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ABSTRACT OF THE DISSERTATION 

 
Estrogen and Vascular Hydrogen Sulfide Biosynthesis 

 
By 

 
Thomas Joe Lechuga 

 
Doctor of Philosophy in Biomedical Sciences 

 
 University of California, Irvine, 2015 

 
Professor Dongbao Chen, Chair 

 
 
 

Numerous studies have identified estrogens as a driving force that regulates uterine 

vasodilation during the estrous cycle and pregnancy and by estrogen replacement therapy (ERT).  

Estrogen-induced and pregnancy-associated increases in uterine blood flow (UBF) are mediated 

largely by nitric oxide (NO) production at the uterine artery (UA) endothelium.  However, 

estrogen-induced uterine vasodilation is only inhibited by ~65% with local blockade of NO, 

suggesting other mechanisms play a crucial role in the estrogen-induced uterine vasodilation. 

Hydrogen sulfide (H2S) is a novel vasodilator in mammalian organs and tissues.  

Endogenous H2S is biosynthesized primarily by two enzymes: cystathionine β-synthase (CBS) 

and cystathionine γ-lyase (CSE).  However, to date virtually nothing is known as to whether the 

H2S biosynthesis system exists in the UA and whether this system is regulated by estrogen or 

pregnancy.  

In the present studies we sought out to determine if estradiol-17β (E2β) stimulates UA 

H2S biosynthesis in UA and systemic (mesenteric, MA; and carotid, CA) arteries of nonpregnant 

ovariectomized sheep subjected to ERT in vivo.  We utilized the Methylene blue assay to 

determine H2S production in the lysates of arteries, and qPCR and Western blotting to assess 
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CBS/CSE mRNA and protein.   Immunofluorescence microscopy determined CBS/CSE cellular 

localization.  We found ERT to stimulate H2S production and CBS expression in UA and MA, 

but not CA.  CBS was expressed in UA endothelium and vascular smooth muscle.  Additionally, 

CSE was expressed in all arteries examined but was not influenced by ERT. 

Next, we used the well-established primary UA endothelial cell (UAEC) model, and 

established a novel primarily UA smooth muscle cell (UASMC) model to assess the molecular 

mechanisms by which E2β stimulates H2S production in UA in vitro.  We found that E2β 

stimulated H2S production and upregulated CBS and CSE expression in UAEC and UASMC in 

culture.  Additionally, the ER antagonist ICI 182, 780 inhibited E2β-stimulated H2S biosynthesis 

and CBS/CSE transcription in both cell types.  By using specific antagonists and agonist to 

ERα/β, we also found that both ER isoforms play a role in E2β-stimulated H2S biosynthesis in 

UAEC and UASMC. 

Collectively these data suggest that E2β stimulates UA H2S biosynthesis via ER-

dependent transcription, serving as a novel mechanism in E2β-stimulated vasodilation.
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Chapter One 
 
 
 

Estrogen-induced Uterine Vasodilation   
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Physiology of uterine blood flow 

The uterus is a highly sensitive target for ovarian hormones.  It is a highly vascularized 

organ and essential for the survival and development of the fetus and the process of parturition.  

The uterine vascular bed consists of primary uterine arteries that innervate the uterus as a 

network of uterine microvessels.  These uterine arteries are responsible for supplying and 

regulating uterine blood flow (UBF) in both the nonpregnant and pregnant states.   The uterine 

anatomy, physiology, and vasculature differ between species.  Yet consistent among mammals, 

the maternal vascular remodeling that occurs during pregnancy consists of decreased vascular 

tone, increased vasodilation, and decreased vessel constriction (1-4), characterizing vascular 

resistance and UBF to be based upon vessel activity and reactivity, as well as size.  During 

human pregnancy, primary uterine arteries more than double in size by the 21st week of gestation 

(5), and increase 2-3 fold in other mammals such as sheep, rodents, and guinea pigs (6-9).  This 

increase in size of uterine arteries during normal pregnancy typically occurs with little change in 

the vessel wall thickness (10). 

The uterine artery (UA) is comprised of three distinct cell layers.  The tunica intima is the 

inner most layer of the vessel that comes into contact with components in circulation.  This layer 

contains the endothelial cells highly expressing CD31, and is sustained by the internal elastic 

lamina. The middle layer is known as the tunica media is composed of vascular smooth muscle 

cells that highly express α-actin smooth muscle marker, and is sustained by the external elastic 

lamina.   The tunica adventitia is the outer layer comprised of collagen, connective tissue, and 

fibroblasts (11,12). 

Difference in UBF dynamics during pregnancy among species is in part due to the 

difference in uterine and placental anatomy.  For pregnancy to be sustainable, maternal vascular 
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remodeling must occur to accommodate increased UBF, and placental circulation must become 

established.   In humans, the uterine arteries supply blood to the uterus bidirectionally and the 

uterus is simplex, being that it is a single organ.  Blood flow to the uterus originates from the 

ovaries via the aortic supply and the uterine arteries via the internal iliacs (13).  From the uterine 

arteries, horizontal arteries form across the uterus known as the arcuate arteries.  Smaller radial 

arteries branch from the arcuate arteries and innervate the myometrium of the uterus to form 

basal and spiral microvessels.  In contrast, rodents and guinea pigs have a duplex uterus forming 

two uterine horns.  Arteries run parallel but distinctly outside the uterine horns and originate 

blood from either the ovarian or uterine supply, contributing to bidirectional blood flow.  

Similarly observed in humans, the arcuate- and radial-like arteries innervate the uterus to supply 

blood to the myometrium and placentas during pregnancy (14).  Humans, guinea pigs, and 

rodents undergo hemochorial placentation, where only trophoblast and intravillous endothelium 

cell layers exist for nutrients/gas exchange to pass from mother to fetus.  In contrast, sheep and 

pigs undergo epitheliochorial placentation where nutrients/gas exchange from mother to fetus 

occurs vial maternal and fetal vessels existing in close proximity to each other, resulting in 

approximately 4-6 cells layers for nutrients/gas exchange to pass (15,16).  These resulting factors 

in uterine anatomy and placentation ultimately contribute to the local vascular resistance that 

occurs at the placenta, contributing to overall UBF dynamics between species. 

During the estrous cycle, increased UBF prepares the uterine lining for implantation.  

While during pregnancy, UBF supplies the nutrients and oxygen to the uterus to support and 

maintain pregnancy, where UBF can increase as much as 50-fold (17). Because the uterus is 

highly vascularized and the direct targets of ovarian hormones, the dynamics of increased 

circulating maternal hormones and increased UBF is substantial because insufficient rises in 
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UBF during pregnancy, possibly occurring through ovarian dysfunction (18), can potentially lead 

to intrauterine growth restriction (IUGR) of the developing fetus or result in pregnancy-

associated vascular diseases for the mother, such as preeclampsia (19,20), as determined by 

Doppler ultrasound.  

UBF is substantially altered during different stages of the estrous cycle and pregnancy, 

because estrogen levels increase during the follicular phase of the ovarian cycle and during 

normal healthy pregnancy (21-23).  The coordination of ovarian hormones during stages of the 

estrous cycle directly coordinate with increased blood flow of the uterine vascular beds.  Human 

estrogen levels during the course of the uterine cycle and pregnancy fluctuate, at times quite 

dramatically.  Estrogen levels increase from approximately 210-720 pmol/L during early and late 

follicular phase compared to  ~420 in the luteal phase; while circulating estrogen levels can rise 

to >7000 pmol/L during pregnancy compared to postmenopausal women having levels below 

100 pmol/L (24-26). 

Studies suggest that circulating estradiol-17β (E2β) and estrogen/progesterone (E2β:P4) 

ratios in maternal blood are directly linked to increased UBF during the estrous cycle in sheep 

(21,22,27).  In sheep, UBF increases shortly before the beginning of estrus, followed by 

decreased UBF during the luteal phase of the estrous cycle, followed by further decline if 

pregnancy is not established (21,22), and this is associated with high progesterone and low 

estrogen (21,28).  However, UBF increases with increased circulating estrogens shortly after 

implantation and both dramatically increase throughout the course of pregnancy (22,29,30). 

When pregnancy is established and maintained in the sheep, UBF increases >50 fold 

during the course of pregnancy (17).  By the end of pregnancy, increased UBF accounts for 25% 

of maternal cardiac output compared to 3% observed in nonpregnant counterparts because the 
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percent distribution of cardiac output to the uterus increases from 0.5% in the nonpregnant state 

to 15.7% by late pregnancy (day 130-140, gestation ≈ 145 days) (17,31).  This is also associated 

with an increase in uterine artery diameter, increasing more than 2-fold compared to the 

nonpregnant state (6).  A majority of this increased UBF is directed towards supplying blood to 

the placenta (2), crucial for fetal development. 

The use of microspheres in the 1970’s quickly advanced our understanding of blood flow 

to the vasculature of reproductive and nonproductive sheep organs/tissues.  This technique 

allows accurate measurement of blood flow spatiotemporally in animals.  Cardiac output was 

determined in pregnant sheep of mixed breeds and across gestation.  Cardiac output and heart 

rate increased from 73.7±4.6 ml/min*kg maternal weight and 88.5±10.3 bpm to 148±2.4 

ml/min*kg and 106±4.6 bpm, respectively; mean arterial blood pressure remained unchanged 

during pregnancy.   Perfusion rate of blood flow to nonreproductive tissues increased in late 

pregnant sheep by nearly 2-fold (76.6±6.8 in nopregnant vs. 132.5±3.5ml/min*kg maternal 

weight). (31).   Blood flow to reproductive organs increases dramatically during late pregnancy, 

including in the uterus (23 to 1299 ml/min, >50-fold vs NP), the placenta (30 to 1,500 ml/min, 

>50 fold vs early pregnant), and mammary tissue (10 ml/min to 172 ml/min, >17-fold vs. NP) 

(2,17).  

In early human studies using techniques of catheterization and cannulation, uterine-

placental blood flow was reported to increase from 20-50 ml/min in the nonpregnant state to 

450-800 ml/min (32,33), suggesting ~20-fold increase in UBF in human pregnancy, while others 

have reported that human UBF velocity increases more than 8-fold (5).  Additionally during 

human pregnancy, cardiac output increases ~35% and heart rate increases ~20% (34,35).   
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UBF increases >50 fold in pregnant guinea pigs compared to nonpregnant controls, with 

slight increase in cardiac output, and corresponds to a doubling in uterine artery media area as 

determined by microscopic analysis (7).  UBF is also markedly increased in mice (36), pigs (37), 

and rabbits (38). 

Studies have shown that the uterine vasculature of sheep is highly similar to that in 

women, making it a suitable animal model that is widely used for studying the dynamics of the 

uterine vasculature during pregnancy (39).  Because of this, the majority of this dissertation will 

focus on the sheep model but will compare amongst species when applicable.  The further 

understanding between the regulation of UBF and ovarian hormones led to the establishment of 

in vivo sheep models of estrogen replacement therapy (ERT); the ovaries of the animals are 

surgically removed by ovariectomy, thus the animals are deprived of endogenous ovarian 

hormones.  The effects of acute ERT on UBF physiology have been thoroughly investigated.  

Local (3µg E2β per uterine horn) and systemic (1µg/kg E2β, i.v.) doses deliver the optimal UBF 

responses (40-42) to assess the physiology that E2β treatment has on reproductive and systemic 

vascular beds.  In an acute of model of ERT, nonpregnant ovariectomized sheep treated with a 

bolus injection of 3µg E2β locally at the uterine horn at t=0 min, followed by systemic i.v. of 

1µg/kg E2β at t=120 min, results in UBF increasing from 26±5 to 161±21 ml/min, and decreased 

uterine vascular resistance.  These responses are independent of systemic E2β treatment on 

cardiovascular responses, such as cardiac output, mean arterial pressure, and systemic vascular 

resistance (40).  Additionally, systemic infusion of 1µg/kg E2β increases UBF, as well as blood 

flow to the myometrium, endometrium, and cervix (43). 

 In addition to acute ovine model of ERT, studies have investigated the effects of chronic 

infusion of E2β on UBF in sheep.  Ovariectomized nonpregnant sheep were subjected to 5µg/kg 
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E2β i.v, bolus followed by 5µg/kg for 10 days.  A day post-treatment, E2β dramatically increased 

UBF, similar to that seen in the acute ERT model, >150 ml/min (1,40,44).  At 10 days post-

treatment, UBF remained significantly elevated compared to vehicle-treated controls, but had 

begun to decline.  Chronic infusion of E2β similarly replicated trends of acute ERT of increased 

UBF, decreased uterine and systemic artery vascular resistance, increased cardiac output and left 

mean arterial pressure unchanged (40,41,45).  These studies shed light on the role of estrogens to 

regulate UBF in pregnancy, and additionally provide further understanding of the beneficial 

cardioprotective effects of estrogen on systemic vasculature in postmenopausal women under 

hormone replacement therapy. 

 

Estradiol-17β  and estrogen receptor signaling 

Estrogens play an essential role in regulating cell proliferation and differentiation, thus 

participating in a variety of physiological processes, including those in the reproductive and 

cardiovascular systems (46).  Cardiovascular disease is increasingly abundant in men and 

postmenopausal women than in premenopausal women (47).  Numerous animal and clinical 

studies have shown that estrogens are important for the maintenance of female vascular health 

because of the increased risk of cardiovascular diseases seen in postmenopausal women 

compared to age-matched men (48).  These data have led to the increased use of female hormone 

replacement therapy (HRT) in postmenopausal women in the early 1990’s; however, a series of 

clinical trials, including the Heart and Estrogen/Progestin Replacement Study (HERS), HERSII, 

and the Women’s Health Initiative (WHI), suggested that HRT increased cardiovascular 

complications and other side-effects (49-51).  Although follow-up reevaluation of the data 

suggests that age, dose, duration of treatment, and other factors may have contributed to the lack 
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of protective vascular effects seen from HRT (24,52), HRT has been not recommended for 

postmenopausal women by the American Heart Association.  Nonetheless, experimental studies 

including primates and human cells in vitro have demonstrated that endothelial production of 

nitric oxide (NO) and/or other vasodilators, may be a major mechanism for mediating the 

cardiovascular effects of estrogens (24,53-55). To date, the protective role of estrogens in the 

cardiovascular system has not been fully understood. 

E2β is the most drastically studied estrogens because it elicits the greatest biological 

response.  Other forms of metabolized estrogens exist, including estrone (E1) and estriol (E3); 

however, these metabolites have low activity and elicit a much lower biological response (56).  

Circulating E1 levels are highest in postmenoupausal women but retain low estrogenic activity 

(57).  Additionally, estetrol (E4) exists at elevated levels during pregnancy and is highly 

produced by the fetal liver, but remains to have low estrogenic activity (58).  The inactive form 

of E2β, estradiol-17α (E2α) exists but elicits nearly no estrogenic activity to stimulate biological 

functions, and differs only by its stereochemistry (59).   

 Biological actions that estrogens elicit are primarily mediated by estrogen receptors (ER), 

which are members of the nuclear receptor (NR) superfamily.  There are two ER isoforms that 

have been identified in humans: ERα (NR3A1) and ERβ (NR3A2) (60,61).  In human, ERα and 

ERβ are expressed from genes located on chromosome 6 at the 6q25 locus and chromosome 14 

at the 14q23.2 locus, respectively.  Like other members in the NR3A superfamily, ERα and ERβ 

contain conserved structural and functional domains (domains A-F), DNA-binding domain 

(domain C), and c-terminal domain (domains E and F) (62,63).  Other members of the NR 

superfamily include estrogen related receptors (ERR-α, β, and γ), and it is suggested that this 
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subfamily of orphan nuclear receptors may elicit estrogenic responses because share target 

genes, ligand binding sites, and structural and functional domains to those of ERα and ERβ (64). 

 Identification of ERα and ERβ has further lead to the discovery of multiple isoforms or 

spiced variants of each.  Full length ERα is 595 amino acids in length with a molecular mass of 

66 kDa, encoded by the ERS1 gene (65).  The ESR1 gene has 8 exons and can be transcribed at 

multiple promoter sites resulting in ERα mRNA isoforms with distinct 5’-untranslated regions 

(65,66). ERα46 and ERα36 are two well-described isoforms both lacking exon one, resulting in 

these isoforms having altered mechanisms of action (67).  Full length ERβ protein (also named 

ERβ1) is predicted to be 530 amino acids in length with a molecular mass of 59.2 kDa, encoded 

by the ERS2 gene (68).  The ERS2 gene also encodes a variant ERβ2 in 495 amino acids in 

length with a molecular mass of 55.2 kDa (69); this variant lacks the two untranslated exons in 

the 5`- and 3’- regions of the ERS2 gene (68).  ERα and ERβ have 97% homology for the DNA 

binding domains but only 60% for ligand binding domains, suggesting that they may play similar 

or different roles in various cell signaling pathways (56).     

 The use of pharmacological agents has allowed for sufficient identification of ERs in 

various biological processes and signaling pathways.   The synthesis of a highly antagonizing 

anti-estrogenic compound, ICI 182, 780, has led to the efficient blockade of ERs (70).  This 

compound has the highest affinity for binding to and antagonizing both ERα and ERβ, allowing 

for full antagonizing of ER in in vitro and in vivo experiments to determine the role of ER in 

various pathways.  After the discovery of the second ER isoform, it became necessary for 

identification of specific antagonists for each isoform, MPP for ERα (71) and PHTPP for ERβ 

(72), for the characterization of each isoform in specific pathways.  Additionally highly selective 

agonists for ER isoforms have been established for ERα and ERβ, PPT (73) and DPN (74), 
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respectively.  These pharmacologic agents are extremely beneficial in understanding the role of 

ERs in various pathways because with only ~60% DNA binding homology (56), these ER 

isoforms are likely to play different roles in various pathways, as they have been shown to 

differently play roles in proliferation of uterine artery endothelial cells grown in culture (75). 

 ERs are steroid transcription factors that can stimulate gene transcription of various genes 

resulting in the activation of many biological pathways.  In the classical signaling of ER, upon 

binding to ligands, ERs can bind directly to estrogen-responsive elements (ERE) in the 

promoters of genes to initiate gene transcription (76).  The putative binding of ER to ERE in the 

promoters of genes is a specific consensus sequence of 5’-GGTCAnnnTGACC-3’ (76).  Upon 

binding to or prior to, ER can interact with other transcription factors such as AP-1 and Sp1 in a 

process referred to as transcription factor crosstalk to initiate gene transcription (77-80).  

Alternatively, ERs can activate gene promoters lacking EREs but containing AP-1 and Sp1 sites, 

likely through interactions with these specific transcription factors (81).  Lastly, ER signaling 

can occur through rapid nongenomic mechanisms via membrane bound estrogen receptor, G-

protein coupled ER (GPER) (82).  This occurs via activation of downstream cascades, such as 

mitogen-activated protein kinase (MAPK) and protein kinase C pathways (83).  Recently, it is 

been suggested that microRNAs may also regulate and interact with ERs in cell signaling 

pathways (84), but further investigation is required to delineate these pathways. 

 Previous studies have shown that tissue and cells are targets of estrogens because they 

express ERs (65).  The expression of ERs have been identified in freshly isolated uterine samples 

of multiple species including guinea pig (85), human (86), rhesus monkey (87), and rats (88).   

The expression of ERα and ERβ has been extensively studied in sheep both in vivo and in vitro 

(89,90).  ERα and ERβ expression has been identified in pregnant UA endothelial and smooth 
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muscle cells (89), as well as in the ovary (90).  Upon isolation and culturing of uterine artery 

endothelial cells (UAEC), ERα and ERβ1/2 expression are retained similar to that of freshly 

isolated UA and UA endothelium (90).  Additionally ERα and ERβ are expressed in other 

reproductive arteries including the mammary and placenta with increased expression in pregnant 

versus nonpregnant sheep, with none to minimal expression changes found in nonreproductive 

arteries from the same sheep (89). 

 

 
Figure 1.1 Estrogen regulation of gene expression through genomic and nongenomic 
pathways.  In the classical signaling of estrogens, estrogen receptors dimerize directly to ligands 
(E2β) and then bind to estrogen response elements (ERE) upstream from transcriptional start 
sites of genes in the promoters to induce gene transcription.  Alternatively, upon ligand binding, 
estrogen receptors interact with other transcription factors (TF) such as AP-1 and Sp-1 through a 
process referred to as transcription factor cross-talk to initiate transcription.  For ligand-
independent genomic actions, protein-kinase cascades can lead to the phosphorylation (P) and 
activation of nuclear estrogen receptors at EREs. Additionally for nongenomic actions, activated 
membrane-bound estrogen receptor complexes, G-protein coupled ER, GPER/GPR30) can 
activate protein-kinase cascades, leading to altered functions of proteins in the cytoplasm, such 
as activation of eNOS, or to regulation of gene expression through phosphorylation and 
activation of other TF in the promoter of genes.   
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In humans, ERα and ERβ are expressed in the vascular smooth muscle of 

nonreproductive vessels from pre- and postmenopausal women, including the iliac artery, 

coronary artery, aorta, varicose saphenous vein (91), and remained higher compared to age-

matched male controls.  With ERβ expression levels high in all tissue reported regardless of 

age/menopause status, ERβ is likely to play a role in the protective effects of estrogens in the 

cardiovascular system.  Additionally ERs are expressed in human mammary artery smooth 

muscle cells (54).  In contrast, rat ERα expression appears more abundant in the uterus; ERβ is 

also increasingly expressed in the uterus as well as in the aorta and tail artery (92).  The 

expression of these ERs in both reproductive and nonreproductive vessels, regardless of 

variability across species, suggests a functional role for estrogens in the vasculature.  In mice, 

ERβ appears to act as a key mediators of UBF and hypertension (93), while ERα mediates in the 

protective effects of E2β as protection from vascular injury (94,95) and atherosclerosis (96).   

Contrary to nuclear ER, GPER is expressed in rat aortic endothelial cells, but nuclear ER 

drives E2β stimulated endothelial function in these cells (97).  Yet, GPER drives E2β stimulated 

cAMP/PKA signaling in porcine coronary arteries (98).  Additionally, GPER regulates E2β-

stimulated vasorelaxation of rat mesenteric arteries via NO and cAMP signaling (99).  

Additionally GPER drive E2β signaling in human cerebral vascular endothelial cells and may 

play a role in cerebral aneurysm pathogenesis (100).  Linking expression profiles of ERs is 

essential for understanding vascular function and dysfunction in normal and pathological 

processes. 
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Mechanisms mediating estrogen-stimulated uterine vasodilation 

 The sheep model for studying UBF and vasodilation is highly regarded because the sheep 

uterine vasculature highly resembles that seen in women (39).  Previous studies have showing 

that treatment of E2β to the nonpregnant ovariectomized ERT sheep model dramatically 

increases UBF and closely mimics systemic blood flows and cardiovascular responses seen 

during pregnancy (40-42).  Many mechanistic studies in vivo and in vitro have investigated the 

mechanisms underlying E2β-stimulated rise in UBF. 

 It was soon discovered that E2β-stimulated and pregnancy-associated rises in UBF are the 

direct effects of estrogen receptors (ER).  Intact nonpregnant sheep pretreated with 0.1-3 µg/min 

of ER antagonist ICI 182, 780 into one uterine artery for 10 minutes before bolus i.v. treatment 

with 1 µg/kg E2β markedly reduced UBF by ~60%; the trends were similarly observed in UA 

from follicular phase and late pregnant sheep that were subjected to ICI 182,780 treatment (29). 

Consistent with these findings, E2β stimulates UBF via ER-dependent mechanism in other 

species such as rabbits, guinea pigs, cows, and rodents (7,21,101,102), because treatment with 

ER inhibitors blocked E2β-stimulated rises in UBF and/or vasodilation.  Consistent with these 

finding, pregnancy-associated rises in UBF, as well as those seen in sheep of the follicular phase 

of the ovarian cycle, are also markedly reduced by local in fusion of ICI 182, 780.  Additionally, 

ERs play a direct role in E2β stimulated vasodilation in other vascular beds, including pig 

(103,104), rabbit (105), human (106) coronary arteries.  These findings suggest that E2β-

stimulated rises in UBF involves one or more ER-dependent mechanisms.  This is supported by 

the expression of different ER subtypes and their isoforms in UA endothelial cells and smooth 

muscle cells (89,90), and the notion that different estrogens including estrone, estradiol-17α, and 

estriol provoke various stimulated rises in UBF (107). 
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 After the discovery implicating E2β as a key regulator of UA vasodilation as determined 

by rises in UBF, studies were conducted to identify key vasodilators in this phenomenon (108).  

Pharmacological studies using inhibitors of RNA synthesis upon ERT suggested that new protein 

synthesis is involved in E2β-stimulated rises in UBF (101,109).  Many studies identified NO as 

the primary endothelial-derived vasodilator mediating E2β-simulated vasodilation (110,111).  

NO is a potent endothelial derived vasodilator and regulator of angiogenesis (112,113).  

Endogenous vascular NO is biosynthesized primarily by endothelial nitric oxide synthase 

(eNOS) via metabolism of L-arginine.  Endothelium-derived NO can freely diffuse out of 

endothelial cells to act directly on adjacent smooth muscle cells to activate soluble guanylyl 

cyclase (sGC) to produce cyclic GMP (cGMP), ultimately affecting the actin-myosin cross-

bridges to stimulate smooth muscle vasorelaxation (114).  This occurs in UA (102,110) and 

various systemic vascular beds (28).  Alternatively, NO directly activates calcium-dependent 

potassium channels on smooth muscle cells to stimulate vasodilation (115).  

One of the first discoveries linking the role of eNOS to E2β-stimulated vasodilation 

physiologically showed that NOS inhibitor, L-NAME, significantly blocked E2β-stimulated rises 

in UBF in a dose dependent manner with a maximal response with 10 mg/ml L-NAME that 

dramatically decreased E2β-stimulated rise in UBF in nonpregnant ovariectomized sheep treated 

with 1µg/kg E2β by nearly 70% (110).  Consistent with these findings, acute ERT in nonpregnant 

ovariectomized sheep stimulated increase in UBF (130±16 ml/min compared to 14.8±3.2 ml/min 

in vehicle treated sheep) in 120 min; however, pretreatment with L-NAME (2.1 mg/ml) reduced 

E2β-stimulated UBF by >50%, and completely blocked E2β-stimulated UA cGMP secretion 

(110).   Consistent with these findings, others have demonstrated E2β-stimulated (111,116-118) 

and pregnancy-associated (119) rises in UBF are greatly associated with upregulation of eNOS 
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in UA endothelium.  Additionally, prolonged (10 days) E2β or E2β+P4 significantly stimulates 

eNOS protein in sheep UA endothelium (28,120).  In addition, UA endothelial eNOS mRNA and 

protein as well as plasma NO levels are also significantly greater during pregnancy in association 

with high blood estrogen levels (121).  Mechanistically, E2β-stimulated NO production regulates 

vasodilation in part via activation of calcium-activated potassium channels and activation of 

guanylyl cyclase (122).  Collectively, these studies demonstrate that eNOS/NO levels are largely 

increased during stages when E2β levels are high, such as during pregnancy and ERT. 

Identification of estrogen-stimulated endothelial derived vasodilators, such as eNOS/NO, 

using in vivo sheep models has led to the establishment of primary uterine artery endothelial cell 

(UAEC) model from nonpregnant and late pregnant ewes, as an in vitro model for studying the 

mechanisms underlying E2β-stimulated and pregnancy-associated uterine vasodilation.  At 

passage 4, these cells retain high expression of proteins characteristic to endothelial cells, 

including eNOS, cyclooxygenase-1, PGI2 synthase, and AII type 1 receptor (123).  Additionally, 

UAEC are a suitable model for assessing additional mechanisms of E2β-stimulated vasodilation 

because these cells retain high levels of both ERα and ERβ expression in culture (90).  These 

cell lines and other primary cells lines have led to further understanding of cellular mechanisms 

involved in E2β-stimulated and pregnancy-associated uterine and systemic vasodilation. 

The use of UAEC has assisted in the understanding of rapid activation of eNOS and NO 

production upon stimulation with E2β.  Estrogen can activate membrane bound ER or cytosolic 

ER, sufficiently enough to stimulate eNOS activation and NO production in UAEC (124).  This 

is likely mediated by a MAPK-mediated eNOS activation pathway via membrane ERα in UAEC 

(125).  Additionally, activation of ERK1/2 leads to the activation of eNOS in UAEC (123,124), 

sheep aortic (126) and human umbilical vein (127) endothelial cells.  Furthermore ERK1/2 
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activation occurs in freshly isolated UA endothelium in pregnant sheep and is retained when 

UAEC are cultured (128).  Additionally, E2β rapidly stimulates protein S-nitrosylation (SNO), a 

mechanism for NO to directly regulate protein function, which is mediated by ERs (129,130).  

These studies suggest that E2β-stimulated and pregnancy-associated vasodilation occurs not only 

via classical genomic mechanisms but also via rapid non-genomic membrane bound pathways 

involving MAPK pathways and S-nitrosylation. 

Caveolin-1 is a scaffolding protein that is highly expressed in endothelial cells and 

compartmentalized near the plasma membrane (131), and was previously reported to regulate 

eNOS/NO in UAEC (132).   Prolonged E2β or E2β+P4 treatments significantly upregulate UA 

endothelial eNOS and down-regulate caveolin-1 protein expression in UA endothelium and 

smooth muscle cells, suggesting an additional mechanism in E2β-stimulated vasodilation (133).  

These findings are consistent with in vitro experiments showing that E2β treatment inversely 

regulated caveolin-1 expression when eNOS was upregulated in UAEC (133), suggesting that 

caveolin-1 plays a role in reducing eNOS activity.  Additionally, caveolin-1 plays a critical role 

in vascular endothelial growth factor (VEGF) induced ERK1/2 activation in fetoplacental artery 

endothelial cells (134).  These data suggest another component of E2β-stimulated eNOS in UA 

vasodilation involves caveolin-1. 

The endothelium clearly plays a crucial role in E2β-stimulated vasodilation; however, 

endothelium-independent mechanisms, involving vascular smooth muscle, also appear to play a 

critical role in E2β-stimulated vasodilation.  This includes E2β-stimulated activation of smooth 

muscle calcium-activated potassium channels (122,135,136), increases in cGMP production 

(103), and cell membrane hyperpolarization (104), and endothelial independent vasorelaxation 

(105,106).  Additionally, myogenic tone contributes to UBF  during pregnancy (137,138).  Taken 
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together, E2β regulated vasodilation occurs via multiple mechanisms, yet additional mechanisms 

likely contribute to this phenomenon.  

 

Hydrogen sulfide and its biosynthesizing enzymes  

 Classically, NO and carbon monoxide (CO) have been named in the family of 

gasotransmitters because both NO and CO have been indicated as neurotransmitters in the brain, 

playing a role in multiple pathways (139-142).  These gaseous molecules have been previously 

described to be endothelium-derived vasodilators and pro-angiogenic factors that are 

endogenously synthesized in various mammalian tissues and cells (112,113,143).  Recently, 

hydrogen sulfide (H2S) has been added to this family of gasotransmitters because it too has been 

described to be a potent neurotransmitter, vasodilator, and pro-angiogenic factor in various 

mammalian tissues (144-146). 

 As in the case of NO and CO, H2S is endogenously biosynthesized in various tissue and 

cells types.  H2S is primarily synthesized by two pyridoxal 5’-phosphate (PLP) dependent 

enzymes, cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE), via conversion of L-

cysteine (145,147,148).  To a lesser extent, H2S can be generated by 3-mercaptopyruvate 

sulfurtransferase (3MST) and cysteine aminotransferase (CAT) (149).  Endogenous H2S is 

generated in tissue by CBS condensing homocysteine with serine to generate cystathionine.  CSE 

then hydrolyzes cystathionine into L-cysteine, α-ketobutyrate, and ammonium.  CBS and/or CSE 

can then catalyze L-cysteine to generate H2S.  Alternatively, CSE catalyzes the elimination 

reaction of cystine into L-cysteine, at which point CBS and/or CSE can catalyze L-cysteine to 

also generate H2S (150,151).   In some tissues CBS and CSE are both needed for generation of 
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H2S, whereas in others one enzyme is sufficient (114,150). Therefore, the expression of CBS 

and/or CSE is tissue and cell specific. 

Although CSE is closely associated with vasculature tissue (148) and CBS with neuronal 

tissue (147), the expression of both these enzymes has been identified in a variety of normal and 

pathological human and other mammalian cells types (152).  CBS and CSE are both expressed in 

human tissues.  CBS is transcribed from a gene located on chromosome 21 at 21q22.3 and is 

predicted to be 552 amino acids in length with a molecular mass of 63 kDa (153-155).  The CBS 

promoter is >4k bp and encodes five distinct 5’ non-coding exons (155), containing putative 

binding sites for ER, as well as other transcription factors including Sp1, Sp3, and AP-1 

(152,154).  CSE is transcribed from a gene located on chromosome 1 at 1q31.1 and is predicted 

to be 405 amino acids in length with a molecular mass of 45 kDa (152).  The CSE promoter is 

>1.5k bp and contains ER, Sp1 and AP-1 transcription factor binding sites (152,156).  Both CBS 

and CSE are regulated at both the transcriptional and post-translational levels (152,153). 

 Since its discovery as a novel gasotransmitter, numerous studies have investigated the 

angiogenic properties of H2S.  Angiogenesis is the formation of new vessels to the existing 

vasculature (157), which can be stimulated by various growth factors including vascular 

endothelial growth factor (VEGF) (158).  NO (159) and CO (160) have been identified to be 

proangiogenic factors.  H2S has been shown to induce cell growth and proliferation, promote 

tube formation, and stimulate cell migration (161).  H2S has been shown to simulate 

angiogenesis in various vascular beds via KATP channels and ERK1/2 pathways (146,162,163), 

and requires Akt phosphorylation (161).  Consistent with these findings, H2S promotes 

angiogenesis in vitro and in vivo, which is mediated by activation of KATP channels and the 

protein kinase Akt in various endothelial cells (164-166).  Additionally, evidence suggests that 
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NO and H2S are both required for angiogenesis to occur in mouse cerebral microvascular 

endothelial cells (167).  However, additional studies are required to further understand the 

relationship between NO and H2S in angiogenesis. 

In addition to a proangiogenic factor, H2S is a potent vasodilator.  Since CBS and CSE 

expression is highly tissue and cell specific, their expression patterns give insight into the 

function roles of H2S.  In newborn pigs, CSE primarily resides in the microvessels and CBS is 

expressed in neuronal cells (147). CSE is also expressed in mouse and rat aortic endothelium 

(148,168).   H2S induces vasorelaxation greatly through endothelium-dependent mechanism.  

H2S stimulates vasodilation by acting on KATP channels on the surface of smooth muscle cells 

(169).  H2S has been shown to relax rat aortic vessels by activation of KATP channels because this 

is prevented by a KATP channel inhibitor, glibenclamide (168).  Activation of KATP channels is 

critical for H2S-induced effects in smooth muscle (170) and insulin secreting cells (171).   It is 

also suggested that H2S may have the greatest vasodilatory effect in smaller arteries compared to 

larger arteries (172), but additional data is required to confirm this notion.  Additionally, H2S has 

the potential to regulate all biological pathways since it can regulate proteins by sulfhydration, 

thus protein functions such as these relate to vasodilatory effects in target cells (173-176). 

H2S also stimulates vasorelaxation via endothelium-independent mechanisms.  The role 

of H2S in smooth muscle cell phenotype and function has been previously investigated.  

Exogenous and endogenous H2S has been shown to induce apoptosis and inhibit proliferation in 

human and rat aortic smooth muscle cells in vitro via activation of MAPK pathways (177-179).  

Additionally H2S stimulates KATP channels on the surface of smooth muscle cells resulting in 

vessel relaxation (170).  E2β treatments markedly reduce mesenteric smooth muscle cell 

proliferation, viability, and expression of cell cycle protein Cyclin D1; these effects are reversed 
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in smooth muscle cells of CSE-knockout mice (180), suggesting a relationship between H2S and 

estrogen in smooth muscle cell function. 

Recent evidence suggests that estrogens may play a role in mediating the actions of CBS 

and CSE.   Exogenous E2β stimulates CSE activity in human umbilical vein endothelial cells in 

vitro (181).  The expression and role of ERα and ERβ in E2β-regulated vasodilation varies in 

different vascular beds of various mammals.  For example, H2S stimulates ERα, but not ERβ, 

expression in mouse aortic smooth muscle cells (180). Additionally, estrogen stimulates 

vasodilation of mouse femoral arteries and rat aorta via ER signaling (181).  The role of 

estrogens in H2S signaling requires further investigation.  
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Figure 1.2 Hydrogen sulfide biosynthesizing pathways. Endogenous hydrogen sulfide 
biosynthesis occurs via two main pathways in mammalian cells.  CBS condenses homocysteine 
with serine to generate cystathionine.  CSE hydrolyzes cystathionine into L-cysteine, α-
ketobutyrate and ammonium.  CBS and/or CSE can then catalyze L-cysteine to generate H2S.  
Additionally, CSE catalyzes the elimination reaction of cystine into L-cysteine, at which point 
CBS and/or CSE can catalyze L-cysteine to generate H2S.  Alternatively, CAT/ATT can generate 
H2S and part of this pathway takes place in the mitochondrion. CSE, cystathionine γ-lyase;  CBS, 
cystathionine β-synthase; 3MST, 3-mercaptopyruvate sulfurtransferase; H2S, hydrogen sulfide; 
CAT, cysteine aminotransferase; AAT, aspartate aminotransferase. 
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 H2S and its biosynthesizing enzymes are likely to play a role in the vasculature during 

pregnancy.  Both CSE and CBS are expressed in pregnant rodent and human reproductive tissues 

including fetal membranes and placental tissues (182). In addition, recent studies also have 

shown that CSE is expressed in uterine myocytes, leading to reduced H2S production during 

labor (183).  Moreover, CSE expression is decreased in human placentas from preeclamptic vs. 

normotensive pregnancies (184) and H2S seems to play a critical role in the pathogenesis of 

preeclampsia as dysregulation of CSE leads to placental abnormality and maternal hypertension 

(185).   

As aforementioned, the use of in vivo and in vitro sheep models has been crucial for the 

understanding of E2β-simulated and pregnancy-associated rises in UBF and the underlying 

mechanisms.  It is clear that E2β-stimulated and pregnancy-associated rises in UBF are mediated 

by ERs and endothelium/NO is important for E2β-stimulated rise in UBF.  However, inhibition 

of NO by the NOS inhibitor L-NAME blocks E2β-stimulated rises in UBF by only ~65% (110).  

This suggests that additional mechanism contribute to E2β-stimulated rises in UBF.  Although 

the CBS/CSE-H2S system has been shown to be important in female pregnancy such as placental 

development and function as a placental vasodilator (184), currently it is unknown if this system 

exist in the uterine vasculature and whether it is regulated by estrogens and pregnancy.  Needless 

to mention, it has never been questioned if this vasodilatory system has a role in estrogen-

induced and pregnancy-associated uterine vasodilation.  Therefore, the work presented herein 

investigates additional mechanisms in which E2β stimulates UBF, suggesting that E2β stimulates 

H2S biosynthesis to regulate UBF during pregnancy and ERT via ER-dependent pathways. 
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Estrogen Replacement Therapy in Ovariectomized 
Nonpregnant Ewes Stimulates Uterine Artery Hydrogen 

Sulfide Biosynthesis by Selectively Up-regulating 
Cystathionine β-synthase Expression in vivo  
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INTRODUCTION 

Estrogens are potent vasodilators that cause blood flow to rise in selected organs 

throughout the body with the greatest response occurring in reproductive tissues, especially the 

uterus (17,40,43,44).  In ovariectomized (OVX) nonpregnant ewes, daily estradiol-17β (E2β) 

treatment increases basal uterine blood flow (UBF) 30–40% over 6–7 days.  This increase in 

UBF occurs with increases in cardiac output and heart rate, while mean arterial pressure remains 

unchanged (17,40,44) and is associated with responses to vasoconstrictors (1,186).  In addition, 

acute E2β exposure provokes an even more robust rise in UBF, up to 10-fold, within 90–120 min 

after a bolus intravenous injection of 1 µg/kg E2β (1,29,40,41,44).  The vasodilatory effect of 

estrogen is of major physiological significance because: 1) circulating estrogen levels are 

significantly elevated during the follicular phase of the ovarian cycle and pregnancy to cause 

UBF to rise (30,187); 2) during pregnancy rise in UBF provides all the support for fetal 

development and survival (17,45,188); and 3) insufficient rise in UBF during pregnancy results 

in intrauterine growth restriction (13), preeclampsia (189), and lower levels of many forms of 

estrogen (190). This insufficient rise in UBF increases the risk of infant mortality and morbidity, 

is a significant contributor to maternal mortality, and increase susceptibility to cardiovascular 

and other diseases for both mother and neonate later in life (13,188).  

Enhanced NO production, via endothelial NO synthase (eNOS) in uterine artery (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 vasodilatation in animals 

(110,111).  However, blockade of UA NO production by L-NAME only inhibits ~65% the E2β-

induced UBF response in ovariectomized nonpregnant (110,111) and ovary intact follicular 
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phase (187) 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 (110), supporting the notion that other components are involved. 

Hydrogen sulfide (H2S) has long been known to be a toxic gas at high doses.  However, 

since the original discovery of its physiological action in the brain in 1996 (191), it has 

demonstrated that H2S possesses homologous biological and physiological functions to other 

“gasotransmitter” molecules, such as NO and carbon monoxide (114).  H2S potently relaxes rat 

aortic vessels by activating KATP channels, which is confirmed by inhibition with the KATP 

channel blocker glibenclamide (168,170).  Akin to NO, exogenous and endogenous H2S 

promotes angiogenesis in vitro and in vivo through activation of KATP channels, protein kinase 

B/Akt in endothelial cells (146,161,165), and interactions with NO signaling through eNOS 

activation in endothelial cells (146). 

Endogenous H2S is primarily synthesized by cystathionine β-synthase (CBS) and 

cystathionine γ-lyase (CSE) (147,148,170).  Both enzymes produce H2S from L-cysteine: CBS 

via a β-replacement reaction with a variety of thiols and CSE by disulfide elimination followed 

by reaction with various thiols (24, 26). Because of the potent vasodilatory effects of H2S in 

many other vascular beds (146-148,192), it is highly likely that H2S also may have a critical role 

in the uterine circulation.  A recent report has suggested that subcutaneous estrogen replacement 

therapy (ERT, 30 µg E2β·-1kg·-1day) for 12 weeks in ovariectomized rats resulted in enhanced 

endogenous H2S production via CSE upregulation in the myocardium, which may provide a new 

avenue for the cardiovascular protective effects of estrogens (193).  However, whether the H2S 
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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 

uterine and systemic mesentery and carotid arteries (MA and CA, respectively) to test a 

hypothesis that ERT selectively stimulates H2S biosynthesis in UA and some systemic arteries.  

 

RESULTS 

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

Since endogenous H2S is mainly synthesized by CBS and CSE (147,170), we determined 

if ERT stimulates ovine UA CBS and CSE expression.  Real-time qPCR analysis showed that the 

mRNA levels of CBS in intact and denuded UA of OVX/ERT ewes were 5.04 ± 1.0 and 5.60 ± 

0.9 fold greater (P < 0.01), respectively, than that of OVX/Veh ewes.  CSE mRNA levels in 

intact and denuded UA from OVX/ERT and OVX/Veh ewes (Fig. 2.1a) 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 (P < 0.01) and 4.67 ± 0.1 fold greater (P < 

0.001), respectively, than that of OVX/Veh ewes. CSE protein levels in both intact and denuded 

UA did not differ (Fig. 2.1b). 
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Figure 2.1.  In vivo effects of ERT on UA CBS/CSE mRNA/protein.  CBS and CSE mRNA 
and protein expression in uterine arteries (UA) from ovariectomized (OVX) ewes receiving 
vehicle (Veh) and estradiol-17β 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<0.01; 
*** P<0.001 compared to Veh. 
 

 



 28 

Localization of CBS and CSE proteins in UA 

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

immunofluorescence microscopy.  CBS and CSE proteins appeared to be co-expressed with 

CD31 in endothelial cells, but they did not co-exist within the same subcellular location inside 

these cells in OVX ewes.  In OVX/Veh ewes, CBS and CSE were associated with the apical 

surface and CD31 were mainly seen at the basement membrane. Weak green fluorescence 

labeling 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 (P < 0.05) and 3.3 ± 0.3 fold greater (P < 0.01), respectively, than that of 

OVX/Veh ewes (Fig. 2.2).  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 endothelial and smooth muscle cells in 

both OVX/Veh OVX/ERT ewes, the green fluorescence intensities did not differ between the 

groups. 
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Figure 2.2.  UA endo vs. SM CBS/CSE proteins by ERT.  Immunofluorescence localization of 
CBS and CSE protein in UA from OVX ewes receiving vehicle (Veh) and estradiol-17β 
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; no positive 
staining was detected on these slides.  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<0.05; ** P<0.01.  Scale bar = 50 um. 
 

 



 30 

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

In order to determine if 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 (P < 0.01) and 5.37 ± 1.4 fold greater (P < 0.05), respectively, 

than that of OVX/Veh ewes.  The mRNA levels of CSE did not differ in either intact or denuded 

MA of OVX/ERT verses OVX/Veh ewes (Fig. 3a).  Similarly, the levels of CBS protein in intact 

and denuded MA of OVX/ERT ewes were 3.05 ± 0.3 (P < 0.01) and 6.15 ± 0.2 fold greater (P < 

0.001), respectively, than that of OVX/Veh ewes.  The protein levels of CSE did not differ (P > 

0.05) in either intact or denuded MA of OVX/ERT vs. OVX/Veh ewes (Fig. 2.3b). 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 (Fig. 2.4).   In comparison of 

these three vascular beds, ERT seemed to be more potent in stimulating CBS mRNA in UA vs. 

MA, but less effective in stimulating CBS protein in UA than MA. These differences, however, 

did not reach statistical significance (Fig. 2.5a & 2.5b).  
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Figure 2.3.  In vivo effects of ERT on MA CBS/CSE mRNA/protein. CBS and CSE mRNA 
and protein expression in mesentery artery (MA) from OVX ewes receiving vehicle (Veh) and 
estradiol-17β 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<0.05; ** 
P<0.01; *** P<0.001. 
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Figure 2.4.  In vivo effects of ERT on CA CBS/CSE mRNA/protein.  CBS and CSE mRNA 
and protein expression in carotid artery (CA) from OVX ewes receiving vehicle (Veh) and 
estradiol-17β 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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Figure 2.5.  Artery comparisons of CBS/CSE Expression by ERT.  Comparisons of the 
effects of estradiol-17β 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. 
 

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

H2S production (nmole h-1 µg protein-1) by protein lysates of intact UA from OVX/ERT 

ewes (156 ± 9) was ~3-fold greater (P <0.001) than that of OVX/Veh (54 ± 7; Fig. 6a) ewes.  

Treatment with the specific CBS inhibitor CHH, but not the specific CSE inhibitor BCA, 

inhibited H2S production in intact UA lysates from OVX/ERT ewes (P<0.001), reducing H2S 
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production to levels in OVX/Veh ewes. Co-incubation with CHH and BCA also blocked the 

ERT-stimulated UA H2S production; but this did not differ from CHH alone (Fig. 6a). 

In the systemic arteries, H2S production by protein lysates of intact MA from OVX/ERT 

ewes (153 ± 4) was 2-fold greater (P < 0.001) compared to OVX/Veh ewes (70 ± 7; Fig. 6b).  

Pretreatment with either CHH or BCA alone and their combination inhibited ERT-stimulated 

H2S production in MA (Fig. 2.6b).  Consistent with no effects of ERT on CBS/CSE expression 

in CA, ERT also did not stimulate CA H2S production (Fig. 2.6c).  

Treatment with CHH or its combination with BCA, but not BCA alone, also reduced 

basal H2S production in lysates of UA and MA from OVX/Veh ewes (P < 0.05). However, basal 

CA H2S production was only inhibited by the combination of CHH and BCA. 

 

ERT upregulates nuclear transcription factor expression in intact UA.  

To determine if in vivo ERT upregulates TF expression in UA, nuclear extracts were 

isolated from vehicle-treated and ERT-treated intact UA.  Nuclear extracts were subjected to a 

transcription factor array to identify relative expression of over 96 different TF.  Of the 96 that 

we assess, 25 TF in the ERT UA had an average fold upregulation more than 2-fold compared to 

vehicle (Fig, 2.7). 
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Figure 2.6.  Artery comparisons of H2S production by ERT.  Effects of estradiol-17β 
replacement therapy (ERT) on H2S production in uterine (a), mesentery (b), and carotid (c) 
arteries from OVX ewes.  Proteins from OVX ewes were used to measure H2S production in the 
presence or absence of the specific inhibitors of CBS (CHH), CSE (BCA), or their combination.   
Data (mean ± SEM) are from 3 different ewes per group. *** P<0.001; bars with different letters 
differ significantly; n.s., not statistically different. 
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Figure 2.7.  ERT upregulates UA transcription factor expression.  Transcription factor array 
identified twenty-five TF that are upregulated >2 fold in UA of ERT-treated sheep compared to 
those of vehicle treated sheep, including ER and AP-1. 
 

 

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 nonpregnant OVX sheep ERT 

models that have previously been used to assess the effects of estrogen on other vascular 

modulators, including eNOS (28,89,116,133).  We observed that: 1) CBS and CSE mRNA and 

protein are highly expressed in UA; 2) ERT stimulates CBS expression, but not CSE, reflected 

by increases in both mRNA and protein; 3) ERT stimulates CBS, but not CSE, expression in UA 

endothelium and smooth muscle by immunohistological 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-
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stimulated 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 biosynthesis by selectively upregulating 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 E2β (40,44). 

The current study is the first to examine H2S biosynthesis in the UA and the effects of 

estrogens on the expression of the responsible enzymes.  We initially hypothesized that CSE 

would be highly expressed in the UA endothelium and smooth muscle similarly to other vascular 

beds (147,194).  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 ERT (30 µg E2β·kg-

1day-1 for 12 weeks) stimulates CSE expression in the myocardium of OVX rats (193) and in 

human umbilical cord vein endothelial cells (HUVEC) in vitro (181), our present data show that 

ERT did not stimulate CSE mRNA and protein expression in either the UA or the systemic 

arteries (i.e., MA and CA) in the OVX sheep ERT model.  However, our data are in agreement 

with a recent study showing that E2β does not stimulate CSE expression in mouse pulmonary 

artery smooth muscle cells in vitro (180). 

In contrast, we have observed for the first time that CBS mRNA and protein expression 

are dramatically upregulated in the UA and MA in OVX sheep receiving ERT.  This is 

unexpected since CBS is considered the major enzyme for H2S biosynthesis in tissues/cells of the 

central nervous system (147). Nonetheless, there are recent studies describing the presence of 

CBS in the vasculature.  For example, CBS has been identified in the cerebral arteries of rats 

(195) and pulmonary arteries of mice with decreased expression in a rat model of pulmonary 
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hypertension (196). While others examined the stimulatory effects of E2β on H2S production and 

CSE expression in the vasculature, the effects of estrogen on CBS expression were not evaluated 

(180,181,193). 

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-stimulated H2S 

production is only sensitive to the CBS inhibitor CHH.  There was little or no contribution by 

CSE since 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 estrogen treatment.  

Moreover, estrogen stimulation of UA H2S biosynthesis seems to be mainly regulated at the level 

of gene transcription because ERT increases the levels of both CBS mRNA and protein 

expression.  In addition, ERT treatment seems to also alter the subcellular localization of CBS 

protein in UA endothelial cells from apical surface to basement membrane, which may 

contribute to enzyme activation.   

Currently, there is a large body of evidence suggesting that local UA endothelial 

production of NO via increased expression and activation of endothelial eNOS contributes to the 

dramatic increases in UBF after exogenous or during endogenous estrogen stimulation 

(110,111,187).  However, the E2β-stimulated rises in UBF in OVX and intact follicular phase 

nonpregnant sheep is only inhibited ~65% following local NOS inhibition with L-NAME 

(110,111,197).  Thus, additional mechanisms appear to be involved in or contribute to E2β-

stimulated rises in UBF.  In keeping with the potent vasodilatory (168,170) and antigenic 

properties (146) of H2S, increased H2S production may function as a novel UA vasodilator, 
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contributing to estrogen-induced uterine vasodilation, reflecting its role as the third described 

member of the gasotransmitter family after NO and carbon monoxide in the uterine circulation.  

Indeed, our current findings showing estrogen upregulation 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 animal models have shown that 

estrogen stimulates sustained vasodilation in the uterine and various systemic vascular beds 

including MA in OVX sheep (43,44).  ERT also improves circulation and hyporeactivity of MA 

by alleviating oxidative stress in a rat portal hypertension model (198).  Furthermore, ERT 

improves MA relaxation and decreases wall thickness associated with aging (199) and attenuates 

phenylephrine-induced MA contraction in OVX rats (200).  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 (44,102,201,202).  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 prostacyclin synthase in different 

blood vessels (28,116,120,133,203,204).  Blockade of the eNOS/NO pathway by L-NAME 

significantly reduced estrogen-induced MA relaxation in rats; however, it does not completely 

block the E2β-induced relaxation response (205).  These studies demonstrate a similar role for 

eNOS/NO in estrogen-induced vasodilatation in UA (110,111,197,206) and MA (205).  Our 

current study also shows that ERT increases MA expression of CBS, but not CSE, mRNA and 

protein expression in OVX ewes.  Thus, the CBS/H2S pathway may contribute to MA relaxation 
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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 production was sensitive to both CHH and BCA.  In contrast, ERT only 

stimulated CBS, but not CSE mRNA/protein in both UA and MA. This discrepancy between H2S 

production and CSE expression in these two vascular beds in OVX sheep receiving ERT are 

currently unclear.  The contribution 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).  Previous studies have shown a role of CSE/H2S 

in dilating resistant MA in rats (168,207).  Thus, this discrepancy may suggest different 

regulatory mechanisms responsible for the expression and activation of CSE protein, and 

possibly the functional role(s) of CSE/H2S in different vascular beds.           

In contrast to the significantly elevated CBS, but not CSE expression in UA and MA 

endothelium and smooth muscle and 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 activation of specific estrogen 

receptors (i.e., ERα and ERβ) (89).  Nonetheless, our current study shows that estrogens 

selectively stimulate H2S biosynthesis in the uterine and other systemic vascular beds.  These 

findings suggest that differential expression and regulation of the H2S biosynthesis system in 

different vascular beds have important implications to comprehend the understanding of the 

cardiovascular protective effects of estrogens. In contrast, ERT has been shown to not 

significantly affect cerebral blood flow or cognitive function in postmenopausal women (208), 
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and to be associated with a decreased common CA intima–media thickness and arterial stiffness, 

which are thought to be predictors of cardiovascular diseases in postmenopausal women (209).  

However, other studies have shown ERT to promote cerebral blood flow and cognitive function 

in women over 55 years of age (210) and to reduce age-associated increases in common carotid 

arterial stiffness (211).  In rats, estrogens stimulate vasorelaxation of UA and MA, but not CA 

(212).  However, in the OVX sheep model of in which we gave identical ERT prolonged 

exposure of E2β (5 µg/kg bolus, followed by 6 µg·kg-1·day-1 for 10 days), prolonged but not 

acute, increased blood flow to many nonreproductive organs, including the brain were noted 

(44).  However, H2S dilates cerebral microvessels, such as cerebral pial arterioles of the newborn 

pig (147).  Therefore further assessment of the role of ERT on carotid artery and cerebral blood 

flow may be required to delineate these discrepancies. 

Although our current study does not provide the mechanism 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; this suggests CBS is a 

novel tissue-specific estrogen-responsive gene in vascular endothelium and smooth muscle.  Our 

studies show that ER, AP-1, AP-2, and other steroid transcription factors (GR/PR, AR) are 

upregulated in UA after ERT.  The rat and human CBS promoter is >4500 bp and consists of five 

alternative noncoding exons and multiple putative binding sites for various transcription factors, 

including ER, Sp1, AP-1, and AP-3 (155,213), and E2β likely interacts with these TF binding 

sites.  Although Sp1 and AP-3 were not shown to have increased expression in ERT, these 

transcription factors could possibly be activated by ERT contributing to increased CBS 

expression. The mechanism by which estrogens stimulates CBS mRNA and protein expression 
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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 ERα and ERβ (89).  

Alternatively, ligand-bound ERs interact or “cross-talk” with other transcription factors such as 

Sp1 and AP-1 (81) which may also have a role in estrogen stimulation of CBS expression.  Here 

we have shown using transcription factor arrays, that ERT upregulates both ER and AP-1 in UA. 

Sp1 was highly expressed in vehicle and ERT UA, consistent with findings that Sp1 regulates 

CSE expression in the vasculature (156,194), and we show that CSE is highly expressed in UA 

of vehicle- and ERT-treated ewes.  Our current data together have demonstrated that prolonged 

estrogen replacement treatment selectively stimulate H2S biosynthesis in the UA, and some 

(MA), but not other (CA) systemic vascular beds by upregulating CBS expression via 

transcription in nonpregnant OVX sheep. Due to the potent vasodilatory effects of H2S, we 

further postulate 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 follicular phase of the ovarian cycle and 

pregnancy and in post-menopausal women’s health, further investigations are warranted to 

establish a role of CBS-CSE/H2S in estrogen-induced uterine and systemic vascular dilation. 
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Estradiol-17β  Stimulates Uterine Artery Endothelial Cell 
Hydrogen Sulfide Biosynthesis in vitro by ER-dependent 

Upregulation of Cystathionine γ-Lyase and  
Cystathionine β-Synthase Expression 
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INTRODUCTION 

Estrogens are potent vasoactive hormones that dilate numerous vascular beds throughout 

the body with the greatest response in reproductive tissues, especially the uterus (45).  The 

vasodilatory effect of estrogens is of major physiological significance in women’s health 

because: 1) circulating estrogen levels are significantly elevated to cause uterine blood flow 

(UBF) to rise during the follicular phase of the menstrual cycle and pregnancy (21,22,27,29,30); 

2) during pregnancy rises in UBF is maintained to support fetal development and survival 

(45,214); and 3) insufficient rise in UBF during pregnancy causes intrauterine growth restriction, 

preeclampsia, and other pregnancy disorders (19,20).  Insufficient rises in UBF not only raise the 

risk of intrauterine growth restriction and preeclampsia, also the risk maternal and infant 

morbidity and mortality (13,188). 

Mechanistic studies over the past decades have established that estrogen-induced and 

pregnancy-associated uterine vasodilation, evidenced as a rise in UBF, is mediated largely via 

increased vasodilator production locally by the uterine artery endothelium (28,123).  Both 

exogenous and endogenous estrogen-induced rises in UBF is partially mediated by estrogen 

receptors (29,102). Moreover, nitric oxide (NO) production by uterine artery endothelium is a 

major mechanism by which estrogen stimulates UBF (110,215). However, it is noteworthy that 

in the nonpregnant state estrogen-induced uterine vasodilation can be inhibited by only ~65% by 

blockade of local NO production using L-NAME (110). Thus, alternative mechanisms are 

expected to be involved in the regulation of estrogen-induced uterine vasodilation. 

Hydrogen sulfide (H2S), a well-described gas and toxic at high concentrations, is now 

accepted as the third member of the gasotransmitter family that also includes NO and carbon 

monoxide (150,175) because of its vasodilatory functions at low levels (192). Endogenous H2S is 
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primarily synthesized from L-cysteine by two pyridoxal 5’-phosphate-dependent enzymes: 

cystathionine γ-lyase (CSE) and cystathionine β-synthase (CBS) (145,147).  They are expressed 

in a variety of human and other mammalian cells, with CSE in vascular tissues and CBS closely 

associated with neuronal tissues (147,150).  CSE and CBS have also been found in pregnant rat 

and human reproductive tissues, including fetal membranes and placental tissues (182) and 

capillary endothelial cells in human placenta (216). Dysregulation of CSE expression, and 

consequently H2S production, contributes to maternal hypertension and placental abnormalities 

in preeclampsia, highlighting a role of CSE/H2S in pregnancy (217).  However, too date the role 

of CBS/H2S in pregnancy remains limited. 

Estradiol-17β (E2β) stimulates rapid H2S release in endothelial cells in vitro and that 

CSE-derived H2S mediates estrogen-induced relaxation of KCl pre-constricted mouse femoral 

arteries (181).  We have recently determined the effects of prolonged estrogen treatment on 

vascular H2S biosynthesis in uterine and systemic (mesentery and carotid) arteries in vivo using 

the well-defined ovariectomized sheep models of estrogen replacement therapy.  We observed 

high basal CSE and low CBS expression in sheep uterine artery; however, chronic estrogen 

treatment significantly stimulates uterine artery H2S biosynthesis in vivo by selectively 

upregulating CBS expression in both the endothelium and smooth muscle, without altering CSE 

expression (218).  These findings have not only demonstrated that the H2S biosynthesis system is 

present in the UA but also, unexpectedly, identified CBS as a novel estrogen-responsive gene in 

the vascular endothelial and smooth muscle cells.  However, it is unknown how estrogens 

regulate CBS/CSE expression and H2S biosynthesis in uterine artery vascular cells. 

Estrogens elicit diverse biological functions in target tissues/cells that possess specific 

estrogen receptors (i.e., ERα and ERβ) (219), including vascular endothelial cells such as uterine 
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artery endothelial cells (90).  It is well established that by binding to specific ERs estrogens 

initiate the transcription of estrogen-responsive genes in the nucleus (11).  In the present study, 

we hypothesize that estrogen stimulates H2S biosynthesis in uterine artery endothelial cells 

(UAEC) in vitro via ER-dependent upregulation of CSE and CBS expression.  Therefore, the 

objectives of the present study were to determine: 1) the extent to which estrogen stimulates H2S 

production in UAEC, 2) the dynamics of estrogen-stimulated CSE/CBS expression, and 3) the 

ER-dependency of estrogen-stimulated H2S biosynthesis in UAEC. 

RESULTS 

E2β  stimulates H2S production involving both CSE and CBS in Cultured UAECs. 

Treatment with E2β (10 nM) for 48 hours stimulated a 2.5-fold increase in H2S 

production in UAEC compared to cells treated with vehicle (P < 0.001).  E2β-stimulated H2S 

production was significantly inhibited by the specific inhibitor of either CSE (BCA) or CBS 

(CHH) alone; the combination of BCA and CHH completely blocked E2β-stimulated H2S 

production (Fig. 3.1, P < 0.05 vs E2β alone).  These data show that both CSE and CBS contribute 

to E2β-stimulated H2S production in UAEC in vitro. 

E2β  stimulates CSE and CBS mRNA and protein expression in UAEC 

Next, we examined the temporal and concentration responses of E2β on CSE and CBS 

mRNA and protein expression in UAEC in vitro. Treatment with E2β (10 nM) significantly 

increased CSE and CBS mRNAs at 24 hours, and levels of both maximized at 48 hours and 

plateaued at 72 hours by E2β treatment.  At 24 hours post-treatment, as little as 0.1 nM E2β 

significantly increased both CSE and CBS mRNAs; CSE mRNA maximized by 10 nM E2β 

treatment and plateaued with up to 1 µM E2β; while CBS mRNA continued to increase with 
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increasing doses (up to 1 µM) of E2β (Fig. 3.2A).  Consistently, treatment with 10 nM E2β 

stimulated both CSE and CBS proteins at 24 hours and the stimulation continued up to 3 days.  

As little as 0.1 nM E2β was effective to stimulate both CSE and CBS protein expressions at 48 

hours, and the response increased with increasing concentrations of E2β and maximized with 100 

nM E2β at 48 hours (Fig. 3.2B).  Thus, E2β stimulates CSE and CBS expression in a time- and 

concentration-dependent manner in UAEC in vitro 

 

 

Figure 3.1.  E2β  stimulates H2S in uterine artery endothelial cells via CSE and CBS.  
Primary uterine artery endothelial cells isolated from late pregnant ewes were treated with 
vehicle or 10 nM E2β for 48 h.  Protein extracts (1x106 cells) were used to determine H2S 
production in the presence or absence of CSE inhibitor (BCA) and/or CBS inhibitor (CHH) by 
the methylene blue assay. Data is fold of Ctl treated vehicle lysates (mean ± SEM) and were 
summarized from cells of 3-4 different animals. * P < 0.001 vs. vehicle control and P < 0.05 vs 
E2β alone. 
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Figure 3.2. Temporal and concentration dependent effects of E2β  on CSE and CBS mRNA 
and protein expression in pregnant uterine artery endothelial cells. Cells were treated with 
increasing concentrations of E2β (0-1 µM) for up to 72 h for determining mRNA (A) or protein 
(B) expression of CSE and CBS.  Data is fold of vehicle treated (mean ± SEM) and were 
summed from cells from 3-4 different animals.  Bars with different letters differ significantly, 
where capital letters pertain to CSE and lowercase to CBS (P < 0.001). 
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Estrogen-stimulation of CSE and CBS expression is mediated by ER in UAEC 

Because UAEC are the direct target of estrogen as they express both ERα and ERβ 

(89,90), we then tested whether estrogen stimulation of CSE and CBS expression in UAEC is 

mediated by ER-dependent mechanisms. In the presence of the pure estrogen receptor antagonist 

ICI 182,780 (1 µM), E2β-stimulated CSE and CBS mRNA (Fig. 3.3A) and protein (Fig. 3.3B) 

expressions were completely blocked, showing involvement of specific ERs. We confirmed a 

role of ER in E2β-stimulation of CSE and CBS protein expression by immunofluorescence 

microscopy.  As shown in Fig. 3.3C, strong and very weak green fluorescence labeling with 

specific anti-CSE and anti-CBS antibodies was obtained in vehicle-treated cells, respectively, 

indicative of high basal CSE and low basal CBS expression in UAEC. Treatment with E2β 

dramatically increased CSE and CBS proteins, which was attenuated by ICI 182,780. Moreover, 

treatment with vehicle or ICI 182,780 alone did not affect CSE and CBS mRNA and protein 

expressions in these experiments. 

ERα  and ERβ  both contribute to estrogen stimulation of H2S biosynthesis in UAEC 

ERα and ERβ may play common or even opposite roles in mediating estrogen regulation 

of gene expression in cells expressing both receptors (130).  We determined the role of ERα and 

ERβ in estrogen stimulation of CSE and CBS expression in UAEC by using ER isoform-specific 

agonists or antagonists.  Cells were treated with vehicle, 10 nM E2β or 10 nM agonists of ERα 

(PPT) and/or ERβ (DPN); or vehicle, 10 nM of E2β with or without antagonists (1 µM) of ERα 

(MPP) and/or ERβ (PHTPP) for 48 hours.  Treatment with either PPT or DPN induced CSE and 

CBS mRNA (Fig. 3.4A) and protein (Fig. 3.4B) to levels comparable to those of E2β treatment; 

the combination of PPT and DPN had no additive effects. Consistently, treatment with either 

MPP or PHTPP was sufficient to block E2β-stimulated CSE and CBS mRNA (Fig. 3.4C) and 
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protein (Fig. 3.4D) expressions, as did their combination.  Therefore, ERα or ERβ is sufficient to 

mediate estrogen stimulation of CSE and CBS expression in UAEC. 

E2β activates the CBS and CSE promoters and stimulates H2S production via ER in UAEC 

When the full-length human CSE and CBS promoter luciferase constructs were 

transfected in UAEC, treatment with E2β (10 nM) significantly stimulated both CSE and CBS 

promoter activities (~3-fold, P < 0.05) compared to that of vehicle-treated controls. In the 

presence of 1 µM ICI 182,780, treatment with E2β was unable to activate both CSE and CBS 

promoters and treatment with ICI alone had no effect (Fig. 3.5A), suggesting that estrogen 

stimulation of CSE and CBS expressions may occur mainly at the level of transcription.  

Finally, we determined if E2β-stimulation of H2S production in UAEC is mediated by 

ER.  Treatment of UAEC with 10 nM E2β significantly stimulated H2S production (~3.5-fold, P 

< 0.001).  This stimulation was blocked by co-incubation with 1 µM ICI 182, 780, while 

incubation with ICI alone had no effect compared to vehicle controls (Fig. 3.5B).  These data 

show that estrogen stimulation of UAEC H2S production in vitro is mediated by a specific ER-

dependent mechanism. 
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Fig. 3.3.  Effects of ICI 182, 780 on CSE and CBS mRNA and protein expression in 
pregnant uterine artery endothelial cells.  Cells were treated with vehicle, ICI 182, 780 (1 
µM), E2β (10 nM), or both for 48 h for assessing CSE and CBS mRNA (A) and protein (B) 
expression. (C) Immunofluorescence microscopic analysis of CSE and CBS protein expression 
(stained in green) and localization. Nuclei were labeled with DAPI (blue).  Protein expression 
was determined by relative green fluorescence intensity as fold change to control (Ctl). Data 
(mean ± SEM) were summed from cells of 3-4 different animals. * P < 0.001 vs. vehicle treated 
control.   Scale bar is 50 µm.  
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Fig. 3.4. Effects of ER agonists and antagonists on CSE and CBS mRNA and protein 
expression in pregnant uterine artery endothelial cells.  For the ER agonist studies, cells were 
treated with vehicle or 10 nM of E2β, PPT (ERα agonist), DPN (ERβ agonist), or PPT+DPN.  
For the antagonist studies, cells were treated with vehicle or E2β (10 nM) with or without 1 µM 
MPP (ERα antagonist), PHTPP (ERβ antagonist), or MPP+PHTPP. Relative mRNA (A & C) 
and protein (B & D) were determined at 48 h post treatment, respectively.  Data is fold of vehicle 
treated (mean ± SEM) and were summed from cells from 3-4 different animals.  Bars with 
different letters differ significantly, where capital letters pertain to CSE and lowercase to CBS (P 
< 0.001). * P < 0.001 vs. vehicle treated control. 
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Fig. 3.5. ICI 182, 780 blocks E2β  activation of the CSE and CBS promoters and H2S 
production in pregnant uterine artery endothelial cells.  (A) Human CSE and CBS promoter 
luciferase-reporter constructs were transfected into primary cells.  Twenty-four h later, the cells 
were treated with vehicle or E2β (10 nM) with or without ICI 182, 780 (1 µM) for 24 h.  (B) 
Cells were treated with vehicle or E2β (10 nM) with or without ICI 182, 780 (1 µM) for 48 h. 
Protein extracts (1x106 cells) were used to determine H2S production. Data (mean ± SEM) were 
from cells of 3-4 different animals. * P < 0.001 vs. vehicle treated control. 

 

DISCUSSION 

The present study was initially designed to determine the mechanism(s) by which 

estrogen stimulates uterine artery CBS expression using our well-defined UAEC model in vitro.  

In our most recent study we have shown for the first time that prolonged E2β treatment 

stimulates uterine artery H2S biosynthesis in vivo by selectively upregulating CBS without 

altering CSE expression in uterine artery endothelium and smooth muscle, using a well-

characterized nonpregnant ovariectomized sheep model of estrogen replacement therapy (218).  

Here we show that E2β stimulates H2S production in UAEC, E2β stimulates CSE/CBS 

expression in dose- and time-dependent manners, and E2β stimulates H2S biosynthesis in UAEC 

via both ERα and ERβ by activation of the CSE and CBS promoters.  Indeed, our current 

findings have consistently shown that estrogen stimulates CBS expression in UAEC in vitro as it 
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does in vivo.  Thus, it further demonstrates that our UAEC cell model is suited for delineating the 

molecular mechanism of estrogen-induced uterine vasodilation. 

In our current in vitro studies, we also have shown that E2β stimulates CSE mRNA and 

protein expressions with comparable potency to that seen for stimulation of CBS expression in 

UAEC. This finding is very much unexpected because it contradicts to not only our most recent 

in vivo study showing no effects of prolonged E2β treatment on uterine artery endothelial and 

smooth muscle CSE expression in nonpregnant ovariectomized sheep in vivo (218), but also 

previous studies showing no stimulatory effects of E2β on CSE expression in mouse mesenteric 

smooth muscle cells in vitro (180).  However, a stimulatory effect of E2β on CSE activity has 

been reported previously in HUVEC in vitro (181), which we have affirmed herein using UAEC. 

The mechanism underlying the discrepancy between the effect of E2β on CSE expression in 

UAEC in vivo and in vitro is currently unknown.  However, this is at least, in part, due to the fact 

that the UAEC used in this study is derived from late pregnant ewes, while the in vivo studies 

examined the effects of chronic estrogen treatment on UA H2S biosynthesis in ovariectomized 

nonpregnant ewes.  Nonetheless, our current in vitro studies using pregnant UAEC as the model 

and our most recent in vivo studies using ovariectomized nonpregnant sheep model of estrogen 

replacement therapy (218) indeed highlight the necessity of caution when using in vitro cell 

model to explore the mechanisms of in vivo findings because different outcomes can rise from 

studies using in vitro cell and in vivo animal models. 

We have shown herein that estrogens stimulate CSE and CBS mRNA and protein 

expression in time- and concentration-dependent manners (Figs. 2).  Our dose-response studies 

show that as little as 1 nM E2β is effective to stimulate both CBS and CSE mRNA and protein 

expression in UAEC, which is physiologically relevant because 1-10 nM E2β is in range of 
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circulating E2β levels in humans (220).  We also have shown that ICI 182,780 can completely 

attenuate E2β-stimulated CBS and CSE mRNA and protein expression (Fig. 3). In addition, E2β 

activates CBS and CSE promoters, which is blocked by ICI 182,780 (Fig. 5A).  Thus, E2β 

stimulates CBS and CSE expression in pregnant UAEC in vitro by ER-dependent mechanism, 

possibly occurring mainly at the level of transcription.  Consistently, we have observed that E2β 

stimulates UAEC H2S production in vitro, which is also blocked by ICI 182, 780 (Fig. 5B).  

Therefore, our findings allow us to conclude that estrogen stimulation of UAEC H2S 

biosynthesis is mediated by ER-dependent mechanism. 

We have previously shown that pregnant UAEC are direct estrogen targets as they 

express both ERα and ERβ in vivo, which are maintained in culture (90,130).  In the current 

study, we have further investigated the specific roles of ERα and ERβ in estrogen stimulation of 

CSE and CBS expression in UAEC.  Our data show activation of either ERα or ERβ is sufficient 

to mediate estrogen stimulation of CSE and CBS expression in pregnant UAEC because: 1) 

either specific agonist of ERα or ERβ, PPT and DPN respectively, is able to stimulate CSE and 

CBS expression; 2) either specific antagonist of ERα or ERβ, MPP and PHTPP respectively, is 

sufficient to block E2β-stimulated CSE and CBS expressions, and 3) no additive effects of ERα 

and ERβ agonists or antagonists were observed.  Consistently, we have shown that E2β 

stimulates pregnant UAEC H2S production in vitro, which is blocked by ICI 182,780.  Moreover, 

unlike nonpregnant ewes in which estrogen stimulation of UAEC H2S production in vivo is only 

derived from enhanced CBS expression (218), estrogen stimulation of pregnant UAEC H2S 

production in vitro is sensitive to both specific inhibitors of CSE (BCA) and CBS (CHH).  Thus, 

our current data may also suggest that pregnancy stimulates UA H2S biosynthesis via 

upregulation of both CSE and CBS expression in vivo. 
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Estrogens signal via both “genomic” and “non-genomic” pathways in target cells 

expressing ERα and ERβ.  The genomic pathway is mediated by ERα/ERβ in the nucleus of 

target cells, where the ligated receptors function as ligand-activated transcription factors to 

regulate gene expression via interactions with estrogen response elements (ERE) in the promoter 

of target genes (90,145). In this mode, estrogens also regulate the expression of genes without 

classical EREs via crosstalk between ligated ERs with other ERE-interacting transcription 

factors such as AP-1 or Sp1 (221).  In addition, estrogens regulate gene expression via multiple 

mechanisms, including mRNA stability by epigenetic pathway via microRNAs or other routes; 

estrogens also can influence protein degradation (222).  The non-genomic estrogen signaling is 

mediated by ERα/ERβ or G protein-coupled estrogen receptor 1 (GPER) located on the plasma 

membrane (223,224).  In this “extra-nuclear” mode, estrogen signaling is initiated within 

seconds to minutes upon binding to membrane ERα/ERβ or GPER, activating multiple protein 

kinase cascades that further activate downstream target proteins to elicit biological functions, or 

nuclear transcription factors to regulate latent gene expression (224).  Of note, ERα and ERβ 

may play different and even opposite roles in regulating cellular responses to estrogens (225). 

Vascular endothelium and smooth muscle are direct targets of estrogens as both ERα and ERβ 

are found in these cells in various vascular beds (54,226), including UA that we have established 

(89,90); however, GPER is undetectable in ovine UA (Chen et. al., unpublished data).  Both 

“genomic” and “nongenomic” pathways mediate the vascular effects of estrogens.  The genomic 

effects of estrogens regulate the expression of various genes that are key enzymes for producing 

vasodilators such as eNOS (227) and prostaglandin synthase (228) for synthesizing NO and 

prostacyclin, respectively. The non-genomic action is also of critical importance to the vascular 

effects of estrogens because activation of extracellular signal-activated protein kinases (ERK1/2) 
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(124) and/or protein kinase B/Akt1(229) has been shown to mediate estrogen activation of eNOS 

to produce NO in endothelial cells, which contributes greatly to the endothelium-dependent 

mechanisms for the vascular effects of estrogens (230,231).  

Direct interactions of ligand bound ER with specific promoter cis-elements have been 

shown to stimulate leptin expression (232) in trophoblasts and to simulate eNOS expression in 

arteries of reproductive organs (120).  In addition, E2β can stimulate gene expression through 

interactions of ER with other transcription factors (221); for instance, estrogens stimulates c-myc 

expression via ER interaction with AP-1 (78) and regulates gene expression profiles in 

endothelial cells via Sp1 (77).  Although our current study show that E2β activates the promoters 

of both CSE and CBS that is linked to ER activation in UAEC, it does not provide direct 

evidence as to how ER interacts with the regulatory cis-elements in CSE and CBS promoters.  

Nonetheless, the rat CSE promoter is approximately 1000 bp in length (194), while the rat and 

human CBS promoter spans over 4500 bp (154).  They both contain multiple putative cis-

elements for binding various transcription factors, including estrogen-responsive element (ERE), 

Sp1, AP-1, and AP-3, etc. (155,194).  AP-1 and Sp1 have been implicated in stimulating CBS 

(154) and CSE (156) expression in hepatocellular carcinoma cells as well as CSE expression in 

vascular smooth muscle cells (194).  We have previously shown that AP-1 regulates eNOS 

expression in endothelial cells (233).  Since E2β stimulation of CBS and CSE expression and 

trans-activation of their promoters in UAEC is blocked by ICI 182, 780, it is reasonable to infer 

that estrogen stimulation of CBS and CSE expression in pregnant UAEC is mediated mainly by 

ER (ERα and ERβ) interaction with ERE; others transcription factors, such as Sp1 and AP1, may 

play a minor role.  Overall, we have shown herein for the first time that estrogen stimulates H2S 
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biosynthesis in pregnant UAEC in vitro by upregulating CBS and CSE expression via specific 

receptor dependent mechanism involving both ERα and ERβ. 

Circulating estrogens elevate dramatically during pregnancy (45), which is believed to be 

crucial for the substantially increased UBF that supports fetal growth and survival during 

pregnancy (45,234).  In keeping with the potent vasodilatory (145) and angiogenic (146,161) 

effects of H2S, our current findings have implicated a potential role of a CBS/CSE-H2S pathway 

in mediating the sustained rise in uterine vasodilation in association with significantly elevated 

endogenous estrogens during pregnancy. However, our findings also have raised several 

intriguing questions that are waiting for further investigation.  For instance, whether UA H2S 

biosynthesis is augmented during pregnancy in vivo, and if so, whether elevated endogenous 

estrogens enhance UA H2S biosynthesis, which in turn plays a critical role in regulating 

pregnancy-associated rise in UBF.  Addressing these questions will justify whether H2S has 

therapeutic implications in pregnancy complications caused by insufficient UBF such as 

preeclampsia and intrauterine growth restriction. 
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Chapter Four 
 
 
 

Estradiol-17β  Stimulates Hydrogen Sulfide Biosynthesis via 
Upregulation of Cystathionine β-Synthase and  

Cystathionine γ-Lyase Expression in  
Cultured Uterine Artery Smooth Muscle Cells 
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INTRODUCTION 

Estrogen is a potent vasoactive hormone having robust responses in the uterus, as seen by 

dramatic increases in uterine blood flow (UBF) (17,40,43,44).  Estrogens dramatically increase 

throughout the course of pregnancy (22,29,30), while UBF increases >50-fold (17).  

Additionally, 17β-estradiol (E2β) has been shown to regulate UBF by stimulating various 

vasodilators locally at the uterine artery (UA) in nonpregnant and pregnant in various species 

(28,29,102,123).  This correlation between increased circulating maternal hormones during 

pregnancy and increased UBF is substantial because insufficient rises in UBF during pregnancy 

can potentially lead to intrauterine growth restriction (IUGR) of the developing fetus or result in 

pregnancy-associated vascular diseases for the mother, such as preeclampsia (13,19,20). 

 The role of UA endothelial cells in the regulation of uterine blood flow and vasodilation 

in response to exogenous and endogenous estrogens has been thoroughly investigated in vivo 

(28,89,90,121,235) and in vitro (90,124,128,129), specifically via vasodilator production that 

occurs locally at UA, especially nitric oxide (NO) by the endothelial cells (89,121,123). Yet, 

additional mechanisms independent of endothelium/NO are involved in E2β-stimulated 

vasodilation because local NO inhibition by using L-NAME only inhibited ~65% of estrogen-

induced dramatic (>10-fold) increase in UBF within 90–120 minutes (110,111).  

In comparison, the role of UA smooth muscle plays in E2β-stimulated vasodilation is 

currently much less understood. UA vascular smooth muscle is a target for estrogens because 

both ERα and ERβ are expressed in these cell types (90), and ERβ expression is upregulated by 

pregnancy (89).  In vivo ovine studies have identified roles for UA vascular smooth muscle in 

E2β-stimulated vasodilation; this includes roles for UA smooth muscle cell potassium channels 

and cGMP secretion (110,236), cell membrane hyperpolarization (104), endothelial-independent 
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vasorelaxation (105,106), and ERK1/2 and protein kinase C signaling pathways (202).  

Additionally, UA smooth muscle cell proliferation in vitro is dependent on E2β, platelet-derived 

growth factor, and protein kinase C in guinea pigs (237). However, additional mechanistic 

studies are required to elucidate further roles of vascular smooth muscle in E2β-stimulated 

vasodilation and regulation of UBF. 

Hydrogen sulfide (H2S) has been recently identified as a novel potent vasodilator (145) 

and it exhibits vasodilatory properties in vascular smooth muscle cells (170).  Hydrogen sulfide 

is endogenously biosynthesized from L-cysteine by two key enzymes: cystathionine β-synthase 

(CBS) and cystathionine γ-lyase (CSE) (147,148,170).  CBS and CSE expression has been 

identified in smooth muscle cells of reproductive and systemic arteries (148,194,218).  We have 

recently shown that in vivo ERT stimulates CBS and CSE expression in vascular smooth muscle 

of ovine uterine arteries (218), suggesting a role for H2S in vascular smooth muscle in E2β-

stimulated vasodilation.  However, further mechanisms by which E2β stimulates H2S in UA 

vascular smooth muscle remains to be determined. 

In this study, we propose to test a hypothesis that estradiol-17β (E2β) stimulates H2S 

biosynthesis via estrogen receptor-dependent mechanisms in uterine artery smooth muscle cells 

(UASMC).  However, one of the major obstacles for the lack of the cellular and molecular 

understanding of smooth muscle contribution to estrogen-induced uterine vasodilation is that 

there is no in vitro smooth muscle cell model available.  Therefore, the objectives of this study 

are: 1) to establish an in vitro UASMC model from late pregnant ewes, 2) to determine if E2β 

stimulates H2S production and CBS/CSE expression in UASMC in vitro and, 3) to determine the 

ER-dependency of E2β-stimulated H2S biosynthesis in UASMC in vitro. 
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RESULTS 

Establishment of an ovine uterine artery smooth muscle model 

Before experimental use, we first set out to characterize our novel UASMC model to 

demonstrate the functional use of these cells to assess mechanisms involved in estrogen-induced 

uterine vasodilation.  After subculture, frozen UASMC at passage 2 were characterized to assess 

the expression of smooth muscle cell markers.  Immunofluorescence microscopy revealed that 

UASMC highly expressed SM marker, smooth muscle α-actin, as well as the scaffolding protein 

caveolin-1, which is involved in VEGF-induced ERK1/2 activation and angiogenesis.  Cells also 

exhibited classical morphology of cultured smooth muscle cells (Fig. 4.1A).  Flow cytometry 

indicated that UASMC express 99.9% smooth muscle α-actin and caveolin-1, and are with low 

background eNOS expression typically seen in normal SMC morphology (Fig. 4.1B).  

Additionally UASMC retain ERα and ERβ mRNA expression levels comparable to that of 

freshly isolated UA smooth muscle (Fig. 4.1C).  E2β treatments activate MAPK/ERK pathway in 

UASMC, which is attenuated by ICI 182,780 (Fig. 4.1D). These data show that we have 

established a novel UASMC model that is responsive to E2β, and suitable for studying the 

mechanisms underlying the estrogen-induced uterine vasodilation.  
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Figure 4.1.  Establishment and characterization of an ovine uterine artery smooth muscle 
cell model.  Primary uterine artery smooth muscle cells from late pregnant ewes were isolated 
and characterized.  Cells were assessed by (A) immunocytochemistry to determine the 
expression and co-localization of smooth muscle α-actin and caveolin-1, and assess cell 
morphology.  (B) Expression of smooth muscle α-actin, caveolin-1, and eNOS were further 
assessed by flow cytometry. (C) ERα and ERβ mRNA expression and (D) activation and 
regulation of ERK1/2 by E2β and ER receptor in UASMC and freshly isolated UA smooth 
muscle. 
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E2β  stimulates H2S production involving CBS, CSE, and ER isoforms in UASMC in vitro. 

We next determined if E2β stimulates H2S production in UASMC.  Cells were subjected 

to treatments with vehicle control or 1µM ICI 182, 780 without or with 10nM E2β for 48 hours.  

Lysates were subjected to the commonly used methylene blue assay, as described in the 

Methods.   Exogenous E2β treatments stimulated >4.5-fold increase in H2S production (P < 

0.001) compared to vehicle-treated cells (Fig. 4.2A).  Treatment with either CBS inhibitor 

(CHH) or CSE inhibitor (BCA) significantly inhibited E2β-stimulated H2S production and was 

further blocked by the combination of the two.  This suggests that both the activities of CBS and 

CSE enzymes contribute to mechanisms of E2β-stimulated H2S production. 

We next determine that H2S production in UASMC is mediated by ER specific 

mechanisms, because both ERα and ERβ are expressed in smooth muscle cells of various 

vascular beds (90,180). Treatment with 10 nM E2β for 48 hours stimulated H2S production >4.5-

fold in the lysates of these cells compared to vehicle treated controls (Fig. 4.2B, P < 0.001).  

Pretreatment with ICI 182, 780 (1 µM) prevented E2β-stimulated H2S production in UASMC.  

Additionally treatment of UASMC with either ERα agonist (PPT) or ERβ agonist (DPN) 

stimulated H2S production in the lysates of these cells, however only the combination of the two 

fully mimicked E2β-stimulated H2S production (P <0.05).  Together, these data demonstrate the 

collective role of both ER isoforms in E2β-stimulated H2S production in UASMC.   
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Figure 4.2. E2β-stimulates H2S production in uterine artery smooth muscle cells via ER-
dependent regulation.  (A) Cells were treated with vehicle or 10nM E2β for 48 hours. Protein 
extracts (1x106 cells) were subjected to the methylene blue assay to determine H2S production in 
the presence or absence of CSE inhibitor (BCA) and/or CBS inhibitors (CHH). (B) Cells were 
treated with vehicle or 1µM ICI 182, 780 with or without 10 nM of E2β or 10nM PPT (ERα 
agonist), DPN (ERβ agonist), or PPT+DPN to assess the role of estrogen receptors on H2S 
production in UASMC.  Data is fold of vehicle-treated control (mean ± SEM) and were 
summarized from cells of 3 different animals.  Bars with different letters differ significantly (P < 
0.001).  *** P < 0.001, * P < 0.05 vs. vehicle-treated control. 
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E2β-stimulated CBS and CSE mRNA and protein expression is mediated by ER in UASMC 

We next determined if E2β stimulates CBS and CSE expression, and the mechanism by 

which this occurs.  E2β stimulates CBS and CSE mRNA more than 5- and 6-fold, respectively.  

Additionally, E2β treatment stimulated CBS and CSE protein expression by nearly 3-fold 

compared to vehicle treated controls after 24 h treatment (Fig. 4.3, P < 0.001).  ICI 182,780 

attenuated E2β-stimulated CBS and CSE expression.  To further clarify this endpoint, cells were 

subjected to immunocytochemistry to assess CBS/CSE expression and their cellular localization. 

Microscopic analysis revealed that CBS and CSE localized primarily to the cytoplasm in 

UASMC (Fig. 4.4).  Treatment with 10nM E2β stimulated 3-fold increase in CBS and 2.5-fold 

increase in CSE protein expression; these effects are attenuated by treatment with ICI 182,780. 

ERα  and ERβ  isoforms contribute to E2β  stimulation of CBS and CSE expression in UASMC 

We next delineated the specific roles of ERα and ERβ in E2β-stimulated CBS/CSE 

expression.  In some cell types that are responsive to estrogens, such as UAEC, ERα and ERβ 

can play similar or even opposite roles to regulate gene expression (130).  We determined the 

role of ERα and ERβ in estrogen stimulation of CBS and CSE expression in UASMC by using 

ER isoform-specific agonists or antagonists.  Treatment with either specific agonists (10 nM) for 

ERα (PPT) or ERβ (DPN) alone or their combination mimicked E2β-stimulated CBS/CSE 

mRNA expression; however, both are required to significantly mimic E2β-stimulated CBS/CSE 

proteins (Fig. 4.5A,B, P < 0.05).  Additionally, UASMC were treated with E2β (10 nM) with or 

without antagonists (1 µM) for ERα (MPP) and/or ERβ (PHTPP).  Treatment with either ER 

antagonist greatly reduced E2β-stimulated CBS and CSE mRNA expression but only 

significantly blocked their stimulated expression when both antagonists were used; however, 
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either antagonist alone was sufficient to block E2β-stimulated CBS and CSE protein expression 

(Fig. 4.5C,D, P < 0.05).  

 

Figure 4.3. ICI 182, 780 inhibits E2β-stimulated CBS and CSE mRNA and protein 
expression.  UASMC were treated with vehicle or 10nM E2β in the presence or absence of 1µM 
ICI 182, 780 for 48 hours.  CBS/CSE (A) mRNA and (B) protein expression was assessed by 
qPCR or Western blotting, respectively. Data is fold of vehicle-treated control (mean ± SEM) 
and were summarized from cells of 3 different animals.    *** P < 0.001 vs vehicle-treated 
control. 
 



 68 

 

Figure 4.4. Immunocytochemical analysis of CBS/CSE protein expression in uterine artery 
smooth muscle cells.  Cells were treated with vehicle, 1µM ICI 182,780, 10nM E2β, or ICI+E2β 
for 48 hours.  Cells were then subjected to immunocytochemistry for microscopic analysis of 
CBS (labeled green) and CSE (labeled red) proteins to assess their expression and cellular 
localization. Nuclei were labeled with DAPI (blue).  Protein expression was determined by 
relative green or red fluorescence intensity as fold change to vehicle control (Ctl).  Data is fold of 
vehicle-treated control (mean ± SEM) and were summarized from cells of 3 different animals. 
*** P < 0.001.   Scale bar = 50 µm. 
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Figure 4.5.  Effects of ERα  and ERβ  agonist and antagonist on CBS/CSE expression.  Cells 
were treated with vehicle, 10 nM E2β, 10nM PPT (ERα agonist), 10nM DPN (ERβ agonist), or 
PPT+DPN to assess the role of estrogen receptors on CBS/CSE (A) mRNA and (B) protein 
expression.  Additionally, cells were treated vehicle or 10nM E2β in the presence or absence of 
1µM MPP (ERα antagonist), PHTPP (ERβ antagonist), or MPP+PHTPP to assess CBS/CSE (C) 
mRNA and (D) protein expression.  Data is fold of vehicle-treated control (mean ± SEM) and 
were summarized from cells of 3 different animals.  Bars with different letters differ 
significantly, where capital letters pertain to CBS and lowercase to CSE (p < 0.05). 
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E2β activates the CBS and CSE promoters in UASMC 

Lastly, we determined if E2β stimulates CBS/CSE transcription.  Full-length human CBS 

and CSE promoter luciferase constructs were transfected in UASMC, and cells were subjected to 

treatment with E2β (10 nM, 24 hr).  E2β significantly stimulated both CBS and CSE promoter 

activities (>4-fold) compared to vehicle treated controls.  Pretreatment with ICI 182, 780 

completely attenuated the activation of both CBS and CSE promoters (Fig. 4.6, P < 0.001), 

suggesting that E2β stimulates CBS and CSE expression occurs at the level of transcription 

through an ER-dependent mechanism. 

 

 
 
Figure 4.6. ICI 182, 780 blocks E2β  activation of the CBS and CSE promoters in uterine 
artery smooth muscle cells.  Human CBS and CSE promoter luciferase-reporter constructs were 
transfected into UASMC cells.  Twenty-four hours later cells were allowed to recover before 
being treated with vehicle or 10nM E2β with or without 1µM ICI 182, 780 for 24 hour.  Data is 
fold of vehicle-treated control (mean ± SEM) and were summarized from cells of 3 different 
animals. *** P<0.001. 
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DISCUSSION 

Following up our most recent studies showing that long-term estradiol-17β treatment 

stimulates H2S biosynthesis by upregulating CBS but not CSE expression in UA endothelial and 

smooth muscle cells in ovariectomized ewes in vivo (218),  we set out to determine the molecular 

mechanism by which E2β stimulates H2S biosynthesis in UASMC.  To do so, we have first 

developed a novel UASMC culture model by which we have demonstrated for the first time that 

estrogens significantly stimulate UASMC H2S biosynthesis in vitro. 

We first sought to establish and characterize a novel primary UASMC cell culture model.  

UASMC highly express SM-α-actin and caveolin-1 with minimal background eNOS expression, 

characteristic of basal smooth muscle phenotypes and morphology.  Additionally, these cells 

retain high expression of ERα and ERβ receptors, consistent with freshly isolated endothelial 

denuded uterine arteries, similar to models reported by others (90,128).  Our UASMC retain 

kinetics and mRNA/protein expression patterns in culture, contrary to what others have reported 

to be problematic in culturing primary cells (238-240).  Additionally, we show that our 

established UASMC model is responsive to E2β because 10 nM E2β activates the ERK1/2 

pathway, which is attenuated by treatment with ICI 182, 780, directly linking a functional role of 

ER in activation of this pathway.  This is consistent with previous finding because ERK1/2 

expression is increased in late pregnant UA compared to nonpregnant controls, while estrogen 

stimulates ERK1/2 in nonpregnant UA, and ICI 182, 780 diminishes ERK1/2 in late pregnant 

UA (202).  Additionally, E2β-stimulated eNOS expression and NO production in UA endothelial 

cells are partially attributed to activation of the ERK pathway via membrane bound ER 

contributing to rapid UA vasodilation (124).   However, E2β-stimulated expression of ERK1/2 in 

UASMC, does not contribute to increased CBS/CSE expression in UASMC (data not shown).  
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Although the role of estrogen-activated ERK1/2 in UASMC is not known at the moment, 

additional studies could shed light on whether E2β-stimulated expression of ERK1/2 activates 

cytoplasmic CBS/CSE and subsequent H2S production, contributing to rapid UA vasodilation. 

With the UASMC culture model, we are able to show for the first time that E2β 

stimulates H2S production in UASMC in vitro.  This is consistent with our most recent work that 

ERT stimulated H2S production in the lysates of endothelium-denuded UA  from ovariectomized 

sheet ex vivo (218).  Consistent with our findings, H2S production has been identified in smooth 

muscles cells from some systemic vascular beds, including the aorta (148), mesenteric artery 

(218), and cerebral cortex (147).   In keeping with the potent vasodilatory effect of H2S (145) 

and the data showing in Chapter 2 & 3 that estrogens stimulate H2S production in UAEC in vivo 

and in vitro, our current data show that UASM-derived H2S is likely to function as an important 

mediator for estrogen-induced uterine vasodilation.  Previous findings have linked a direct role 

of SMC in E2β-stimulated vasodilation, including use of the cGMP pathway and activation of 

VSM potassium channels (110,236).  Thus, our data suggests an additional mechanism of UA 

smooth muscle pathway in the regulation of E2β-stimulated vasodilation. 

The role of H2S in smooth muscle cell phenotype and function has been previously 

investigated.  Exogenous and endogenous H2S has been shown to induce apoptosis and inhibit 

proliferation in human and rat aortic smooth muscle cells in vitro via activation of MAPK 

pathways (177-179).  Additionally, H2S stimulates KATP channels on the surface of smooth 

muscle cells resulting in vessel relaxation (170).  However, little has been described for E2β to 

direct smooth muscle cell phenotype and function.  Here we show a novel mechanism for E2β to 

stimulate H2S production in UASMC, which may contribute to E2β-stimulated vasodilation or 

angiogenesis.  In contrast, E2β treatments markedly reduce mesenteric smooth muscle cells 
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proliferation, viability, and expression of cell cycle protein cyclin D1; these effect are reversed in 

smooth muscle cells of CSE-knockout mice (180).  Regardless, our findings suggest an 

additional relationship between H2S and estrogen in smooth muscle cell function. 

H2S serves as an additional and prominent component to E2β-stimulated vasodilation, in 

conjunction with NO, because UA smooth muscle and endothelium highly express both CBS and 

CSE (218).  UA smooth muscle and UASMC are the direct targets of estrogens because they 

express both ERα and ERβ (89,90,180).  Previous findings have linked H2S signaling with ER 

expression profiles in smooth muscles of some systemic vascular beds.  H2S stimulates ERα, but 

not ERβ, expression in mouse aortic smooth muscle cells (180). Additionally, estrogens 

stimulate vasodilation of mouse femoral arteries and rat aorta via ER signaling (181), and both 

ERT and endogenous E2β induce rises in UBF (29) and UA relaxation (102), which is partially 

mediated by ERs.  Here we have shown that E2β-stimulated CBS and CSE expression is 

mediated by ERα and ERβ isoforms.  Previous findings show that CBS and CSE are expressed 

in many vascular beds including ovine uterine, mesenteric, and carotid arteries (218).  

Additionally, these enzymes are expressed in vascular beds of other species, including CSE in rat 

aorta, mesenteric, and pulmonary smooth muscle (168,170), CSE in human mammary arteries 

(241) and cultured human aorta smooth muscle cells (194), and CBS and CSE in pig cerebral 

microvessels (147).  Whether estrogen regulates the expression of CBS and CSE in these 

systemic vascular beds needs to be further explored.  However, these enzymes have been found 

to contribute to E2β-stimulated H2S production in rat myocardium (193), mouse serum, HUVEC 

(181), and sheep uterine and mesenteric arteries (218).  Further investigations of E2β stimulation 

of CBS and CSE expression and activation in systemic vascular beds will shed light on the 

significance of H2S in women’s cardiovascular and reproductive health. 
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Estrogen stimulated CBS and CSE expression occurs primarily through the activation of 

the CBS and CSE transcription because E2β stimulates >4-fold increase in CBS and CSE 

promoter activity.  The CBS promoter is >4k bp and encodes five distinct 5’ non-coding exons 

(155), containing putative binding sites for ER, as well as other transcription factors including 

Sp1, Sp3 and AP-1 (152,154).  The CSE promoter is >1.5k bp and contains ER, Sp1 and AP-1 

transcription factor binding sites (152,156).  Moreover, Sp1 regulates CSE expression in aortic 

smooth muscle cells (194).  Our findings show that E2β activates the CBS/CSE promoters 

through direct interactions with ER in UASMC; however, ligated ERs can interact with other 

transcription factors, including AP-1 and Sp1, and their promoter binding sites to activate gene 

transcription (81).  Additional studies are needed to delineate these mechanisms for estrogen-

induced CBS and CSE expression in UASMC. 

Taken together, these data show that E2β stimulates CBS and CSE expression and H2S 

production in UASMC via ER-dependent transcription.  Estrogen-stimulated UASMC H2S is 

likely an important contributor for estrogen-stimulated uterine vasodilation. Further investigation 

is required to understand the cardioprotective effects of estrogen and vasodilatory role of H2S.  

Delineation of the mechanisms involved in estrogen-stimulated vasodilation could give rise to 

therapeutics for the treatment of insufficient rises in UBF during pregnancy and pregnancy-

associated vascular diseases, such as preeclampsia. 
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The studies described in this thesis utilized the highly regarded in vivo and in vitro sheep 

models to further delineate the mechanisms by which estrogen and pregnancy regulate uterine 

vasodilation. It has been thoroughly described that E2β-stimulated and pregnancy-associated 

vasodilation are mediated by ER and eNOS/NO signaling (29,110).  However, ablation of 

eNOS/NO signaling by the NOS inhibitor L-NAME only blocks ~65% of the E2β-stimulated 

rises in UBF (110), suggesting that additional mechanism(s) contribute to E2β-stimulated rise in 

UBF.  The CBS/CSE-H2S system has been shown to be expressed in female reproductive tissues 

(182), and important in female pregnancy as a placental vasodilator (184).  My dissertation 

studies have focused on determining if this system exists in the uterine vasculature and whether 

estrogens regulate this system.  This work aimed to address the question whether the CBS/CSE-

H2S system has a role in E2β-induced and pregnancy-associated uterine vasodilation.  The data 

presented have clearly shows that E2β stimulates H2S biosynthesis in UA endothelium and 

smooth muscle in vivo and in vitro via ER-dependent mechanisms.  This work suggests that H2S 

biosynthesis serves as a novel pathway, in addition to the demonstrated eNOS-NO pathway, to 

regulate E2β-stimulated and pregnancy-associated UA vasodilation. 

 ERT significantly upregulated CBS mRNA and protein expression and H2S production in 

the nonpregnant ovariectomized sheep model (Chapter 2).  These findings demonstrate a key 

mechanism for E2β-stimulated UBF using in vivo sheep models (110,111), synergistic with or in 

parallel to the eNOS/NO pathway.  To further delineate the mechanisms by which E2β stimulates 

H2S biosynthesis in sheep UA, we utilized the thoroughly characterized primary ovine UAEC in 

vitro model, because in culture these cells retain endothelial cell characteristics seen in that of 

freshly isolated sheep UA; this includes vasodilator production, endothelial cell marker 

expression, and ER isoform expression (90,123,128).   Previous studies utilizing this model 
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demonstrated that E2β upregulates eNOS expression and NO production in UAEC in vitro 

(123,124,130), consistent with eNOS/NO observed in the in vivo sheep model (28,120,121).   

However, utilizing the UAEC model to study the mechanism of E2β-stimulated H2S 

biosynthesis, the presented studies here revealed that in vitro E2β treatment stimulates both CBS 

and CSE mRNA and protein expression, and subsequent H2S production (Chapter 3).  

Additionally, we have established a novel sheep primary UASMC model to further delineate 

pathways in endothelium-independent E2β-stimulated vasodilation, in regards to vascular smooth 

muscle H2S biosynthesis (Chapter 4).  Consistent with the CBS/CSE-H2S expression profile we 

established in UAEC, both enzymes are upregulated by E2β treatments in UASMC in culture.  In 

both primary cell models, CBS/CSE-H2S was upregulated by E2β treatments, similar to that seen 

by E2β to simulate eNOS/NO in UAEC (123,124,130) and nNOS in UA vascular smooth muscle 

(117,120).  Additionally, we show here that E2β stimulates H2S biosynthesis via ER-dependent 

mechanisms, similar to that of upregulated eNOS/NO in UAEC (130), and other endothelial cells 

of various vascular beds including aortic, human umbilical vein, coronary artery, and pulmonary 

endothelial cells (55,242-244). 

The data presented in this dissertation demonstrated that E2β stimulates H2S biosynthesis 

via upregulation of CBS expression in vivo (Chapter 2); however, as presented here E2β 

stimulates H2S biosynthesis via upregulation of both CBS and CSE in vitro (Chapters 3-4).  The 

differences in E2β-stimulated CBS/CSE expression in vivo compared to that of in vitro remains 

to be determined.  It is possible that the in vitro microenvironment could explain these difference 

because factors in cell culture systems can affect endothelial and smooth muscle cell 

characteristics and properties; for example, bovine endothelial cell properties change due to cell 

passage number and media conditions which alter cellular kinetics and expression of endothelial 
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cell specific mRNAs and proteins (238,239).  Additionally, others have identified mRNA 

expression patterns to differ in cultured HUVEC compared to that of freshly isolated cells (240).  

However in these presented studies, UAEC and UASMC retain vasodilator production, 

endothelial or smooth muscle cell marker expression, and ER expression similar to that seen of 

freshly isolated UA endothelium and vascular smooth muscle (90,123,128).   Therefore, 

differences in cultured cell characteristics are not likely responsible for differences in E2β-

stimulated CBS and CSE expression in vitro, compared to that observed in vivo.  This provides 

reliable use of these cell models to study the molecular mechanisms involved in UA 

vasodilation.  Additionally, difference in E2β-stimulated CBS and CSE protein expression in 

vitro may differ compared to in vivo, because the in vivo studies presented here and by others 

(29,120) focus on the effects of ERT on UBF using doses of E2β that may be substantially higher 

than physiological concentrations, compared to that of 10 nM E2β used in UAEC culture systems 

(75,124,130).  In addition, to our knowledge to date these are the first comparative studies 

investigating the CBS-H2S system in vivo and in vitro in the vasculature, in response to hormonal 

regulation.  Therefore, it is unknown if these differences would arise in other vascular beds, 

which are important to be further explored.  Regardless, our findings have shown that CBS is 

highly inducible in UA endothelium and smooth muscle in vivo by ERT; E2β treatment 

significantly stimulates CBS and CSE mRNA and protein expression in UAEC and UASMC in 

vitro.  These findings make the UAEC and UASMC cell models suitable for studying the 

molecular mechanism behind E2β-stimulated CBS-H2S system in vivo, although further studies 

are required to delineate the difference in E2β-stimulated CBS and CSE expression in vivo and in 

vitro. 
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Next, we must distinguish if the stimulatory effect of E2β on CBS and CSE expression is 

specifically an estrogenic effect or an independent biologic action of a class of steroids.  Others 

have discovered that steroids that lack glucocorticoid or mineralocorticoid activity were anti-

angiogenic and comprised a new class of angiostatic steroids, thus discovering new biological 

actions for steroids (245).  To test that E2β stimulated CBS/CSE expression in UAEC is due to 

the estrogenic potency of E2β or moreover to a larger class of steroids exhibiting distinct 

biological actions, UAEC were treated with vehicle, 100 nM P4, 10 nM E2β alone or with P4, 

and 10 nM E2α (structural analog and inactive form of E2β) alone or with P4 (data not shown).  

UAEC treated with E2α did not stimulate CBS or CSE expression, consistent with findings that 

E2α elicits nearly no estrogenic activity to stimulate biological functions (57).  As expected, E2β 

stimulated CBS and CSE expression.  To a much lesser extent, P4 stimulated CBS and CSE 

expression alone or in combination with E2β or with E2α.  Others have shown that prolonged 

infusion of P4, alone or with E2β, stimulates eNOS expression in sheep in vivo (28), suggesting a 

role for P4 in UA vasodilator production.  Additional investigation is required to determine if 

E2β-stimulated CBS and CSE expression is a distinct estrogenic effect or an indication of a class 

of steroids with a novel biological action to stimulate H2S.  Cultured UAEC and UASMC should 

be treated with representative classes of steroids, including glucocorticoids, mineralocorticoids, 

androgens and other estrogens, and progestins (246) to distinguish this difference. 

Nonetheless, these studies demonstrate that E2β stimulates UA H2S biosynthesis in vitro 

and in vivo.  Because H2S is a potent vasodilator (145), the findings presented also raise an 

important question as to the physiological and/or pathological role of CBS/CSE-H2S system in 

the UA.  Thus, an immediate need is to conduct further functional studies to determine if H2S 

functions as a mediator for estrogen-induced vasodilation.  This can be done, possibly by 
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utilizing wire myograph techniques.  Studies using wire myograph techniques have determined 

the kinetic and pharmacological understanding of E2β-stimulated UA vasodilation.  E2β 

stimulates Ca2+-activated K+ channels on UA of nonpregnant sheep (138,247), and E2β-

stimulated relaxation is blocked by NO inhibitor, L-NAME (118).  Additionally, human UA 

rings are responsive to E2β and ER specific agonists, further suggest ER-dependent mechanisms 

in these pathways (248), and human UA possess Ca2+-activated K+ channels that are responsive 

to NO-induced vessel relaxation (249).  Consistent with these findings exogenous E2β relaxes 

UA rings in rats (102) and endogenous estrogens relax UA rings in mice (250), but both are 

blocked by L-NAME.  Collectively, these studies using wire myograph technique have supported 

a role of eNOS/NO as a key mediator in E2β-stimulated vasodilation and regulator of UBF.   

Analogous to the functional studies of determining the physiological role of eNOS/NO in 

mediating estrogen-induced uterine vasodilation, we believe that ex vivo organ bath studies using 

the wire myograph technique will be best suited to determine the function roles of CBS/CSE-H2S 

in UA vasodilation.  For instance, using the H2S donor NaHS or synthetic novel H2S donors with 

prolonged half-lives will allow us to determine if exogenous H2S from donors can relax UA 

(251).   Additionally, in the presented studies we have shown UA H2S production is increased by 

in vivo ERT and that ex vivo exposure to specific CBS inhibitor (CHH) alone or with CSE 

inhibitor (BCA), but not CSE inhibitor alone, markedly blocked ex vivo H2S production.  This 

suggests that the CBS enzymatic activity is the primary entity responsible for E2β-stimulated 

H2S production in vivo, although both enzymes are expressed in UA endothelium and smooth 

muscle.  However, both enzymes contribute to H2S production in cultured UAEC and UASMC; 

therefore, it is needed to demonstrate the relative and specific role of CBS/H2S and (or) 

CSE/H2S in mediating in E2β-stimulated UA vasodilation by using myographs with specific 
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CBS and CSE inhibitors.  Such proposed studies would provide implications of the in vivo 

vasodilatory role of H2S in UA.  It is plausible that these functional studies will mirror the 

expression studies described here, similar as to the NO/eNOS system as discussed above. 

The presented data have shown that CBS and CSE transcription is mediated by E2β.  10 

nM E2β for 24 hours activated both the CBS and CSE promoters in both UAEC and UASMC 

models transfected with CBS and CSE promoter luciferase reporter constructs.  Utilizing 

promoter-mapping software (http://alggen.lsi.upc.es), putative binding sites for various 

transcription factors were identified within the CBS and CSE promoters (Figure 5.1).   The CBS 

promoter is >4k bp and encodes five distinct 5’ non-coding exons (155), containing putative 

binding sites for various transcription factors, including Sp1, Sp3, and AP-1 (152,154).  The CSE 

promoter is >1.5k bp and contains various transcription factor binding sites for Sp1 and AP-1 

(152,156).  We have identified putative binding sites for ER, Sp1, and AP-1.  Additionally, we 

have identified that upon in vivo ERT, various transcription factors are upregulated in nuclear 

proteins of UA from sheep undergoing ERT compared to those from UA of vehicle treated 

sheep, including ER, Sp1, and AP-1 transcription factors (Figure 2.7).  It is likely that E2β-

stimulated CBS/CSE transcription occurs via ER binding to ERE sites within these promoters 

(i.e., via classical signaling of E2β), because ER antagonist ICI 182, 780 blocks E2β activation of 

the CBS promoters in UAEC and UASMC (Chapters 3-4).  However, because other transcription 

factors are also activated in UA by ERT and their putative binding sites are present in the 

CBS/CSE promoters, it is possible that E2β stimulated CBS/CSE transcription occurs by ER 

forming complexes with AP-1 and Sp1 (transcription factor crosstalk) to bind to their respective 

promoter binding sites (77-80) or ER directly binding to AP-1 and Sp1 sites within these 

promoters (81).  Additionally, we found AP-2 to be the highest activated transcription factor in 
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response to ERT.  AP2 has been shown to regulate ER expression in breast cancer carcinomas 

(252,253), and therefore may play a role in ER expression in response to ERT in UA.  Additional 

studies are required to determine how these other transcription factors may regulate CBS and 

CSE expression in UAEC and UASMC.  Via site-directed mutagenesis of TF binding sites in the 

CBS and CSE promoters we can determine where E2β or other TF complexes bind to stimulate 

gene expression.  Similar studies have been conducted to identify that AP-1 regulates fibroblast 

growth factor 2 (FGF2) and vascular endothelial growth factor (VEGF) regulation of eNOS 

expression in placental artery EC (233) or AP-1 regulation of eNOS in UAEC (254).  

 
 
Figure 5.1. Putative transcription factor binding site in the CBS and CSE promoters.  The 
CBS promoter spans >4k bp and encodes five distinct 5’ non-coding exons, while the CSE 
promoter spans >1.5k bp.  Using prediction software, multiple putative transcription factor 
binding sites have been identified and mapped within the CBS and CSE gene promoters, 
including binding sites for ER, SP-1, and AP1.    
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In recent years, many studies have discovered that protein S-sulfhydration to be a major 

signaling pathway for H2S to modulate protein function post-translationally to achieve biological 

outcomes. S-sulfhydration is the conversion of a sulfhydryl group (-SH) to hydropersulfide 

group (-SSH) on a reactive cysteine residue; this can occur on various proteins (175).  H2S has 

been identified to effectively S-sulfhydrate many proteins including glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), β-tubulin, actin (175), KATP channel proteins (255), NFκB 

transcription factor (256), eNOS (257), and voltage-sensitive K+ Kv4.3 channel proteins (258).  

S-sulfhydration of KATP channel proteins and of eNOS is a significant pathway by which H2S has 

been shown to stimulate vasorelaxation (255,257).  Similar to this phenomenon, NO can 

modulate protein function via S-nitrosylation: the covalent adduction of a NO moiety (NO●) to 

reactive cysteine residues (259).  Both S-sulfhydration and S-nitrosylation are reversible post-

translational modifications (260,261), but it is suggested that there are fewer total proteins that 

undergo S-nitrosylation compared to those that undergo S-sulfhydration (175,262).  

Additionally, E2β rapidly stimulates protein S-nitrosylation in UAEC and HUVEC via ER-

dependent mechanisms to regulate endothelial function (129,130), providing a critical 

mechanism for estrogen-induced uterine vasodilation after NO is synthesized.   It has also been 

suggested that protein S-sulfhydration by H2S (via CBS) plays a role in the stability of Sp1 

binding sites in the VEGF promoter, the lack of which results in reduced endothelial cell 

proliferation and migration (263).  It is likely that E2β may rapidly stimulate S-sulfhydration of 

various proteins via enhanced H2S production by upregulating CBS in vivo, providing another 

dimension of the mechanisms controlling E2β-stimulated uterine vasodilation.  Additionally, S-

sulfhydration may contribute to the stability of various TF binding sites, such as ER, Sp1, and 
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AP-1 in the CBS and CSE promoters, which may mediate E2β stimulated H2S biosynthesis.  

Further studies are warranted to delineate these questions. 

The data presented herein utilize the highly regarded in vivo and in vitro sheep models.  

The sheep uterine vasculature is vastly similar to that found in women, making it a suitable 

animal model for studying the dynamics of the uterine vasculature during pregnancy (39). 

Therefore, this dissertation may support means for translational application to the human 

vasculature.  It is necessary to reiterate that the CBS-H2S system we observe in the in vivo sheep 

model exists in the human uterine artery.  In preliminary assessment of the human UA, we found 

that CBS expression is upregulated during pregnancy compared to that UA of from nonpregnant 

pregnant women (Figure 5.2A).  UA CSE protein is highly expressed in both the nonpregnant 

and pregnant states by Western Blot analysis, but CSE protein expression does not appear to be 

inducible by increased endogenous circulating estrogens during pregnancy.  Additionally, 

microscopic analysis shows CBS and CSE proteins are expressed in both the endothelial cells 

contained within the UA intima, and the vascular smooth muscle within the UA media (Figure 

5.2B,C).   Consistent with our Western blot data, CBS but not CSE protein expression is 

upregulated in the intima and media of pregnant UA compared to that of nonpregnant UA.  

Circulating estrogens increase dramatically during pregnancy (24-26), which correlates to our 

findings that CBS expression is markedly increased upon ERT in vivo as discussed in Chapter 2.  

The data presented in this dissertation links E2β-stimulated UA H2S biosynthesis to be mediated 

via ER isoforms.  We have further identified that ERα and ERβ mRNA and protein is expressed 

in freshly isolated human nonpregnant and pregnant UA, and their expressions are retained in 

cultured primary human UAEC and UASMC (Figure 5.3).  
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Figure 5.2. CBS and CSE protein expression in human UA. (A) Western blot analysis of 
CBS/CSE protein expression in UA lysates from nonpregnant (NP) UA of postmenopausal 
(Post) women or in the secretory (Sec) phase of the menstrual cycle and during pregnancy 
(Preg). Immunofluorescent microscopy (B) of CBS (green) and endothelial cell marker CD31 
(red), and image analysis of CBS and CSE (C) expression in UA rings from the Sec and 
Proliferative (Pro) phase and Preg.  Data (mean ± SEM) are from 2–5 different UA/group. 
Different letters differ significantly, P<.05.  l, lumen; i, intima; m; media.  Scale bar is 25 µm.  
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Figure 5.3. ERα  and ERβ  expression in human UA.  ERα and ERβ mRNA (A) and protein 
(B) expression in UA from women in the secretory (Sec) or proliferative (Pro) phase of the 
menstrual cycle and during pregnancy (Preg).  Myometrium (Myo) expression served a control.  
Additionally, ERα and ERβ mRNA (A) expression in primary cultured endothelial (EC) and 
smooth muscle (SMC) cells.  Immunohistochemical staining (C) of ERα and ERβ (blue) co-
stained with endothelial marker CD31 or vascular smooth muscle marker α-actin SM (pink).  
Counter stain is omitted.  l, lumen; e, endothelium; sm; smooth muscle.  Scale bar is 25 µm.  
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The expression of these ER isoforms suggest functional signaling of ERα and ERβ in human UA 

(65), as mirrored by ER isoforms being expressed and having functional roles in UA vasodilation 

in sheep (90,235) and rats (102). This preliminary analysis of human UA, suggests translational 

implications for the sheep studies and mechanisms described in this dissertation on E2β-

stimulated UA H2S in sheep. 

The data presented herein demonstrate the CBS-H2S system is present in both sheep and 

human uterine vasculatures.  Therefore, there may be clinical implications for utilizing H2S in 

clinical trials to treat hypertensive pregnancy disorders such as preeclampsia because CSE 

expression is decreased in human placentas from preeclamptic pregnancies (184).  Additionally, 

dysregulation of CSE during preeclampsia may leads to placental abnormality and maternal 

hypertension (185). There may also be clinical and therapeutic implications for H2S in 

postmenopausal women because decreased estrogen levels have been associated with increased 

risk of cardiovascular diseases in women (48), which may suggest a cardioprotective role for 

E2β-stimulated vasodilators such as H2S.  Thus, H2S donor may possess significant therapeutic 

remedies.  Recently, garlic has been highlighted to have potential therapeutic potential because it 

contains numerous biologically active compounds (264).  Garlic contains sulfur containing 

compounds as a source of H2S; of notable interest S-allylcysteine (SAC), allicin, diallyl disulfide 

(DADS), and diallyl trisulfide (DATS) have been investigated as sulfur containing compounds in 

garlic (215,265).  SAC has been shown to be cardioprotective from acute myocardial infarction 

in rats (266).  DADS and DATS can protect eNOS from oxidative degradation to protect 

endothelial cells function (267) and they protect mice from acute myocardial infraction (268) 

likely by increasing eNOS availability (268,269).  Additionally, H2S-related pharmacological 

compounds are being investigated (270), such as ACS6 (271) and ATB-346 (272).  However, 



 88 

pharmacological compounds require further development as they have been observed to have 

cytotoxic effects.  Regardless, this demonstrates the evolving role of H2S therapeutics that may 

soon have beneficial responses to treat hypertensive-related pregnancy disorders, such as 

preeclampsia, as well as cardiovascular disease in postmenopausal women. 

The work presented in the dissertation illuminated a novel mechanism contributing to 

E2β-stimulated vasodilation.  We have utilized the well-established in vivo ovariectomized sheep 

model to demonstrate that E2β stimulates H2S biosynthesis via upregulation of CBS expression.  

We have further utilized the well-established UAEC model and characterized the novel UASMC 

model to further elucidate the mechanisms behind E2β-stimulated H2S biosynthesis in UA 

vasodilation.  We also have further shown that E2β-stimulates CBS and CSE expression and/or 

activity and ex vivo H2S production via ER-dependent mechanisms involving both ERα and ERβ 

isoforms.  Furthermore, we have identified multiple transcription factors that are upregulated 

upon in vivo ERT, as well as putative TF binding sites within the promoters of the CBS and CSE 

genes because these promoters are activated upon E2β treatments.  Overall, the work presented 

herein has established that estrogen stimulates UA endothelial and smooth muscle H2S 

biosynthesis in vivo and in vitro, utilizing mechanisms dependent on ERα and ERβ.  Our findings 

hold a promise that enhanced H2S production via CBS upregulation, i.e., the CBS/H2S pathway, 

provides a novel vasodilator system for mediating estrogen-induced and possibly pregnancy-

associated uterine vasodilation. 
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Figure 5.4 Proposed mechanisms for E2β-regulated H2S biosynthesis in uterine artery 
endothelial and smooth muscle cells. Estrogen (E2β) binds to estrogen receptors (ER) isoforms 
ERα and/or ERβ. Ligand bound ERs travel to the nucleus, possibly interacting with other 
transcription factors (TF), such as AP-1 and Sp1, to initiate CBS/CSE gene transcription in both 
UA endothelial cells and smooth muscle cells.   The resulting transcripts are translated into 
CBS/CSE proteins within the cellular cytoplasm.  Activated CBS/CSE proteins biosynthesize 
H2S via metabolism of L-cysteine substrate.  H2S freely transfuses in and out of either cell type 
contributing to uterine arterial vasodilation and angiogenesis. 
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Chemicals and antibodies 

Estradiol-17β, O-(Carboxymethyl)hydroxylamine hemihydrochloride (CHH), 

Hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), fatty acid free bovine serum 

albumin (BSA), sodium dodecyl sulfate (SDS), and all other chemicals unless specified, were 

from Sigma (St. Louis, MO).  ICI 182, 780, 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-

piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride (MPP), 4-[2-Phenyl-5,7-

bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3yl]phenol (PHTPP), 4,4,4-(4-propyl-[1H]-

pyrazole-1,3,5-triyl)trisphenol (PPT), diarylpropionitrile (DPN) were from Tocris (Ellisville, 

MO). β-cyano-L-alanine (BCA) was from Cayman Chemical (Ann Arbor, MI).  Anti-β-actin 

monoclonal antibody was from Ambion (Austin, TX).  Anti-CBS monoclonal antibody and anti-

CSE monoclonal antibody used were purchased from Santa Cruz Biotechnology, Inc (Santa 

Cruz, CA).  Anti-CD31 antibody was from Dako (Carpinteria, CA). Anti-biotin antibody was 

from Cell Signaling Technology (Beverly, MA).  Monoclonal antibodies of anti-ERα and anti-

ERβ were from Fisher Scientific (Pittsburgh, PA) Cell culture media MCDB131, DMEM and 

M199, prolong Gold antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI), Alexa488 goat 

anti-mouse IgG, and Alexa568 goat anti-mouse IgG were from Invitrogen (Carlsbad, CA).  

 

Animal preparation and estrogen replacement treatment 

All in vivo ovine tissue analyzed for mRNA, protein by western blot, and H2S production 

were from mixed Western breed ewes that were ovariectomized via midventral laparotomy as 

detailed previously (40,110,120).  This particular animal use protocol was approved by the 

Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical 

Center, Dallas, TX.  After at least 4-5 days of recovery, the ewes received vehicle or ERT (n = 
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5/group) for 5-6 days. The ERT-treated ewes received a bolus injection of E2β (1 µg·kg-1·day-1, 

iv) over 1-2 min each morning while UBF, mean arterial pressure (MAP), and heart rate were 

monitored continuously beginning 30 min before E2β injection and continuing for 120 min. 

Animals receiving bolus injection of ethanol and a saline flush of 0.7-0.9 ml, served as 

OVX/Vehicle controls, which alone produced no effect.  This E2β treatment regime elicited a 

progressive increase in UBF that begins 30 min after treatment and reached its maximum at 90-

120 min, increased mammary blood flow ~2-fold at 90-120 min, and resulted in plasma estrogen 

levels resembling those in women on ERT (1,273), and those in sheep at the onset of parturition 

(30). E2β was dissolved in 95% ethanol and stored at 4°C at a stock of 1 mg/ml. The E2β dose 

and timed tissue collection were based on eNOS expression and hemodynamic responses as well 

as blood levels of E2β achieved, as detailed in the previous studies (1,40,41,44,45,116,120).  The 

next morning after the last E2β infusion, the animals were euthanized with phenobarbital (10ml 

of 100mg/ml) to collect various intact artery tissues, including UA, MA and CA.  In addition, 

endothelium-denuded arteries were prepared from longitudinally 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. 

All in vivo ovine tissue analyzed for Immunofluorescence microscopy production were 

from mixed Western breed ewes that were ovariectomized via midventral laparotomy as detailed 

previously (1,28,44).  The animal 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 E2β treatment (initial loading dose of 5 µg/kg, 

followed by 6 µg·kg-1·day-1 for 10 days) or vehicle control were studied. 
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Cell culture and treatments 

Primary uterine artery endothelial cells (UAEC) were isolated by collagenase digestion 

from late pregnant ewes (120-130 days of gestation, normal term ≈145 days) as previously 

described (90,124,130).  The animal use protocol was approved by the Animal Subjects 

Committee from the University of Wisconsin-Madison where the cells were collected.  Frozen 

UAEC aliquots (passage 2) were thawed and seeded in MCDB131 containing 10% fetal bovine 

serum (Lonza, Walkersville, MD) and 1% penicillin/streptomycin for experimental use at 

passages 4–6. Cells were treated with E2β and ER agonists and antagonists as previously 

described (130).  Briefly, cells at 70% confluence were cultured in serum-free and phenol red-

free M-199 medium containing 0.1% fatty acid-free BSA and 25mM HEPES overnight for ~16 

h.  Following equilibration in fresh serum-free M-199 with or without ER antagonists for 1 h, 

cells were treated with or without 10nM E2β for 48 hours, unless otherwise specified in figure 

legends.  Ethanol was used to dissolve E2β and ER agonists and antagonists.  Final ethanol 

concentrations for treatments were less than 0.5% and did not alter cellular responses surveyed in 

this study. 

Primary uterine artery smooth muscle cells (UASMC) were isolated from late pregnant 

ewes (120-130 days of gestation, normal term ≈145 days).  After removal of the endothelium in 

primary UAs by collagenase digestion, endothelium-denude UAs were cut into 1-cm segments. 

The smooth muscle was dissected mechanically under a Stereo Microscope (10x). The smooth 

muscle segments were further digested with 0.1% collagenase in M-199-0.1% BSA at 37°C for 

45 min.  The cells were then collected and cultured in DMEM containing 10% fetal bovine 

serum (Lonza, Walkersville, MD) and 1% penicillin/streptomycin.  The animal care and use 

protocol was followed and approved by the Institutional Animal Care and Use Committees of the 
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University of California Irvine.  After subculture, UASMC were frozen in liquid N2 at passage 2 

for characterization by flow cytometry and expression of smooth muscle vs. endothelial cell 

markers.  Frozen UASMC aliquots (passage 2) were thawed and seeded for experimental use at 

passages 3–7. Cells were treated with U0126, E2β, and ER agonists and antagonists as previously 

described (130).  Briefly, cells at 70% confluence were cultured in serum-free and phenol red-

free M-199 medium containing 0.1% fatty acid-free BSA and 25mM HEPES overnight for ~16 

h.  Following equilibration in fresh serum-free M-199, cells were treated with or without ERK1/2 

inhibitor U0126 (10 µM) for 1 h, before treatment with or without E2β (10 nM) for 48 hours.  

Alternatively, cells were treated with or without ER antagonists (1 µM) for 1 h, following 

treatment with or without E2β (10 nM) for 48 hours.  For agonist experiments, cells were treated 

with E2β (10 nM) or specific agonists (10 nM) for 48 hours.  Ethanol served as the vehicle and 

was used to dissolve E2β and ER agonists and antagonists.  Final ethanol concentrations for 

treatments were less than 0.5% and did not alter cellular responses surveyed in this study. 

 

RNA extraction, Reverse Transcription, Real-time qPCR and PCR. 

Total RNAs were extracted from intact, endothelium-denuded artery segments, UAEC or 

UASMC using Trizol reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s 

instructions.  RNA was quantified by OD260/280. The first-strand complementary DNA (cDNA) 

was synthesized by, as previously described (90,218). Reverse transcription with random primers 

and AMV Reverse Transcriptase (Promega, Madison, WI) with 1µg RNA as previously 

described (90).  The cDNAs so derived were used for quantifying CBS, CSE, and L19. 

Quantitative real-time PCR (run in triplicate) was conducted with gene-specific primers;  CSE 

primers: forward 5’-TTGTATGGATGATGTGTATGGAAGG-3’ and reverse 5’-
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CCAAACAAGCTTGGTTTCTGGTG-3’ (141 bp amplicon), CBS primers: forward 5’- 

TGAGATTGTGAGGACGCCCAC-3’ and reverse 5’-TCACACTGCTGCAGGATCTC--3’ (177 

bp amplicon), and L19 primers: forward 5’-AGACCCCAATGAGACCAATG-3’  and reverse 

5’- GTGTTTTTCCGGCATCGAGC-3’ (129 bp amplicon).  Each real-time PCR reaction 

contained 7.5 µL of RT² Real-TimeTM PCR SYBR Green master mix (SABiosciences), 0.45 µl 

of forward and reverse primers (10 µM), 3 µL of cDNA template in with 15 µL final volume in 

nuclease-free H2O. A StepOnePlusTM Real-Time PCR system (Life Technologies, Grand Island, 

NY) was used with a three-step thermal cycling program: initial denaturing at 95°C for 10 min, 

followed by 40 cycles of 95°C for 15 seconds, 55°C for 30 seconds and 72°C for 30 seconds, and 

a melting curve program (95°C, 15 seconds; 60°C, 1 minute, optics off; 60°C to 95°C at 

2°C/minute, optics on).  Comparative CT method (ΔΔCT method) was used to calculate relative 

CBS and CSE mRNA levels with the use of ribosomal protein L19 as the internal reference 

control. 

For ERα, ERβ, and L19 PCR, total RNA extraction and cDNA synthesis was preformed 

as described above.  PCR was performed using Platinum Taq DNA polymerase (Life 

Technologies) following the manufacturer’s instructions.  PCR was conducted with gene-specific 

primers; ERα primers: forward 5’-TACTGCATCAGATCCAAGGG-3’ and reverse 5’-

ATCAATGGTGCACTGGTTGG-3’ (650 bp amplicon), and ERβ primers: forward 5’-

TGAAAAGGAAGGTTAGTGGGAACC-3’ and reverse 5’-TGGTCAGGGACATCATCATGG-

3’ (528 bp amplicon). ERα thermal cycling program was an initial denaturing at 95°C for 6 min, 

followed by 40 cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C for 1 minute, and a 

final extension of and 72°C for 5 minutes.  ERβ thermal cycle was the same as ERα with the 

modifications of 38 cycles and annealing of 45°C for 1 minute.  Lastly, L19 thermal cycling 
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program was an initial denaturing at 95°C for 2 min, followed by 35 cycles of 94°C for 30 

seconds, 60°C for 30 seconds and 72°C for 30 seconds, and a final extension of and 72°C for 5 

minutes.  PCR products were separated by gel electrophoresis on a 1% agarose gel and imaged 

using an Ultraviolet Imaging System (Alpha Innotech, San Leandro, CA). 

 

SDS-PAGE and Western Blot Analysis 

Protein extracts were prepared from homogenates of artery segments  or cells in a 

nondenaturing buffer containing protease cocktail (90,134).  Protein concentrations were 

determined by using the Pierce® BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL).  

Proteins (10 µg/sample) were separated on 10% SDS-PAGE and transferred onto polyvinylidene 

fluoride membranes.  The membranes were subjected to immunoblotting with mouse anti-CBS 

or anti-CSE monoclonal antibodies (0.4 µg/ml), followed by horseradish peroxidase-conjugated 

goat anti-mouse (0.01 µg/ml), or mouse anti-ERα or anti-ERβ polyclonal antibodies (0.2 µg/ml), 

followed by horseradish peroxidase-conjugated goat anti-rabbit (0.002 µg/ml)  Bound antibodies 

on membranes were visualized by using the SuperSignal® West Femto Maximum Sensitivity 

Substrate (Thermo Fisher Scientific, Waltham, MA) and digital images were captured using a 

ChemiImager Imaging System (Alpha Innotech, San Leandro, CA).  The membranes were 

striped and reprobed with mouse anti-β-actin antibody (0.1 µg/ml) for normalizing sample 

loading.  CBS and CSE proteins were quantified by NIH ImageJ software and presented as fold 

changes over controls. 

 

Immunofluorescence Microscopy and Image Analysis 
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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 (28,44,133). Tissue samples were collected from OVX 

ewes receiving vehicle (OVX/Veh) or E2β treatment (OVX/ERT) as detailed previously 

(1,28,44). Sections were baked at 55°C for 1 h, deparaffinized in xylene, and rehydrated by 

passing through gradient ethanol.  Sections were incubated in 0.05% trypsin to unmask antigens 

at room temperature for 30 min.  Autofluorescence was quenched by washing the sections (3x20 

min) with 300 mM 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 min.  Sections 

were then incubated with anti-CD31 (5 µg/ml) overnight at 4°C. Following three 5-minute 

washes in PBS, the sections were incubated with Alexa568 conjugated goat anti-mouse IgG (2 

µg/ml) at room temperature for 1 h.  Following three 20-minute washes in PBS, sections were 

then incubated with 1 µg/ml of anti-CSE or anti-CBS antibodies at room temperature for 2 h, 

followed by incubation with Alexa488 conjugated goat anti-mouse IgG (2 µg/ml) at room 

temperature for 1 h.  Following three 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 microscope (Leica Corporation, 

Deerfield, IL) and digital images were acquired using a CCD camera with the SimplePCI image 

analysis software (Hamamatsu Corporation, Sewickley, PA).  The images were used to 

determine relative levels of CBS and CSE proteins by quantifying mean green fluorescence 

intensity by using NIH Image J 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 
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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 non-specific 

background, 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 

intensity of OVX/Veh animals. 

 

Immunocytochemistry and image analysis 

Cells were grown on glass coverslips to reach ~70-80% confluence and then treated as 

described above.  Following treatments, cells were washed in PBS and fixed in 4% 

paraformaldehyde for 20 minutes at room temperature.  Cells were permeablized by incubating 

in 0.2% Triton-X in PBS for 15 minutes at room temperature.  Autofluorescence was quenched 

by washing the cells three times with 300mM glycine in PBS for 20 minutes each, and 

nonspecific binding of primary antibodies was blocked by incubating the cells in PBS containing 

1% BSA, 0.125% saponin, and 1% gelatin for 30 minutes at room temperature.  Cells were then 

incubated with 1µg/mL of anti-CSE or anti-CBS overnight at 4°C.  Cells were then washed with 

PBS (5 min, 3 times) before being incubated with Alexa488-labeled secondary antibody (1:1000) 

for 1 h at room temperature.  Following three 20-minute PBS washes, coverslips were mounted 

onto slides with Prolong Gold antifade reagent (Invitrogen) containing 4’,6’-diamidino-2-

phenylindole (DAPI) for labeling cell nuclei.   

Slides were then visualized using a Leica fluorescence microscope (Leica Corporation, 

Deerfield, IL) and digital images were acquired using a CCD camera and SimplePCI image 

analysis software (Hamamatsu Corporation, Sewickley, PA).  The images were used to 
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determine relative levels of CBS and CSE proteins by quantifying mean green or mean red 

fluorescence intensity by using SimplePCI.   CBS and CSE proteins were averaged from data 

from 15 cells/image and 5 images/animal. Cell bodies were outlined using the “Region of 

Interest” selection tool and “Mean Green Value” and “Mean Red Value” was recorded for each 

cell. The average “Mean Green Value” and “Mean Red Value” of cells from negative control 

slides with primary antibodies omitted was used to access autofluorescence and non-specific 

background, 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 

intensity of vehicle control treated cells. 

 

Methylene blue assay for H2S production 

Tissue H2S production was determined by the methylene blue assay as described 

previously (170,241), with minor modifications.  Briefly, segments of frozen endothelial 

denuded and intact artery tissue were homogenized in ice-cold 50 mM potassium phosphate 

buffer, pH 8.  The reaction 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 x 

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 transferring the tubes 

from ice to a 37°C shaking water bath.  After incubating 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 a complete trapping of the H2S released from the 
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mixture. Subsequently, 0.05 ml of 20 mM N, N-dimethyl-p-phenylenediamine sulphate 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 CSE inhibition experiments, their respective inhibitor CHH or BCA, were added 

separately or in combination (final conc. = 2 mM) to the reaction mixtures prior to initiating the 

methylene blue assay. 

To determine H2S production in UAEC and UASMC, the methylene blue assay was used 

as as described above and as previously described (170,218) with slight modifications.  Briefly, 

cells were treated with vehicle or 10nM E2β for 48 hours; BCA or CHH at a final concentration 

of 2 mM was added to the reaction mixtures prior to initiating the assay, for CBS and CSE 

inhibitor experiments. For ER dependency experiments, cells were treated with 10 nM E2β with 

or without ICI 182,780 (1 µM) for 48 h.  Cells (5x105) for each treatment in duplicate were 

homogenized in 50 mM ice-cold potassium phosphate buffer pH 8.0. The reaction 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 x 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 transferring 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 20 



 101 

mM N, N-dimethyl-p-phenylenediamine sulphate in 7.2 M HCl was added and immediately 

followed by the of 0.05 ml 30 mM FeCl3 in 1.2 M HCl. The absorbance of the resulting solution 

at 670 nm was measured 20 minutes later. The H2S concentration was calculated based on a 

calibration curve generated from NaHS solutions.   

 

Transcription Factor Array 

Transcription factor data was acquired using service from Signosis, Inc.  Briefly, UA segments 

were cut using a razor into small fractions (~2mm in size).  Nuclear extracts were obtained using 

a nuclear extraction kit (Signosis, Inc., CA; Catalog# SK-0001), following the manufacture’s 

instructions.  The samples were then aliquoted and frozen at -80°C until nuclear extracts were 

checked for relative concentrations using a Bradford Assay.  All samples were within 0.8-

1mg/mL.  Nuclear extracts were then used with a TF Activation Profiling Array II kit (Signosis, 

Inc., CA; Catalog # FA-1002), following the user manufacturer’s instructions.  During the TF 

DNA complex formation, the volume of nuclear extract used from each sample was 6µL.  Data 

was acquired using the Beckman Coulter LD 400 plate reader to determine relative 

luminescence. 

 

Statistical analysis 

Data are presented as means ± SEM (n = 3-5 ewes or cells from ewes/group) and 

analyzed by one-way or two-way analysis of variance (ANOVA), followed by Bonferroni test 

for multiple comparisons using Sigma Plot/Stat 13 (Systat Software Inc.).  .  Student’s paired t-

test was used for comparison of data between two groups.  Significance was defined as P<0.05, 

unless higher statistical power is indicated in the figure legends. 
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