 pathway U0126 [54]. Together
with our previous studies using oFPAEC model showing that acti-
vation of these pathways are important for placental angiogenesis
[5,34,35,44,45], our current data show that H2S stimulates angio-
genesis, at least in part, through activation of these cell signaling
pathways in oFPAEC cells.

The human placenta is composed of heterogeneous cell types; tro-
phoblasts and ECs are the major ones in close contact. Our current
data obtained with a co-culture model of human trophoblasts (i.e.
immortalized human trophoblast cell lines and primary HVT) and
placental ECs show a following scenario of trophoblast–EC interac-
tion in human placenta (Figure 7). Once H2S is synthesized by tro-
phoblasts, it diffuses into placental ECs to rapidly stimulate AKT1-
dependent NOS3 activation and NO production. H2S and NO play
a mutual role in regulating angiogenesis and dilation/relaxation in
the microvasculature [16]. H2S also activates MAPK3/1 that is in-
volved in H2S stimulation of angiogenesis in ECs [12]. Collectively,
endogenous H2S derived from trophoblasts stimulates placental EC
angiogenesis through AKT1-NOS3 and MAPK3/1 pathways. It is
speculating that the H2S-mediated trophoblast-EC interaction may
be disturbed in preeclampsia due to altered trophoblast H2S biosyn-

Figure 7. Trophoblast and endothelial cell–cell interaction via endogenous
H2S-derived from trophoblasts stimulates placental endothelial EC angio-
genesis through a PI3K/AKT1-NOS3/NO and MAPK3/1 pathway in human
placenta. Once H2S is synthesized by trophoblast cells, it diffuses into pla-
cental ECs to activate the PI3K/AKT1/NOS3 and MAPK3/1 pathways, which in
turn stimulate placental EC angiogenesis.

thesis [29–31]. Also, perturbation of this cell–cell interaction may
play a role in mediating the impaired placental angiogenesis, shal-
low trophoblast invasion, and impaired uterine spiral remodeling as
consequences of dysregulated H2S signaling in preeclampsia [33].
Moreover, our data show that CBS and CTH proteins are expressed
in a variety of cell types in uterine myometrium and endometrium, in-
cluding ECs, myocytes, STCs, and placental ECs. Thus, endogenous
H2S may also be synthesized from these cells to add onto that from
trophoblasts to regulate angiogenesis in the uterine and placental
circulations.
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