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CLINICAL RESEARCH ARTICLE

Pregnancy Augments VEGF-Stimulated In Vitro
Angiogenesis and Vasodilator (NO and H,S) Production
in Human Uterine Artery Endothelial Cells

Hong-hai Zhang," Jennifer C. Chen,' Lili Sheibani," Thomas J. Lechuga,’
and Dong-bao Chen'

"Department of Obstetrics & Gynecology, University of California, Irvine, California 92697

Context: Augmented uterine artery (UA) production of vasodilators, including nitric oxide (NO) and
hydrogen sulfide (H,S), has been implicated in pregnancy-associated and agonist-stimulated rise in
uterine blood flow that is rate-limiting to pregnancy health.

Objective: Developing a human UA endothelial cell (hUAEC) culture model from main UAs of
nonpregnant (NP) and pregnant (P) women for testing a hypothesis that pregnancy augments
endothelial NO and H,S production and endothelial reactivity to vascular endothelial growth
factor (VEGF).

Design: Main UAs from NP and P women were used for developing hUAEC culture models.
Comparisons were made between NP- and P-hUAECs in in vitro angiogenesis, activation of cell
signaling, expression of endothelial NO synthase (eNOS) and H,S-producing enzymes cystathionine
B-synthase (CBS) and cystathionine y-lyase, and NO/H,S production upon VEGF stimulation.

Results: NP- and P-hUAECs displayed a typical cobblestone-like shape in culture and acetylated low-
density lipoprotein uptake, stained positively for endothelial and negatively for smooth muscle
markers, maintained key signaling proteins during passage, and had statistically significant greater
eNOS and CBS proteins in P- vs NP-hUAECGs. Treatment with VEGF stimulated in vitro angiogenesis and
eNOS protein and NO production only in P-hUEACs and more robust cell signaling in P- vs NP-hUAEGs.
VEGF stimulated CBS protein expression, accounting for VEGF-stimulated H,S production in hUAEGs.

Conclusion: Comparisons between NP- and P-hUAECs reveal that pregnancy augments VEGF-
stimulated in vitro angiogenesis and NO/H,S production in hUAECs, showing that the newly
established hUAEC model provides a critical in vitro tool for understanding human uterine
hemodynamics. (J Clin Endocrinol Metab 102: 2382-2393, 2017)

uring pregnancy in eutherian mammals, including
humans, the mother’s body must make a series
of changes to accommodate the growing metabolic
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demands of the fast-developing fetus (1). Notably, the
mother’s cardiovascular system makes a number of
adaptive changes, including increased blood volume and

Abbreviations: AKT, v-Akt murine thymoma viral oncogene homolog 1; BCA, B-cyano-i-alanine;
BSA, bovine serum albumin; CBS, cystathionine B-synthase; CCD, charge-coupled device; CD31/
PECAM1, platelet endothelial cell adhesion molecule 1; CHH, O-(carboxymethylhydroxylamine
hemihydrochloride; CSE, cystathionine y-lyase; DAF, 4,5-diaminofluorescein; DAF-FM,
4,5-diaminofluorescein diacetate; Dil-Ac-LDL, 1,1-dioctadecyl-3,3,33-tetramethylindocarbocyanine
perchlorate-labeled acetylated low-density lipoprotein; EC, endothelial cell; ECM, endothelial
cell culture medium; eNOS, endothelial nitric oxide synthase; ERK1/2, extracellular signaling ki-
nases 1/2; FBS, fetal bovine serum; FCS, fetal calf serum; Fit1, fms-related tyrosine kinase 1; HS,
hydrogen sulfide; hUAEC, human uterine artery endothelial cell; hUASMC, human umbilical
artery smooth muscle cell; IgG, immunoglobulin G; KDR, kinase insert domain receptor; NO,
nitric oxide; NP, nonpregnant; oUAEC, ovine uterine artery endothelial cell; P, pregnant; PO,
passage O; P1, passage 1; P5, passage 5; PBS, phosphate-buffered saline; SM, smooth muscle;
SMA, smooth muscle actin; SMC, smooth muscle cell; UA, uterine artery; UBF, uterine blood flow;
VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor;
VWF, von Willebrand factor.
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cardiac output, systemic vasodilation, and decreased
vascular resistance with no change or slight decrease in
blood pressure (2—-4). These changes force a redistribu-
tion of cardiac output to reproductive organs, especially
the uterus, such that a substantially increased volume of
blood is delivered to the maternal-fetal interface. For
instance, in nonpregnant (NP) ewes, less than 1% to 2%
of cardiac output is distributed to the reproductive or-
gans, and this number increases to ~15% to 20% in
late pregnant (P) ewes, with the largest portion (>95%)
directed to the rapidly developing uteroplacental vas-
cular bed, as reflected by a striking rise in uterine blood
flow (UBF) from ~10 mL/min to as high as ~500 to 800
mL/min in NP vs P ewes (3). The rise in UBF facilitates
the bidirectional maternal-fetal exchange of gases (i.e.,
0, and CO,) and is the sole provider of nutrients to
support fetal and placental growth; this makes UBF
a critical rate-limiting factor for pregnancy health.
Constrained UBF results in intrauterine growth re-
striction, preeclampsia, and other pregnancy disorders
(1, 5), as well as long-term effects in the mother and
newborns (6).

Although the exact mechanisms underlying the
pregnancy-associated rise in UBF remain poorly un-
derstood, compelling evidence shows that orchestrated
networks of vasodilators, including prostacyclin (7),
nitric oxide (NO) (8), and vascular endothelial growth
factor (VEGF) (9), are significantly augmented locally in
the uterine artery (UA). Among them, endothelium NO
production via endothelial NO synthase (eNOS) appears
to function as a focal mediator as it interacts with nearly
all known vasodilators, including estrogens and VEGF
(8-10). Our recent work first adds to the mix hydrogen
sulfide (H,S) as a new (to our knowledge) UA vasodilator
because H,S production and the expression of its
primary synthesizing enzyme, cystathionine 8-synthase
(CBS) but not cystathionine y-lyase (CSE), are signif-
icantly stimulated by exogenous estrogens in ovine UA
(11) and also are significantly augmented and posi-
tively linked to endogenous estrogens in human UA
(12). Previous studies show that pregnancy augments
endothelium/NO-dependent human UA dilator re-
sponses to acetylcholine (13, 14) and enhances VEGF-
stimulated relaxation of phenylephrine-constricted rat
UA (9). VEGEF functions via its specific tyrosine kinase
receptors—that is, fms-related tyrosine kinase 1 (Flt1)/
VEGR receptor (VEGFR) 1 and kinase insert domain
receptor (KDR)/VEGFR2—to activate extracellular sig-
naling kinases 1/2 (ERK1/2) and protein kinase B/v-Akt
murine thymoma viral oncogene homolog 1 (AKT), which
directly phosphorylate and activate eNOS to increase NO
production (15, 16). VEGF also stimulates endothelial H,S
production during iz vitro and in vivo angiogenesis (17).
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Thus, enhanced endothelial NO and H,S production may
contribute to the augmented vascular reactivity to VEGF
during pregnancy.

Endothelial cells (ECs), the inner lining of blood
vessels, produce nearly all known vasodilators and thus
play a central role in hemodynamic regulation. In vitro
EC cultures are important models for studying the role of
endothelium in vascular health. ECs have a common
topography throughout the vascular tree; however, sig-
nificant fundamental differences exist in ECs derived
from different vascular beds and organs among different
species (18). Thus, the ideal culture model for studying
the biology of ECs in a given tissue should be primary
ECs from that tissue. Currently, an ovine UA endo-
thelial cell (0OUAEC) culture model is the only available
cell model that has been exclusively used for studying
EC/NO-dependent cellular and molecular mechanisms
underlying pregnancy-associated and agonist-stimulated
uterine vasodilation (16, 19). It is debatable if the StUAEC
data can be translated into human clinical settings due
to remarkable species variations in uterine hemody-
namics (20). Thus, a primary human UAEC (hUAEC)
model is needed for investigating the cellular and molec-
ular mechanisms underlying pregnancy-augmented and
agonist-stimulated UA vasodilation in human clinical
settings.

The objective of this study was to develop a hUAEC
culture model using human main UAs collected from NP
and P women for testing a hypothesis that pregnancy
augments endothelial NO and H,S production and en-
dothelial reactivity in response to VEGF stimulation. We
report herein for the first time, to our knowledge, suc-
cessful development of new hUAEC models from NP and
P women. Comparisons between NP- and P-hUAECs
revealed that not only do significant differences exist in
baseline NO and H,S biosynthesis in NP- vs P-hUAECs,
but also the differences resemble those observed under in
vivo conditions, which were retained in culture through
passages. Moreover, pregnancy significantly augmented
VEGF-stimulated in vitro angiogenesis and vasodilator
(i.e., NO and H,S) production in hUAECs.

Materials and Methods

Chemicals and antibodies

Endothelial cell culture medium (ECM) and fetal bovine serum
(FBS) were purchased from ScienCell (Carlsbad, CA). Collagenase
I was from Life Technologies (Grand Island, NY). 1,1-Dioctadecyl-
3,3,33-tetramethylindocarbocyanine perchlorate—labeled acetylated
low-density lipoprotein (Dil-Ac-LDL) was from Molecular Probes
(Portland, OR). Antibodies against eNOS and CSE were from Santa
Cruz Biotechnology (Dallas, TX), KDR and Flt1 were from R&D
Systems (Minneapolis, MN), and 8-actin was from Ambion (Austin,
TX). Monoclonal antibodies against CBS and von Willebrand factor
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(VWEF) were purchased from Abcam (Cambridge, MA). Antibodies
against AKT, ERK1/2, phosphorylated eNOS, phosphorylated AKT,
and phosphorylated ERK1/2 were from Cell Signaling Technology
(Beverly, MA). Horseradish peroxidase—conjugated goat anti-mouse
and anti-rabbit immunoglobulins G (IgGs) were purchased from
Thermo Scientific (Waltham, MA). Growth factor-reduced Matrigel
matrix was purchased from BD Biosciences (Bedford, MA).
Anti—platelet endothelial cell adhesion molecule 1 (CD31/PECAM1)
antibody was from Dako (Carpinteria, CA). Prolong Gold antifade
reagent with 4',6-diamidino-2-phenylindole, Alexa 488— and Alexa
568—conjugated goat anti-mouse IgGs, and 4,5-diaminofluorescein
(DAF) diacetate (DAF-FM) were from Invitrogen (Carlsbad, CA).
B-Cyano-i-alanine (BCA), an inhibitor of CSE, came from Cayman
Chemical (Ann Arbor, MI). O-(carboxymethyl)hydroxylamine
hemihydrochloride (CHH), an inhibitor of CBS, and all other
chemicals unless specified were from Sigma (St. Louis, MO).

Tissue collection

The main UAs were obtained from NP and P women (n =
S/group) in the event of hysterectomy at the University of
California Irvine Medical Center. Written consent was obtained
from all participants, and ethical approval (HS 2013-9763) was
granted by the Institutional Review Board for Human Research
at the University of California Irvine. All NP subjects were not
taking hormone replacement therapy at the time of tissue col-
lection, were aged 35 to 50 years, and were undergoing elective
hysterectomy due to fibroids; they were in the proliferative
phases of the menstrual cycle as determined by the last men-
strual period recorded and confirmed with endometrial his-
tology. Pregnant subjects were recruited with suspected
placental accreta based on previous ultrasound findings in the
event a hysterectomy was indicated. They were aged 35 to 44
years and at 35 to 36 weeks’ gestation. Both main UAs were
dissected from parametrium and paracervical tissues and ad-
jacent myometrium, placed in chilled ECM, and transported to
the laboratory.

Cell isolation, purification, culture,
and characterization

UAs were dissected free of connective tissues and rinsed free
of blood by phosphate-buffered saline (PBS). After gently
flushing with PBS, intact UA segments (normally ~4 c¢m long)
were filled with PBS containing 2 mg/mL collagenase Il with one
end tightened. After tightening the other end, the UAs were
placed in a moisture dish and allowed for digestion at 37°C for
45 minutes. EC sheets were flushed out with 1 mL ECM. The
flushing was plated in a 100-mm culture dish with a total
volume of 10 mL complete ECM with 5% fetal calf serum (FCS)
and 1% antibiotics. Following 5 days in culture, EC colonies
were manually picked up by a small filter paper soaked with
0.25% trypsin-EDTA. The colonies were individually plated
into wells of a 24-well plate; after 7 days in culture, the cells in
each well were transferred into a 100-mm dish. After another
7 days in culture, the cells were designed as passage 1 (P1) and
stored in liquid N,. Both NP- and P-hUAECs at P1 were thawed
and cultured in ECM/5% FCS and 1% antibiotics in a 100-mm
dish to ~70% confluence and subcultured up to passage 5 (P5)
for experimental use.

A tube-shaped large artery like the main UAs contained the
luminal surface intima of a thin layer of ECs and the media
composed of a thick layer of smooth muscle cells (SMCs). We

Pregnancy Augments UA Angiogenesis/Vasodilation

J Clin Endocrinol Metab, July 2017, 102(7):2382-2393

also observed human umbilical artery smooth muscle cell
(hUASMC) colonies in the passage 0 (P0) culture. The hUASMC
colonies were picked up manually with trypsin-soaked filter
papers and plated in a 24-well plate and cultured in Dulbecco’s
modified Eagle medium/5 % FBS and antibiotics. After 7 days in
culture, the cells in each well were transferred into a 100-mm
dish. After 7 days in culture, the cells were designed as P1 and
stored in liquid N,. hUASMCs at P1 were thawed and cultured
in 5% Dulbecco’s modified Eagle medium/5% FCS and 1%
antibiotics in a 100-mm dish to reach ~70% confluency and
subcultured up to P5 for experimental use. Both hUAECs and
hUASMCs were characterized by morphology in culture using
phase-contrast light microscopy, Dil-Ac-LDL uptake, immu-
nofluorescence microscopy, and immunoblotting of EC ws
smooth muscle (SM) marker proteins.

Dil-Ac-LDL uptake

Cells were seeded in a collagen-coated 6-well plate. After
reaching ~70% confluence, the cultures were washed once with
culture medium and then incubated with fresh medium con-
taining 10 pg/mL Dil-Ac-LDL and cultured at 37°C for 4 hours.
The cultures were washed three times with fresh medium and
cultured for 16 hours. The cells were examined under an
inverted Leica fluorescence microscopy (Leica Corp., Deerfield,
IL) for image acquisition and captured by a Hamamatsu
(Bridgewater, NJ) charge-coupled device (CCD) camera using
the SimplePCI image analysis software.

Immunofluorescence microscopy

Cells were cultured on collagen-coated glass coverslips. After
being washed with cold PBS, the cells were fixed with 4%
paraformaldehyde. Nonspecific binding was blocked with PBS
containing 1% gelatin, 1% bovine serum albumin (BSA), and
0.15% saponin for 20 minutes. The cells were then incubated
with mouse monoclonal antibodies against human CD31
(1 pg/mL), anti-vWF (1 pg/mL), and a—smooth muscle actin
(a-SMA, 1 pg/mL) in PBS containing 0.5% gelatin, 0.5%
BSA, and 0.075% saponin for 1 hour. After washing with the
same buffer three times, the cells were incubated with Alexa
488 goat anti-mouse IgG (1 pg/mL) for anti-CD31 and anti-vWF
or Alexa 568 goat anti-mouse IgG for a-SMA, respectively,
at room temperature for 1 hour. The cells were mounted
in Prolong Gold antifade reagent with 4’,6-diamidino-2-
phenylindole and examined under an inverted Leica fluores-
cence microscope for image acquisition by a Hamamatsu CCD
camera with SimplePCL

In vitro angiogenesis assays

Mitogenesis

Cell proliferation was determined by using the xCELLigence
system (Roche Diagnostics, Quebec City, Quebec, Canada).
The xCelligence is a microelectronic biosensor system for cell-
based assays for monitoring cell proliferation, adhesion, and
migration by quantifying cell impedance in a real-time and
dynamic manner (21). Cells (1 X 10* cells/well) were seeded in
quadruplicate with 200 pL M199 0.1% BSA and 25 mM
HEPES into an E-plate 16 specifically designed to measure
cellular impedance (Roche Diagnostics) and cultured overnight.
The impedance of cells was captured every 5 minutes up to 24
hours in culture. The impedance value was expressed as an
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arbitrary unit called the cell index, which reflects changes in cell
proliferation.

Cell migration

Cell migration was determined by using a scratch “wound”
assay (22), with minor modifications. Briefly, hUAECs were
grown on collagen-coated 6-well plates. A confluent hUAEC
monolayer was scrapped by using a sterilized 200-pL pipette
tip. After wounding, the cells were washed with serum-free
M199 and cultured in M199 containing 0.1% BSA and 0.5%
FCS with or without VEGF for 24 hours. The distance of the
cells moved from the wounding edge toward the center of the
wound was measured and averaged as an index for cell
migration.

Tube formation

Growth factor-reduced Matrigel was applied to a 48-well
plate and allowed to polymerize at 37°C for 30 minutes.
hUAECs were resuspended in M199 0.1% BSA and 25 mM
HEPES. Cells (1 X 10° cells) were seeded into each well in a
500-pL volume and incubated under 5% CO, in air at 37°C.
Treatments were added at the beginning of incubation. After a
4-hour incubation, tube formation was assessed under an
inverted Leica microscopy with X10 objectives. Digitalized
bright-field images were captured by a Hamamatsu CCD
camera using SimplePCl. Images of three randomly chosen
fields of each well were captured. The branch points of the
formed tube-like structures were quantified and averaged.

Cell stimulation, sodium dodecyl sulfate
polyacrylamide gel electrophoresis,
and immunoblotting

NP- and P-hUAECs at passage 4 to P5 were treated without
or with VEGF (10 ng/mL). Cellular proteins were harvested in a
nondenaturing buffer (16). Proteins (20 pg/lane) were separated
on 8% to 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride
membranes and immunoblotted as described previously (23).
Proteins of interest were measured by immunoblotting with
antibodies against eNOS (0.5 pg/mL), CBS (5 wg/mL), CSE
(1 pg/mL), Fltl (2 pg/mL), KDR (2 pg/mL), Akt (1 pwg/mL),
ERK1/2 (1 wg/mL), phosphorylated NOS''”” (1 pg/mL), phos-
phorylated Akt (1 pg/mL), phosphorylated ERK1/2 (0.5 g/mL),
and B-actin (0.2 pg/mL). Quantification of band intensity was
performed using NIH Image] 1.60 (National Institutes of Health,
Bethesda, MD).

DAF-FM fluorescence for NO determination

hUAECs were plated on a glass coverslip-bottomed 6-well
plate and loaded with 2 uM DAF-FM diacetate for 30 minutes
in Dulbecco’s PBS with Ca®* and Mg?>* supplemented with
glucose (1 mg/mL) and r-arginine (1 mM). Cells were then
washed three times with Dulbecco’s PBS to remove excess
probe. The cells were incubated at 37°C for another 30 minutes
to allow de-esterification of the probe to form the cell-
impermeable DAF-FM. After treatment, DAF-FM-loaded
cells in dishes were placed on the stage of an inverted Leica
fluorescence microscope for fluorescence image acquisition by a
Hamamatsu CCD camera with X20 fluor objectives (Zeiss,
New York, NY) using SimplePCL. Digitalized images (three per
well per treatment) were captured. Intracellular NO production
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was quantified by averaging the relative fluorescence intensity
of 10 cells per image of the three images per treatment.

Methylene blue assay

Cells (5 X 10%/treatment in duplicate) were homogenized
in ice-cold 50 mM potassium phosphate buffer, pH 8. H,S
production was determined by the methylene blue assay
as previously described (11, 12). H,S concentration was
calculated based on a calibration curve generated from so-
dium hydrosulfide (NaHS) solutions. For CBS and CSE in-
hibition experiments, their respective inhibitor CHH or
BCA was added separately or in combination (final con-
centration = 2 mM) to the reaction mixtures prior to initiating
the assay.

Experimental replication and statistical analysis

All experiments were repeated at least three times using
cells from different subjects. Data were presented as mean *
standard deviation and analyzed by one-way analysis of
variance, followed by the Student-Newman-Keuls test for
multiple comparisons. Significant difference was defined as
P < 0.05.

Results

Characterization of hUAECs and hUASMCs

hUAECs exhibited classic cobblestone EC morphol-
ogy and were maintained in a monolayer that did not
overgrow after reaching confluence throughout five
passages, whereas hUASMCs displayed a typical SMC
spindlelike shape throughout five passages and grew in a
multilayer after reaching confluence [Fig. 1(a) and 1(b)].
All live hUAECs, but not hUASMC:s, absorbed Dil-Ac-LDL
in culture [Fig. 1(c) and 1(d)]. Both NP- and P-hUAECs
stained positively and uniformly with vWF [Fig. 1(e)].
The immunoreactive signals showed rod-shaped struc-
tures throughout the cytoplasm, characteristic of the
most reliable EC marker, Weibel-Palade bodies (24). All
hUAECs stained positively with a highly specific EC
marker, CD31 [Fig. 1(g)], but negatively with the spe-
cific SM marker, «-SMA [Fig. 1(i)]. In contrast,
hUASMC:s stained negatively with EC marker vWF or
CD31 [Fig. 1(f) and 1(h)] but positively stained with
a-SMA and showed filamentous projections [Fig. 1(j)].

Protein expression of vasodilator producing
enzymes and VEGFR in P-hUAECs during passage
Only very few primary hUAECs can be obtained from
the main UAs of a woman. Thus, it is essential to
propagate the cells at PO by passage so that adequate cells
can be obtained with subculture for studying EC-
dependent mechanisms of pregnancy-associated and
agonist-stimulated uterine vasodilation. To this end,
whether the i1 vivo features of hUAECs can be retained
during passage is critical for the hUAEC cell model. We
examined if levels of proteins of interest, including eNOS,
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hUAEC hUASMC

Figure 1. Characteristics of hHUAECs and hUASMCs. Both hUAECs and hUASMCs were characterized by morphology in culture using (a, b)
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hUAEC

hUASMC
(e) )

phase-contrast light microscopy, (c, d) Dil-Ac-LDL uptake, and immunofluorescence labeling with EC vs SM marker proteins, including (e, f) VWF,

(g, h) CD31, and (i, j) a-SMA.. Scale bar = 20 pm.

CBS, CSE, VEGEFR (i.e., KDR and Flt1), and a-SMA, are
altered during passage. P-hUAECs expressed all, but not
a-SMA, of these proteins during five passages. Levels of
eNOS, Flt1, and CBS proteins significantly decreased at
passage 2 (P < 0.05) and maintained at the passage 2
levels through PS5, whereas levels of KDR and CSE
proteins were unchanged. P-hUASMCs expressed CBS,
CSE, Flt1, and a-SMA, with no detectable eNOS and
KDR proteins (Fig. 2).

Pregnancy augments VEGF-stimulated in vitro
angiogenesis in hUAECs

One important feature of ECs is to respond to an-
giogenic growth factors to form new blood vessels, a
process termed angiogenesis. VEGF is, perhaps, the most
important growth factor that regulates an array of EC
functions, including angiogenesis (25). Treatment with
VEGF (10 ng/mL) significantly stimulated cell pro-
liferation, migration, and tube formation in P-hUAECs
but not NP-hUAECs. As a control, 5% FBS stimulated
cell proliferation, migration, and tube formation in both

P- and NP-hUAEC:s [Fig. 3(a—c)].

Protein expression in NP- vs P-hUAECs

When cells are cultured in vitro, they reside in a mi-
croenvironment completely different from the one they
reside in vivo. The maintenance of the in vivo charac-
teristics of NP- vs P-hUAECs is critical for their usage in
examining pregnancy-dependent mechanisms. Levels of
eNOS and CBS but not CSE proteins were significantly
greater in P- vs NP-hUAECs in culture (Fig. 4). These
findings resemble the reports from us and others showing
augmented NO production due to upregulation of eNOS
protein (8, 12) and H,S production due to significant
upregulation of EC expression of CBS but not CSE
proteins in human umbilical artery in vivo (12). In ad-
dition, Flt1 protein was significantly greater and KDR
was similar in P- vs NP-hUAECs.

Pregnancy augments VEGF-stimulated cell signaling
and eNOS/NO production in hUAECs

As pregnancy augmentation of VEGF-stimulated UA
relaxation is mediated largely by increasing EC NO
production in vivo (9), presumptively through direct
eNOS activation wvia ERK1/2 and Akt-dependent
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O more robust in P- vs NP-hUAECs

?‘%\& v hUAEC [Fig. 5(a)]. Treatment with VEGF

O O, ' (10 ng/mL) for 48 hours significantly

Mx10-3 < \Q L 2 . 4 2 Fassagei stimulated eNOS protein expression in
130 > i “ “ o -— — ” = eNOS P-hUAECs but not NP-hUAECs [Fig.
Riess * TR R 5(b)]. Treatment with VEGF (10 ng/mL)

72 - [ | J— 2 . B also rapidly stimulated time-dependent
—— i — — — N N— CBS NO production, as determined by DAF-

, - AM fluorescence imaging, in P-hUAECs

43 b | — e — — — — — CSE but not NP-hUAECs. NO production in
i = W P-hUAECs increased at 2 minutes and

. - KDR continued to rise at 5 to 10 minutes after

10 =

130 *»

16 T mmr P, EEEP: P4 EEEPS
1.4 - ¥ s
-~ . nd —_—

Protein/B-actin (fold to P1

eNOS CBS

CSE

0.05 vs P1. nd, no difference.

phosphorylation (15, 16), we determined differences in
phosphorylation of eNOS and its activating enzymes
ERK1/2 and Akt in P- s NP-hUAECs. Treatment with
VEGF (10 ng/mL) for 10 minutes significantly stimulated
phosphorylation of ERK1/2, but not eNOS and Akt, in NP-
hUAECs, whereas VEGF significantly stimulated phos-
phorylation of ERK1/2, Akt, and eNOS in P-hUAECs.
However, the response of ERK1/2 phosphorylation is

KDR

Figure 2. Protein expression during passage in hUAECs. P-hUAECs were passaged five times.
Cellular proteins were extracted for analyzing levels of eNOS, CBS, CSE, KDR, Flt1, and a-SMA
by immunoblotting with specific antibodies. Lysates from intact human UA and P-UASMCs
were used as controls. Images in the upper panels show a typical experiment. Bar graph in
lower panel summarizes changes of levels of proteins during five passages. Data (mean *+
standard deviation, n = 5) were converted to fold of P1 after normalization to B-actin. *P <

treatment with VEGF [Fig. 5(c)].

Pregnancy augments
VEGF-stimulated CBS expression
and H,S production in hUAECs

We then examined the effects of
VEGF on CBS and CSE protein ex-
pression and H,S production in NP- vs
P-hUAEC:s to determine whether VEGF
stimulates hUAEC H,S production and
whether this is augmented by pregnancy.
* Treatment with VEGF (10 ng/mL) for
48 hours significantly stimulated CBS
protein expression in P-hUAECs but
not NP-hUAECs [Fig. 6(a)]. Baseline
H,S production (25.35 = 0.89 nM/pg
protein/h, n = 3) in P-hUAECs was sig-
nificantly greater than that (8.85 =
0.28 nM/pg protein/h, n = 3) in NP-
hUAECs (P < 0.001). Treatment with
VEGF (10 ng/mL) for 48 hours stimu-
lated H,S production in both P- and NP-
hUAECs (P < 0.001). Co-incubation
with a specific CBS inhibitor, CHH,
significantly lowered baseline H,S pro-
duction in both P- and NP-hUAECs; it
completely abolished VEGF-stimulated
H,S production and further lowered
the levels to baseline co-incubated with
CHH in both P- and NP-hUAECs. In
contrast, co-incubation with a specific
CSE inhibitor, BCA, had no effect on
baseline and VEGF-stimulated H,S
production in both P- and NP-hUAECs. The combination
of CHH and BCA had no additive effects on H,S pro-
duction in both P- and NP-hUAEC:s [Fig. 6(b) and 6(c)].

Flt1

Discussion

We report herein successful development of what we
believe is a new hUAEC cell culture model from main UAs
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Figure 3. Pregnancy augments VEGF-stimulated in vitro angiogenesis in hUAECs. Both NP- and P-hUAECs at passages 4 to 5 were treated with
or without VEGF (10 ng/mL) or 5% FBS and subjected to assays for cell proliferation by using the (a) xCELLigence system, (b) migration by using
a scratch wound assay, and (c) tube formation on Matrigel. Bar graphs shown summarize data (mean = standard deviation, n = 3) using cells
derived from three different NP and P women. *P < 0.05 vs NP control. Ctl, control.

of both P and NP women. There are significant differ-
ences in baseline expression of vasodilator (i.e., NO and
H,S) producing enzymes, including eNOS, CBS, CSE,
and VEGFRs, in P- vs NP-hUAECs, which are maintained
during passage. With these cell models, we show that
VEGF significantly stimulates iz vitro angiogenesis in
P-hUAECs but not NP-hUAECs. VEGF also significantly
stimulates activation of the eNOS-NO pathway (i.e.,
ERK1/2 and Akt activation, eNOS phosphorylation, and
NO production), consistent with previous findings with
oUAECs (19). Moreover, we report for the first time, to

our knowledge, that VEGF stimulates H,S production
through selective CBS upregulation in P- vs NP-hUAECs
in vitro. Collectively, our data show that pregnancy
significantly augments VEGF-stimulated iz vitro angio-
genesis and vasodilator (NO and H,S) production
in hUAECs.

A hUAEC cell culture model has long been sought
after. However, the development of such a model has
been hindered by technical difficulties due to the unique
structural features of human UA, which contains the
luminal surface intima composed of a thin layer of ECs
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Figure 4. Pregnancy-dependent expressions of proteins in hUAECs.
Protein samples were extracted from both NP- and P-hUAECs at
passages 4 to 5. Proteins (20 wg/lane) were used for analyzing levels
of eNOS, CBS, CSE, KDR, Fit1, and B-actin proteins by immunoblotting
with specific antibodies. Images shown in upper panel represent blots
of a typical experiment. Bar graph in lower panel summarizes data
(mean = standard deviation, n = 3) calculated as fold of baseline in
NP-hUAECs after normalization with B-actin. *P < 0.05 and **P <
0.01 vs NP.

and the media composed of a thick layer of SMCs. In
many attempts by using the most common technique with
collagenase digestion for development of the cUAEC
model (19), we have noticed that the isolated primary
hUAEC cultures are always contaminated by undesired
SMCs and pericytes. In the impure PO cultures, the
progressive increase in the number of SMCs and/or
pericytes results in arrest of EC proliferation, as pre-
viously reported (26). Thus, additional purification steps
are needed to achieve homogeneous cultures. Although
cell sorting is commonly used to purify specific EC types,
this procedure shortens the life span of ECs (27).
Therefore, we have chosen to use a manual colony pickup
technique for purifying hUAECs. Although this pro-
cedure is tedious and time-consuming, the purity of
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hUAEC colonies picked up ensures that the established
hUAEC model has a uniform EC identity (Figs. 1 and 2).
Another advantage of the manual pickup purification
technique is that a novel (UASMC model was established
from the same PO culture derived from the same UA
donor. The paired hUAECs and hUASMCs models from
the same UA donor offer unique opportunities for
studying EC vs SM mechanisms of uterine vasodilation.

Because ECs possess considerable phenotypic het-
erogeneity (28, 29), we have used a combination of en-
dothelial characteristics to determine the identity and
purity of our cultures. We provide several lines of evi-
dence showing that our hUAEC model is homogeneous
EC in origin, including uniform cobblestone EC mor-
phology in culture throughout five passages, rapid Dil-
Ac-LDL uptake, and positive staining of EC-specific
markers CD31 and vWF and negative staining of the
SMC-specific marker a-SMA. CD31 is considered one of
the most reliable EC markers, which is not expressed in
SMCs, pericytes, and fibroblasts (25, 30). The vWEF-
related antigen is expressed at significantly high levels
only in certain cells, including ECs, megakaryocytes, and
human syncytiotrophoblasts; the latter two are impos-
sible to be present in our cells. vWF is associated with the
EC-specific granules called Weibel-Palade bodies (24),
consistent with the staining pattern in hUAECs. More-
over, hUAECs are maintained in a monolayer and do not
overgrow, even when reaching 100% confluence during
passage, displaying an EC-typical growth pattern (31);
this feature also shows that our cells are devoid of SMCs,
pericytes, and fibroblasts that tend to grow in multiple
layers, which is further supported by negative expression
of the SM-specific marker a-SMA.

ECs proliferate, migrate, and differentiate to form new
tube-like structures, collectively called in vitro angio-
genesis (25). Our hUAECs from both P and NP women
can be induced to proliferate, migrate, and form tube-like
structures on Matrigel by a nonspecific angiogenic pro-
moter, 5% FBS in vitro. VEGF, perhaps, is the most
important growth factor that regulates an array of the
functions of ECs, including angiogenesis (25). However,
VEGEF induces angiogenesis iz vitro only in P-hUAECs
but not NP-hUAECs. These data show that pregnancy
augments VEGF-stimulated angiogenesis in hUAECs.

ECs in blood vessels of all sizes express eNOS (32).
Our current data show that both P- and NP-hUAECs
express high-level eNOS protein that is maintained
during passages. Enhanced EC NO production via in-
creased expression and/or activation of eNOS protein is an
essential signaling molecule critical for vascular health,
participating in the regulation of numerous physiological
and pathological processes. Previous studies have shown
that pregnancy augments the expression and activity of
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Figure 5. Pregnancy augments VEGF-stimulated eNOS expression/activation and NO production in hUAECs. (a) Both NP- and P-hUAECs at
passages 4 to 5 were treated with or without VEGF (10 ng/mL) for 10 minutes. Proteins were collected for analyzing phosphorylation of eNOS,
AKT, and ERK1/2 by immunoblotting with specific antibodies. Phosphorylation was determined by a ratio between phosphorylated vs total
protein. Images shown in upper panel represent blots from a typical experiment. Bar graph in lower panel summarizes data (mean * standard
deviation, n = 3) calculated as fold of NP-hUAECs after normalization with g-actin. *P < 0.05, **P < 0.01, ***P < 0.001. Ctl, control; nd, no
difference. (b) Both NP- and P-hUAECs at passages 4 to 5 were treated with or without VEGF (10 ng/mL) for 48 hours. Proteins were collected
for analyzing eNOS and B-actin proteins by immunoblotting with specific antibodies. Images shown in upper panel represent blots from a typical
experiment. Bar graph in lower panel summarizes data (mean = standard deviation, n = 3) calculated as fold of NP-hUAECs after normalization
with B-actin. **P < 0.01. (c) Both NP- and P-hUAECs at passages 4 to 5 were grown in glass coverslip—bottomed dishes. After being loaded with
DAF-FM, the cells were treated with or without VEGF (10 ng/mL) for determining intracellular NO production for up to 10 minutes. Levels of
intracellular NO were quantified by relative fluorescence intensity (RFl) and calculated as fold of time zero. Images shown on right represent
fluorescence images at 10 minutes of a typical experiment. Bar graph on left summarizes data (mean * standard deviation, n = 3) calculated as

fold of time zero. *P < 0.05 and **P < 0.01 vs time zero.

eNOS and NO production in human UA (14), and preg-
nancy significantly augments endothelium/NO-dependent
human UA dilator responses to acetylcholine (13). En-
hanced NO production via eNOS is well-known to play a
critical role in mediating EC proliferation and migration
during angiogenesis upon VEGF stimulation (17, 22, 33).
Animal studies also have shown that pregnancy potentiates
VEGF-stimulated relaxation of phenylephrine-constricted
rat UA, in part by endothelium/NO-dependent mecha-
nisms (9, 34). These reports show that endothelial NO
production is important for pregnancy-augmented and
agonist-stimulated uterine vasodilation. We have shown
herein that VEGF rapidly stimulates phosphorylation of

ERK1/2 and Akt, two upstream activators of eNOS (15,
16), in hUAECs but with more robust responses in the P
vs NP state, which may be responsible for rapid VEGF-
stimulated eNOS phosphorylation in P-hUAECs but not
NP-hUAECs. VEGF also stimulates rapid NO pro-
duction in P-hUAECs but not NP-hUAECs, consistent
with VEGF stimulation of eNOS protein expression in
P-hUAECs but not NP-hUAECs. Thus, pregnancy
augments the VEGF-stimulated endothelial eNOS-NO
pathway via increasing eNOS expression and its acti-
vation in hUAECs in vitro.

Endogenous H,S is mainly synthesized by two key
enzymes, CBS and CSE, and these enzymes produce H,S
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Figure 6. Pregnancy augments VEGF-stimulated H,S biosynthesis in hUAECs. Both NP- and P-hUAECs at passages 4 to 5 were treated with or
without VEGF (10 ng/mL) for 48 hours. Proteins were collected for analyzing CBS, CSE, and B-actin proteins by immunoblotting with specific
antibodies and H,S production in NP- vs P-hUAECs in the presence of inhibitors of CBS (CHH), CSE (BCA), or both by the methylene blue assay.
(a) Upper panel: blots from a typical experiment. Lower panel: bar graph summarizes data (mean = standard deviation, n = 3) calculated as fold
of NP-hUAECs after normalization with B-actin. *P < 0.05, **P < 0.01. nd, no difference. (b, ¢) Bar graphs summarizes data (mean =+ standard
deviation, n = 3) calculated as fold of baseline in NP-hUEACs. Bars with different letters differ significantly (P < 0.05).

from L-cysteine, CBS via a B-replacement reaction with a
variety of thiols and CSE by disulfide elimination fol-
lowed by reaction with various thiols (35). In mammals,
H,S potently dilates various vascular beds via an
activating adenosine triphosphate—dependent potassium
(Katp) channel (36) and relaxes smooth muscle via
activating a large-conductance calcium-activated potas-
sium (BKc,) channel (37). H,S also promotes angio-
genesis in vitro and in vivo (17). Thus, H,S functions as a
potent vasodilator (38). Recent studies have highlighted a
role of CSE/H,S in placental development and function as
well as pregnancy because 1) H,S potently dilates pla-
cental vasculature, and 2) dysregulation of CSE expres-
sion results in maternal hypertension and placental
abnormalities in preeclampsia (39). VEGF stimulates H,S
production in HUVECs in vitro and during in vivo an-
giogenesis, primarily involving CSE (17). We have shown
that a slow-releasing H,S donor GYY4137 dilates
phenylephrine-preconstricted rat UAs with significantly
greater potency in P vs NP states, with vascular bed-
specific effects (12). Our current data show that VEGF
stimulates CBS, but not CSE, protein expression in

P-hUAECs but not NP-hUAECs. Unexpectedly, we ob-
served that VEGF stimulates H,S production in both
P- and NP-hUAECs. However, the VEGF-stimulated H,S
production in P- and NP-hUAECs is completely abolished
by a specific inhibitor of CBS but not CSE. Although it is
not clear why VEGF stimulates H,S production in NP-
UAECs without altering CBS/CSE expression, this is
likely related to increased CBS and/or CSE activity due to
posttranslational modifications such as binding to
Ca?*/calmodulin (38). Nonetheless, pregnancy augments
VEGF stimulation of hUAEC H,S biosynthesis via selec-
tive CBS upregulation iz vitro, consistent with our reports
that H,S biosynthesis is significantly augmented in human
UA in association with endogenous estrogens during the
proliferative phase and pregnancy (12) and in ovine UA
(11) by exogenous estrogen stimulation in vivo, via se-
lective upregulation of EC and SM CBS, but not CSE,
messenger RNA/protein.

Altogether, with our established hUAEC models from
both NP and P women, we show that not only are there
significantly greater baseline expressions of the key en-
zymes for NO and H,S production in P- vs NP-hUAECs,

€20z Jaqwiaideg €| uo Jasn aulAl| ‘eluioljed 10 AusiaAiun Aq vy2 L L LE/28E2/./20 L /e1onie/waol/woo dno olwapeoae//:sdiy Woll papeojumMo(]


http://dx.doi.org/10.1210/jc.2017-00437
https://academic.oup.com/jcem

2392 Zhang et al

but pregnancy also significantly augments VEGEF-
stimulated in vitro angiogenesis and NO/H,S pro-
duction in hUAECs in vitro. Importantly, these findings
consistently resemble the pregnancy-augmented changes
in angiogenesis and vasodilator production as seen in
human UA in vivo. Considering that oUAEC is the only
cell model currently available for studying EC-dependent
cellular and molecular mechanisms of uterine vasodila-
tion, our hUEAC model provides a critical in vitro system
for understanding human uterine hemodynamics and its
dysregulation.
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