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Estrogen Replacement Therapy in Ovariectomized
Nonpregnant Ewes Stimulates Uterine Artery
Hydrogen Sulfide Biosynthesis by Selectively
Up-Regulating Cystathionine �-Synthase Expression

Thomas J. Lechuga, Hong-hai Zhang, Lili Sheibani, Muntarin Karim, Jason Jia,
Ronald R. Magness, Charles R. Rosenfeld, and Dong-bao Chen

Departments of Obstetrics and Gynecology (T.J.L., H.H.Z., L.S., M.K., J.J., D.-b.C.) and Pathology (T.J.L.,
D.-b.C.), University of California Irvine, Irvine, California 92697; Department of Obstetrics and
Gynecology, Pediatrics, and Animal Sciences (R.R.M.), University of Wisconsin-Madison, Madison,
Wisconsin 53715; and Division of Neonatal-Perinatal Medicine (C.R.R.), Department of Pediatrics and
Obstetrics and Gynecology, University of Texas Southwestern Medical Center, Dallas, Texas 75390

Estrogens dramatically dilate numerous vascular beds with the greatest response in the uterus.
Endogenous hydrogen sulfide (H2S) is a potent vasodilator and proangiogenic second messenger,
which is synthesized from L-cysteine by cystathionine �-synthase (CBS) and cystathionine �-lyase
(CSE). We hypothesized that estrogen replacement therapy (ERT) selectively stimulates H2S bio-
synthesis in uterine artery (UA) and other systemic arteries. Intact and endothelium-denuded UA,
mesenteric artery (MA), and carotid artery (CA) were obtained from ovariectomized nonpregnant
ewes (n � 5/group) receiving vehicle or estradiol-17� replacement therapy (ERT). Total RNA and
protein were extracted for measuring CBS and CSE, and H2S production was determined by the
methylene blue assay. Paraffin-embedded UA rings were used to localize CBS and CSE proteins by
immunofluorescence microscopy. ERT significantly stimulated CBS mRNA and protein without
altering CSE mRNA or protein in intact and denuded UA. Quantitative immunofluorescence mi-
croscopic analyses showed CBS and CSE protein localization in endothelium and smooth muscle and
confirmed that ERT stimulated CBS but not CSE protein expression in UA endothelium and smooth
muscle. ERT also stimulated CBS, but not CSE, mRNA and protein expression in intact and denuded
MA but not CA in ovariectomized ewes. Concomitantly, ERT stimulated UA and MA but not CA H2S
production. ERT-stimulated UA H2S production was completely blocked by a specific CBS but not
CSE inhibitor. Thus, ERT selectively stimulates UA and MA but not CA H2S biosynthesis by specifically
up-regulating CBS expression, implicating a role of H2S in estrogen-induced vasodilation and
postmenopausal women’s health. (Endocrinology 156: 2288–2298, 2015)

Estrogens are potent vasodilators that cause blood flow
to rise in selected organs throughout the body with the

greatest response occurring in reproductive tissues, espe-
cially the uterus (1–4). In ovariectomized (OVX) nonpreg-
nant ewes, daily estradiol-17� (E2�) treatment increases
basal uterine blood flow (UBF) 30%–40% over 6–7 days.
This increase in UBF occurs with increases in cardiac out-

put and heart rate, whereas mean arterial pressure remains
unchanged (2–4) and is associated with decreased re-
sponses to vasoconstrictors (5, 6). In addition, acute E2�

exposure provokes an even more robust rise in UBF, up to
10-fold, within 90–120 minutes after a bolus iv injection
of 1 �g/kg E2� (3, 4, 6–8). The vasodilatory effect of
estrogens is of major physiological significance because: 1)
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circulating estrogen levels are significantly elevated during
the follicular phase of the ovarian cycle and pregnancy to
cause UBF to rise (9, 10); 2) during pregnancy rise in UBF
provides all the support for fetal development and survival
(2, 11, 12); and 3) insufficient rise in UBF during preg-
nancy results in intrauterine growth restriction (13), pre-
eclampsia (14), and many other pregnancy disorders (15).
This insufficient rise in UBF increases the risk of infant
morbidity and mortality, is a significant contributor to
maternal mortality, and increases susceptibility to cardio-
vascular and other diseases for both mother and neonate
later in life (12, 13).

Enhanced nitric oxide (NO) production, via endothelial
NOsynthase(eNOS)inuterineartery(UA)endothelium,has
been identified as a major contributor to the estrogen-
induced uterine vasodilatation. Blockade of local UA NO
production by L-NG-nitroarginine methyl ester (L-NAME)
dose dependently inhibited estrogen-induced uterine vaso-
dilatation in animals (16, 17). However, blockade of UA
NO production by L-NAME only inhibits approximately
65% the E2�-induced UBF response in OVX nonpregnant
(16, 17) and intact follicular phase (10) sheep. Thus, other
vasodilators derived from UA endothelium and/or the
smooth muscle, in addition to endothelium/NO, are likely
to play a role in estrogen-induced uterine vasodilatation.
To this end, prostacyclin is unlikely to play a key role as
early studies have shown that estrogen-induced UBF in
nonpregnant sheep is not affected by systemic infusion of
indomethacin (17), supporting the notion that other com-
ponents are involved.

Hydrogensulfide (H2S)has longbeenknowntobea toxic
gasathighdoses.However, becauseof theoriginaldiscovery
of its physiological action in the brain in 1996 (18), it has
demonstratedthatH2Spossesseshomologousbiologicaland
physiological functions to other “gasotransmitter” mole-
cules, such as NO and carbon monoxide (19). H2S potently
relaxes rat aortic vessels by activating KATP channels, which
is confirmed by inhibition with the KATP channel blocker
glibenclamide (20, 21). Akin to NO, exogenous and endog-
enous H2S promotes angiogenesis in vitro and in vivo
through activation of KATP channels, protein kinase v-akt
murine thymoma viral oncogene homolog 1 (Akt1) in endo-
thelial cells (22–24), and interactions with NO signaling
through eNOS activation in endothelial cells (24).

Endogenous H2S is primarily synthesized by cystathi-
onine �-synthase (CBS) and cystathionine �-lyase (CSE)
(20, 25, 26). Both enzymes produce H2S from L-cysteine:
CBS via a �-replacement reaction with a variety of thiols
and CSE by disulfide elimination followed by reaction
with various thiols (24, 26). Because of the potent vasodi-
latory effects of H2S in many other vascular beds (24–27), it
is highly likely that H2S also may have a critical role in the

uterine circulation. A recent report has suggested that sc es-
trogen replacement therapy (ERT) (30 �gE2� � kg�1 � d�1) for
12 weeks in OVX rats resulted in enhanced endogenous
H2S production via CSE up-regulation in the myocardium,
which may provide a new avenue for the cardiovascular pro-
tective effects of estrogens (28). However, whether the H2S
biosynthesis system exists and whether it is regulated by
estrogen in the UA and systemic vasculatures have not
been examined. Therefore, the objectives of the present
study were to examine the effects of ERT on the expression
of CSE and CBS expression and H2S production in UA and
systemic mesenteric artery (MA) and carotid artery (CA)
to test a hypothesis that ERT selectively stimulates H2S
biosynthesis in UA and some systemic arteries.

Materials and Methods

Chemicals and antibodies
E2�, O-(carboxymethyl)hydroxylamine hemihydrochloride

(CHH), and all other chemicals, unless specified, were from
Sigma. �-Cyano-L-alanine (BCA) was from Cayman Chemical.
Anti-�-actin monoclonal antibody was from Ambion. Anti-CBS
monoclonal antibody and anti-CSE monoclonal antibody used
were purchased from Santa Cruz Biotechnology, Inc. Anti-plate-
let endothelial cell adhesion molecule (PECAM1 or CD31)
antibody was from Dako. Antibiotin antibody was from Cell
Signaling Technology. Prolong Gold antifade reagent with 4�,6-
diamidino-2-phenylindole (DAPI), Alexa Fluor 488 goat anti-
mouse IgG, and Alexa Fluor 568 goat antimouse IgG were from
Invitrogen.

Animal preparation and estrogen replacement
treatment

Mixed Western breed ewes were OVX via midventral lapa-
rotomy as detailed previously (4, 17, 29). This particular animal
use protocol was approved by the Institutional Animal Care and
Use Committee at the University of Texas Southwestern Medical
Center. After at least 4–5 days of recovery, the ewes received
vehicle (Veh) or ERT (n � 5/group) for 5–6 days. The ERT-
treated ewes received a bolus injection of E2� (1 �g kg�1 � d �1,
iv) over 1–2 minutes each morning, whereas UBF, mean arterial
pressure, and heart rate were monitored continuously beginning
30 minutes before E2� injection and continuing for 120 minutes.
Animals receiving bolus injection of ethanol and a saline flush of
0.7–0.9 mL, served as OVX/Veh controls, which alone produce
no effect. This E2� treatment regime elicited a progressive in-
crease in UBF that begins 30 minutes after treatment and reached
its maximum at 90–120 minutes, increased mammary blood
flow approximately 2-fold at 90–120 minutes, and resulted in
plasma estrogen levels resembling those in women on ERT (6, 30),
and those in sheep at the onset of parturition (9). E2� was dis-
solved in 95% ethanol and stored at 4°C at a stock of 1 mg/mL.
The E2� dose and timed tissue collection were based on eNOS
expression and hemodynamic responses as well as blood levels of
E2� achieved, as detailed in the previous studies (3, 4, 6, 7, 11,
29, 31). The next morning after the last E2� infusion, the animals
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were killed with phenobarbital (10 mL of 100 mg/mL) to collect
various intact artery tissues, including UA, MA, and CA. In ad-
dition, endothelium-denuded arteries were prepared from lon-
gitudinally opened artery segments whose endothelium was
removed with a soft-tipped cotton swab. All samples were snap-
frozen in liquid nitrogen and stored at �80°C until studied as
described below.

RNA extraction, reverse transcription, and real-time
quantitative polymerase chain reaction (qPCR)

Total RNAs were extracted from intact and endothelium-
denuded artery segments using TRIzol reagent (Invitrogen) fol-
lowing the manufacturer’s instructions. RNA was quantified by
OD260/280. The first-strand cDNA was synthesized by reverse
transcription with random primers and AMV Reverse Tran-
scriptase (Promega) with 2-�g RNA as previously described (32).
The cDNAs so derived were used for quantify CBS and CSE
mRNAs by quantitative real-time PCR (run in triplicate) with
gene-specific primers as listed in Table 1. Each real-time PCR
reaction contained 7.5 �L of RT2 Real-Time PCR SYBR Green
Master Mix (SABiosciences), 0.45 �L of forward and reverse prim-
ers (10�M), 3 �L of cDNA template in with 15-�L final volume in
nuclease-free H2O. A StepOnePlus Real-Time PCR system (Life
Technologies) was used with a 3-step thermal cycling program:
initial denaturing at 95°C for 10 minutes, followed by 40 cycles of
95°Cfor15seconds,55°Cfor30seconds,and72°Cfor30seconds,
and a melting curve program (95°C, 15 s; 60°C, 1 min, optics off;
60°C–95°C at 2°C/min, optics on). Comparative threshold cycle
(CT)method(��CT method)wasusedtocalculate relativeCBSand
CSE mRNA levels with the use of human ribosomal protein L19 as
the internal reference control.

SDS-PAGE and Western blot analysis
Protein extracts were prepared from homogenates of artery

segments in a nondenaturing buffer containing protease cocktail
(32, 33). Protein concentrations were determined by using the
Pierce BCA Protein Assay kit (Pierce Biotechnology). Proteins
(10 �g/sample) were separated on 10% SDS-PAGE and trans-
ferred onto polyvinylidene fluoride membranes. The membranes
were subjected to immunoblotting with mouse anti-CBS or
anti-CSE monoclonal antibodies (0.4 �g/mL), followed by
horseradish peroxidase-conjugated goat antimouse (0.01 �g/
mL). Bound antibodies on membranes were visualized by us-
ing the SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific) and digital images were captured using
a ChemiImager Imaging System (Alpha Innotech). The mem-
branes were striped and reprobed with mouse anti-�-actin an-
tibody (0.1 �g/mL) for normalizing sample loading. CBS and
CSE proteins were quantified by NIH ImageJ software and pre-
sented as fold changes over controls.

Immunofluorescence microscopy and image
analysis

The cellular specific expression of CBS and CSE proteins in
sheep UA was determined by immunofluorescence microscopy
with the use of archived UA samples from a sheep model of ERT
as described in our previous studies (3, 34, 35). Tissue samples
were collected from OVX ewes receiving Veh (OVX/Veh) or E2�
treatment (OVX/ERT) as detailed previously (3, 6, 34). The an-
imal use protocol was approved by the Institutional Animal Care
and Use Committee at the University of Wisconsin-Madison.
Briefly, paraffin-embedded UA rings from OVX nonpregnant
ewes receiving E2� treatment (initial loading dose of 5 �g/kg,
followed by 6 �g kg�1 � d�1 for 10 d) or Veh control were stud-
ied. Sections were baked at 55°C for 1 hour, deparaffinized in
xylene, and rehydrated by passing through gradient ethanol. Sec-
tions were incubated in 0.05% trypsin to unmask antigens at
room temperature for 30 minutes. Autofluorescence was
quenched by washing the sections (3 � 20 min) with 300mM
glycine in PBS; nonspecific binding was blocked by incubating
with PBS containing 1% BSA, 0.125% saponin, and 1% gelatin
at room temperature for 30 minutes. Sections were then incu-
bated with anti-CD31 (5 �g/mL) overnight at 4°C. After 3
5-minute washes in PBS, the sections were incubated with Alexa
Fluor 568-conjugated goat antimouse IgG (2 �g/mL) at room
temperature for 1 hour. After 3 20-minute washes in PBS, sec-
tions were then incubated with 1 �g/mL of anti-CSE or anti-CBS
antibodies at room temperature for 2 hours, followed by incu-
bation with Alexa Fluor 488-conjugated goat antimouse IgG (2
�g/mL) at room temperature for 1 hour. After 3 20-minute PBS
washes, the sections were mounted with Prolong Gold antifade
reagent (Invitrogen) containing DAPI for labeling cell nuclei.

Samples were examined under a Leica fluorescence micro-
scope (Leica Corp) and digital images were acquired using a
charge-coupled device camera with the SimplePCI image analysis
software (Hamamatsu Corp). The images were used to determine
relative levels of CBS and CSE proteins by quantifying mean
green fluorescence intensity by using NIH ImageJ software. For
both OVX/Veh and OVX/ERT groups, CBS and CSE levels were
averaged from data from 40 CD31-positive cells (endothelial
cells) and 40 CD31-negative cells (smooth muscle cells) of each
image, with 5–6 images per animal, and 3 animals per group.
Cell bodies were outlined using the “region of interest” selection
tool and “mean gray value” was recorded for a cell. The average
mean gray value of cells from negative control without primary
antibody accounted for autofluorescence and nonspecific back-
ground, which was subtracted from all counts generated from
specific antibody-treated samples. CBS and CSE protein levels
were presented as fold change in the average fluorescence inten-
sity of OVX/Veh animals (Fig. 2).

Methylene blue assay for H2S production
Tissue H2S production was determined by the methylene blue

assay as described previously (20, 36), with minor modifications.
Briefly, segments of frozen endothelial denuded and intact artery
tissue were homogenized in ice-cold 50mM potassium phos-
phate buffer, pH 8. The reaction mixture contained: 50mM po-
tassium phosphate buffer pH 8.0, 10mM L-cysteine, and 2mM
pyridoxal 5�-phosphate. Microtubes (2 mL) were used as the
center wells; each contained 0.3 mL of 1% zinc acetate as trap-
ping solution and a filter paper of 0.5 � 1.5 cm to increase the

Table 1. Primers Used for qPCR Analysis

Gene Sequence (5�33�) Amplicon

CSE FWD, TTGTATGGATGATGTGTATGGAAGG 141 bp
REV, CCAAACAAGCTTGGTTTCTGGTG

CBS FWD, TGAGATTGTGAGGACGCCCAC 177 bp
REV, TCACACTGCTGCAGGATCTC

L19 FWD, AGACCCCAATGAGACCAATG 129 bp
REV, GTGTTTTTCCGGCATCGAGC
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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 transfer-
ring the tubes from ice to a 37°C shaking water bath. After
incubating at 37°C for 90 minutes, 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 minutes to
ensure a complete trapping of the H2S released from the mixture.
Subsequently, 0.05 mL of 20mM N,N-dimethyl-p-phenylenedi-
amine sulfate in 7.2M HCl was added immediately after the ad-
dition of 0.05-mL 30mM FeCl3 in 1.2M HCl. The absorbance of
the resulting solution at 670 nm was measured after 20 minutes.
The H2S concentration was calculated based on a calibration

curve generated from NaHS solutions.
For CBS and CSE inhibition experiments,
their respective inhibitor CHH or BCA,
were added separately or in combination
(final concentration, 2mM) to the reac-
tion mixtures before initiating the meth-
ylene blue assay.

Statistical analysis
Data are presented as means � SEM

(n � 3–5 ewes/group) and analyzed by
one- or two-way ANOVA, followed by
Bonferroni test for multiple comparisons
using Sigma Stat 3.5 (Systat Software,
Inc). Student’s paired t test was used for
comparison of data between 2 groups.
Significance was defined as P � .05, un-
less higher statistical power is indicated
in the figure legends.

Results

Effects of ERT on UA CBS and
CSE mRNA and protein
expression

Because endogenous H2S is mainly
synthesized by CBS and CSE (20, 26),
we determined whether ERT stimu-
lates ovine UA CBS and CSE expres-
sion.Real-timeqPCRanalysis showed
that the mRNA levels of CBS in in-

Figure 1. CBS and CSE mRNA and protein expression in UAs from OVX ewes receiving Veh and
E2� replacement therapy (ERT) ewes. CBS and CSE mRNAs in intact (top, left) and denuded (top,
right) UA. CBS and CSE protein analysis in intact (bottom, left) and denuded (bottom, right) UA.
Data (mean � SEM) are from 3–5 ewes/group. **, P � .01; ***, P � .001 compared with Veh.

Table 2. Antibody Table (all used are listed)

Peptide/
Protein
Target

Antigen Sequence
(If Known)

Name of
Antibody

Manufacturer, Catalog
Number, and/or Name
of Individual Providing
the Antibody

Species Raised in;
Monoclonal or
Polyclonal

Dilution
Used

CBS Residues 101–400
of human CBS

CBS (A-2) Santa Cruz Biotechnology,
Inc; SC-133208

Mouse monoclonal IgG2 1:500 (WB),
1:200 (IF)

Cystathionine
�-lyase

Residues 43–75 of
human CTH

CTH (F-1) Santa Cruz Biotechnology,
Inc; SC-374249

Mouse monoclonal IgG1 1:500 (WB),
1:200 (IF)

�-Actin DDDIAALVIDNGSGK �-Actin Ambion; AM4302 Mouse monoclonal IgG1 1:10 000 (WB)
Antimouse HRP-conjugated

antimouse
Fisher Scientific; PI32430 Goat antimouse (H 	 L) 1:1000 (WB)

CD31 CD31 Dako; M0823 Mouse monoclonal IgG1 1:40 (IF)
Antimouse Alexa Fluor 488

goat antimouse
Invitrogen; A11001 Goat antimouse

IgG (H 	 L)
1:1000 (IF)

Antimouse Alexa Fluor 555
goat antimouse

Invitrogen; A11004 Goat antimouse
IgG (H 	 L)

1:1000 (IF)
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tact and denuded UA of OVX/ERT ewes were 5.04 � 1.0-
and 5.60 � 0.9-fold greater (P � .01), respectively, than
that of OVX/Veh ewes. CSE mRNA levels in intact and
denuded UA from OVX/ERT and OVX/Veh ewes (Figure
1A) did not differ. Consistent with mRNA data, the levels
of CBS protein determined by immunoblotting in intact
and denuded UA of OVX/ERT ewes were 3.51 � 0.5-fold
(P � .01) and 4.67 � 0.1-fold (P � .001) greater, respec-
tively, thanthatofOVX/Vehewes.CSEprotein levels inboth
intact and denuded UA did not differ (Figure 1B).

Localization of CBS and CSE proteins in UA
We then determined the cell-specific expression of CBS

and CSE proteins in UA by immunofluorescence micros-
copy. CBS and CSE proteins appeared to be coexpressed
with CD31 in endothelial cells, but they did not coexist
within the same subcellular location inside these cells in
OVX ewes. In OVX/Veh ewes, CBS and CSE were asso-
ciated with the apical surface and CD31 were mainly seen
at the basement membrane. Weak green fluorescence la-
beling of CBS protein was observed in the endothelium
(CD31-positive) and smooth muscle cells (CD31-negative)
in OVX/Veh ewes. ERT treatment dramatically increased
the green fluorescence intensity in both endothelium and

smooth muscle; the average green immunofluorescence
intensities in UA endothelial and smooth muscle cells of
OVX/ERT ewes were 3.1 � 0.5-fold (P � .05) and 3.3 �
0.3-fold (P � .01) greater, respectively, than that of
OVX/Veh ewes (Figure 2). Of note, ERT also altered the
subcellular localization of CBS in endothelial cells from
the apical surface to the basement membrane. Strong CSE
immunofluorescence labeling was also observed in UA en-
dothelial and smooth muscle cells in both OVX/Veh and
OVX/ERT ewes, the green fluorescence intensities and
subcellular localization did not differ between the groups.

Effects of ERT on CBS and CSE mRNA and protein
expression in systemic arteries

In order to determine whether the effects of ERT on
CBS and CSE expression were specific to UA, we evaluated
the effects of ERT on H2S biosynthesis in “systemic” MA
and CA from OVX/Veh and OVX/ERT ewes. The mRNA
levels of CBS in intact and denuded MA of OVX/ERT ewes
were 4.05 � 1.2-fold (P � .01) and 5.37 � 1.4-fold (P �
.05) greater, respectively, than that of OVX/Veh ewes. The
mRNA levels of CSE did not differ in either intact or de-
nuded MA of OVX/ERT vs OVX/Veh ewes (Figure 3A).
Similarly, the levels of CBS protein in intact and denuded

MA of OVX/ERT ewes were 3.05 �
0.3-fold (P � .01) and 6.15 � 0.2-
fold (P � .001) greater, respectively,
than that of OVX/Veh ewes. The
protein levels of CSE did not differ
(P 
 .05) in either intact or denuded
MA of OVX/ERT vs OVX/Veh ewes
(Figure 3B). In contrast to both UA
and MA, there were no differences in
the mRNA or protein levels of CBS
or CSE in either intact or denuded
CA from OVX/ERT and OVX/Veh
ewes (Figure 4). In comparison of
these 3 vascular beds, ERT seemed to
be more potent in stimulating CBS
mRNA in UA vs MA, but less effec-
tive in stimulating CBS protein in UA
than MA. These differences, how-
ever, did not reach statistical signif-
icance (Figure 5, A and B).

Comparisons of the effects of
ERT on H2S production in UA
and systemic arteries

H2S production (nmol h�1 �g
protein�1) by protein lysates of intact
UA from OVX/ERT ewes (156 � 9)
was approximately 3-fold greater

Figure 2. Immunofluorescence localization of CBS and CSE protein in UA from OVX ewes
receiving Veh and E2� replacement therapy (ERT). Sections were labeled with specific primary
antibodies against CBS (green) or CSE and endothelial cell marker CD31 (red) with nuclei stained
with DAPI (blue). Negative control slides were treated similarly but without primary antibodies or
with antimouse IgG; no positive staining was detected on these slides (inset of upper left image).
Images were analyzed for relative fluorescence intensity (RFI). Representative outlines of cell
bodies used for analysis are outlined (left panels) and border of CD31-positive endothelial cells
was also indicated (center panels). Data (mean � SEM) are from 3–5 different ewes/group.
*, P � .05; **, P � .01. Scale bar, 50 �m.
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(P � .001) than that of OVX/Veh (54 � 7) (Figure 6A)
ewes. Treatment with the specific CBS inhibitor CHH, but
not the specific CSE inhibitor BCA, inhibited H2S pro-
duction in intact UA lysates from OVX/ERT ewes (P �
.001), reducing H2S production to levels in OVX/Veh
ewes. Coincubation with CHH and BCA also blocked the
ERT-stimulated UA H2S production, but this did not dif-
fer from CHH alone (Figure 6A).

In the systemic arteries, H2S production by protein ly-
sates of intact MA from OVX/ERT ewes (153 � 4) was
2-fold greater (P � .001) compared with OVX/Veh ewes
(70 � 7) (Figure 6B). Pretreatment with either CHH or
BCA alone and their combination inhibited ERT-stimu-
lated H2S production in MA (Figure 6B). Consistent with
no effects of ERT on CBS/CSE expression in CA, ERT also
did not stimulate CA H2S production (Figure 6C).

Treatment with CHH or its combination with BCA, but
not BCA alone, also reduced basal H2S production in ly-
sates of UA and MA from OVX/Veh ewes (P � .05). How-
ever, basal CA H2S production was only inhibited by the
combination of CHH and BCA.

Discussion

In the present study, we assessed the
effects of ERT on H2S biosynthesis in
UA and systemic arteries (MA and
CA) using the well-characterized non-
pregnant OVX sheep ERT models
that have previously been used to as-
sess the effects of estrogen on other
vascular modulators, including eNOS
(31, 34, 35, 37). We observed that: 1)
CBS and CSE mRNA and protein are
highly expressed in UA; 2) ERT stim-
ulates CBS expression, but not CSE,
reflected by increases in both mRNA
and protein; 3) ERT stimulates CBS,
but not CSE, expression in UA endo-
thelium and smooth muscle by im-
munohistological analysis; 4) ERT
also stimulates CBS, but not CSE
mRNA and protein expression in the
endothelium and smooth muscle of
MA, but not CA; 5) ERT increases
H2S synthesizing activity in UA and
MA, but not CA; and 6) ERT-stim-
ulated H2S production is sensitive to
inhibition with the specific inhibitor
of CBS (CHH), but not CSE (BCA),
in the UA, whereas this is sensitive to
both in the MA. These findings show
that ERT stimulates UA H2S biosyn-
thesis by selectively up-regulating

CBS expression, possibly occurring mainly at the level of
transcription in OVX nonpregnant sheep and there are
selective regional effects of ERT in the systemic circulation
consistent with the systemic vascular effects of E2� (3, 4).

The current study is the first to examine H2S biosyn-
thesis in the UA and the effects of estrogens on the expres-
sion of the responsible enzymes. We initially hypothesized
that CSE would be highly expressed in the UA endothe-
lium and smooth muscle similarly to other vascular beds
(26, 38). Indeed, we observed high basal CSE expression
in the endothelium and smooth muscle of UA, MA, and
CA. In contrast to previous studies showing that pro-
longed ERT (30 �g E2� � kg�1 � d�1 for 12 wk) stimulates
CSE expression in the myocardium of OVX rats (28) and
in human umbilical cord vein endothelial cells in vitro
(39), our present data show that ERT did not stimulate
CSE mRNA and protein expression in either the UA or the
systemic arteries (ie, MA and CA) in the OVX sheep ERT
model. However, our data are in agreement with a re-
cent study showing that E2� does not stimulate CSE

Figure 3. CBS and CSE mRNA and protein expression in MA from OVX ewes receiving Veh and
E2� replacement therapy (ERT). Relative mRNA levels of CBS and CSE in intact (top, left) and
denuded (top, right) MA. CBS and CSE proteins in intact (bottom, left) and denuded (bottom,
right) MA. Data (mean � SEM) are from 3–5 different ewes/group. *, P � .05; **, P � .01;
***, P � .001.
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expression in mouse pulmonary artery smooth muscle
cells in vitro (40).

In contrast, we have observed for the first time that CBS
mRNA and protein expression are dramatically up-regu-
lated in the UA and MA in OVX sheep receiving ERT. This
is unexpected because CBS is considered the major enzyme
for H2S biosynthesis in tissues/cells of the central nervous
system (26). Nonetheless, there are recent studies describ-
ing the presence of CBS in the vasculature. For example,
CBS has been identified in the cerebral arteries of rats (41)
and pulmonary arteries of mice with decreased expression
in a rat model of pulmonary hypertension (42). Although
others examined the stimulatory effects of E2� on H2S
production and CSE expression in the vasculature, the
effects of estrogen on CBS expression were not evaluated
(28, 39, 40).

Because both CBS and CSE proteins are expressed in
UA endothelium and smooth muscle, both may contribute
to basal H2S synthesis. However, basal and ERT-stimu-
lated H2S production is only sensitive to the CBS inhibitor
CHH. There was little or no contribution by CSE because

the combination of CHH with the
CSE inhibitor BCA did not further
inhibit basal or ERT-stimulated H2S
biosynthesis. In keeping with the
findings that ERT only stimulates
CBS, but not CSE expression in UA
endothelium and smooth muscle,
these findings show that CBS is the
major enzymatic pathway for H2S
biosynthesis in UA in response to es-
trogen treatment. Moreover, estro-
gen stimulation of UA H2S biosyn-
thesis seems to be mainly regulated at
the level of gene transcription be-
cause ERT increases the levels of
both CBS mRNA and protein ex-
pression. In addition, ERT treatment
seems to also alter the subcellular lo-
calization of CBS protein in UA en-
dothelial cells from apical surface to
basement membrane, which may con-
tribute to enzyme activation.

Currently, there is a large body of
evidence suggesting that local UA en-
dothelial production of NO via in-
creased expression and activation of
endothelial eNOS contributes to the
dramatic increases in UBF after ex-
ogenous or during endogenous es-
trogen stimulation (10, 16, 17).
However, the E2�-stimulated rises in

UBF in OVX and intact follicular phase nonpregnant
sheep is only inhibited approximately 65% after local
NOS inhibition with L-NAME (16, 17, 43). Thus, addi-
tional mechanisms appear to be involved in or contribute
to E2�-stimulated rises in UBF. In keeping with the potent
vasodilatory (20, 21) and antigenic properties (24) of H2S,
increased H2S production may function as a novel UA
vasodilator, contributing to estrogen-induced uterine va-
sodilation, reflecting its role as the third described member
of the gasotransmitter family after NO and carbon mon-
oxide in the uterine circulation. Indeed, our current find-
ings showing estrogen up-regulation of CBS expression
and enhanced H2S production in UA endothelium and
smooth muscle suggests that the CBS/H2S system has the
potential of a novel pathway contributing to estrogen-
induced vasodilation, although a functional role of a CBS/
H2S pathway in estrogen-induced uterine vasodilatation
requires further investigation.

Previous studies using experimental long-term ERT an-
imal models have shown that estrogen stimulates sus-
tained vasodilation in the uterine and various systemic

Figure 4. CBS and CSE mRNA and protein expression in CA from OVX ewes receiving Veh and
E2� replacement therapy (ERT). Relative mRNA levels of CBS and CSE mRNAs in intact (top, left)
and denuded (top, right) CA. CBS and CSE proteins from intact and denuded CA (bottom). ERT
did not change CBS or CSE expression. Data (mean � SEM) are from 3–5 different ewes/group;
n.s., not statistically different.
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vascular beds, including MA in OVX sheep (1, 3). ERT
also improves circulation and hyporeactivity of MA by
alleviating oxidative stress in a rat portal hypertension
model (44). Furthermore, ERT improves MA relaxation
and decreases wall thickness associated with aging (45)
and attenuates phenylephrine-induced MA contraction in
OVX rats (46). These effects of estrogens are important in
the regulation of blood pressure, blood flow, vascular
tone, vascular remodeling, and stiffness in the UA and
some systemic vascular beds (3, 47–49). Previous studies
also have shown that estrogens promote vascular function
by stimulating the expression of various genes such as
NOS, vascular endothelial growth factor, and prostacy-
clin synthase in different blood vessels (29, 31, 34, 35, 50,
51). Blockade of the eNOS/NO pathway by L-NAME sig-
nificantly reduced estrogen-induced MA relaxation in
rats; however, it does not completely block the E2�-in-
duced relaxation response (52). These studies demon-
strate a similar role for eNOS/NO in estrogen-induced
vasodilatation in UA (16, 17, 43, 53) and MA (52). Our
current study also shows that ERT increases MA expres-
sion of CBS, but not CSE, mRNA and protein expression
in OVX ewes. Thus, the CBS/H2S pathway may contribute
to MA relaxation in response to estrogens as with the UA;
however, unlike the UA, CSE/H2S may also have a role in
the MA because ERT-stimulated UA H2S production was
only inhibited by CHH and ERT-stimulated MA produc-

tion was sensitive to both CHH and
BCA. In contrast, ERT only stimu-
lated CBS but not CSE mRNA/pro-
tein in both UA and MA. This dis-
crepancy between H2S production
and CSE expression in these 2 vas-
cular beds in OVX sheep receiving
ERT are currently unclear. The con-
tribution of CSE to ERT-stimulated
MA H2S production without increased
protein expression is likely related to
its activation via posttranslational
modification(s) such as interaction
with Ca2	/calmodulin (27). In addi-
tion, previous studies have shown a
role of CSE/H2S in dilating resistant
MA in rats (21, 54). Regardless, this
discrepancy suggests different regu-
latory mechanisms responsible for
the expression and activation of CSE
protein, and possibly the functional
role(s) of CSE/H2S, in different vas-
cular beds.

Contrasting to the significantly el-
evated CBS, but not CSE expression

in UA and MA endothelium and smooth muscle, and in-
creased UA H2S production in OVX/ERT ewes, ERT did
not alter CA endothelial and smooth muscle CBS and CSE
expression or H2S production, even though basal CBS/
CSE expression levels are high in the CA. Although the
mechanisms underlying vascular bed-specific expression
of CBS and CSE by ERT are elusive, this may be, at least
in part, associated with regulation of tissue/cell-specific
expression and/or activation of specific estrogen receptors
(ie, ER� and ER�) (37). Nonetheless, our current study
shows that estrogens selectively stimulate H2S biosynthe-
sis in the uterine and other systemic vascular beds. These
findings suggest that differential expression and regula-
tion of the H2S biosynthesis system in different vascular
beds have important implications to comprehend the un-
derstanding of the cardiovascular protective effects of es-
trogens. In contrast, ERT has been shown to not signifi-
cantly affect cerebral blood flow or cognitive function in
postmenopausal women (55), and to be associated with a
decreased common CA intima-media thickness and arte-
rial stiffness, which are thought to be predictors of car-
diovascular diseases in postmenopausal women (56).
However, other studies have shown ERT to promote ce-
rebral blood flow and cognitive function in women over
55 years of age (57) and to reduce age-associated increases
in common CA stiffness (58). In rats, estrogens stimulate
vasorelaxation of UA and MA but not CA (59). However,

Figure 5. Comparisons of the effects of E2� replacement therapy (ERT) on CBS and CSE mRNA
(A) and protein (B) expression in uterine and systemic arteries from OVX ewes. Data (mean �
SEM) were summed from 3–5 different ewes/group. Different letters differ significantly; n.s., no
statistical difference.
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in the OVX sheep model of in which we gave identical ERT
prolonged exposure of E2� (5-�g/kg bolus, followed by 6 �g
kg�1 � d �1 for 10 d), prolonged but not acute, increased
blood flow to many nonreproductive organs, including
the brain, were noted (3). However, H2S dilates cerebral
microvessels, such as cerebral pial arterioles of the new-
born pig (26). Therefore, further assessment of the role of
ERT on CA and cerebral blood flow may be required to
delineate these discrepancies.

Although our current study does not provide the mech-
anism by which estrogens selectively stimulate endothelial
and smooth muscle CBS expression and H2S production in
different vascular beds, it clearly demonstrates that ERT
selectively stimulates CBS mRNA and protein in UA and
MA endothelium and smooth muscle, but not CA, sug-
gesting that CBS is a novel tissue-specific estrogen-
responsive gene in vascular endothelium and smooth mus-
cle. The rat and human CBS promoter is more than 4500
bp and consists of 5 alternative noncoding exons and mul-
tiple putative binding sites for various transcription fac-
tors, including ER, specificity protein 1, activator protein

(AP), -1, and AP-3 (60, 61). The mechanism by which
estrogens stimulates CBS mRNA and protein expression
in the endothelium and smooth muscle of UA and MA is
most likely related to ER-dependent transcription because
these cells express both estrogen receptors ER� and ER�

(32, 37). Alternatively, ligand-bound ERs interact or
“cross talk” with other transcription factors such as Sp1
and AP-1 (62), which may also have a role in estrogen
stimulation of CBS expression.

Altogether, our current data have demonstrated that pro-
longed estrogen replacement treatment selectively stimulate
H2S biosynthesis in the UA, and some (MA) but not other
(CA) systemic vascular beds by up-regulating CBS expres-
sion via transcription in nonpregnant OVX sheep. Due to
the potent vasodilatory effects of H2S, we further postu-
late that increased H2S via enhanced CBS expression plays
a critical role in estrogen-induced uterine vasodilation. In
keeping with the important physiological significance of
estrogens in regulating uterine blood flow during the fol-
licular phase of the ovarian cycle and pregnancy and in
postmenopausal women’s health, further investigations
are warranted to establish a role of CBS-CSE/H2S in es-
trogen-induced uterine and systemic vascular dilation.
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