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Abstract 

The proliferation of vascular smooth muscle cells (SMCs) is regulated by an array of 

endogenous substances, including estrogen, insulin-like growth factor-1 (IGF-1), and hydrogen 

sulfide (H2S). Estrogen inhibits SMC proliferation via the activation of estrogen receptor-α (ER-

α), but it stimulates the same in the absence of endogenous H2S. IGF-1, via its receptor (IGF-

1R), stimulates SMC proliferation and migration. ER-α and IGF-1R can form hybrid dimer with 

both ER and IGF-1 as the binding ligands. Furthermore, H2S produced by cystathionine-gamma 

lyase (CSE) inhibits SMC proliferation. It appears that the interaction and integration of the 

vascular effects of estrogen, IGF-1, and H2S determine the outcome of the proliferation of 

SMCs.  

In this thesis study, we found that plasma estrogen levels were significantly lower in 

female CSE knockout (KO) mice than in female wide-type (WT) mice.  Estrogen treatment of 

atherogenic diet-fed mice attenuated hypercholesterolemia, oxidative stress, intracellular 

adhesion molecule-1 and NF-κB expression and increased H2S production in WT mice but not in 

CSE- KO mice.  Not only estrogen and H2S affects each other’s production and function, H2S 

also interacts with IGF-1 to inhibit the stimulatory effect of IGF-1 on SMCs proliferation. This 

inhibitory effect of H2S was abolished by blocking IGF-1/IGF-1R signaling pathway. On the 

other hand, estrogen downregulated the protein expressions of IGF-1 and IGF-1R in mouse 

aortic tissues or aortic SMCs. Deficiency of IGF-1R expression or lower IGF-1R activity 

abolished the stimulatory effect of estrogen on the proliferation of CSE-KO SMCs. ER-α and 

IGF-1R were co-located on cell membrane and co-immunoprecipitated. The binding of estrogen 

to IGF-1R/ER-α hybrid catalyzed the stimulatory effect on SMC proliferation. Finally, H2S 
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induced the S-sulfhydration of IGF-1R, but not ER-α, in mouse SMCs, which lead to the 

decreased formation of IGF-1R/ER-α hybrid. This decrease inhibited the phosphorylation of 

IGF-1R, and attenuated estrogen-induced SMC proliferation.  

It is concluded that the antiatherosclerotic effect of estrogen is mediated by CSE-

generated H2S.  The absence of H2S favors the interaction of estrogen with IGF-1R/ER-α hybrid 

to stimulate SMC proliferation whereas the presence of H2S favors the interaction of estrogen 

with ER-α to inhibit SMC proliferation. Our studies demonstrate that H2S reverses the pro-

proliferative effect of estrogen on SMCs and unmasks the dominative anti-atherosclerotic effect 

of estrogen. The appreciation of the critical role of H2S in the cardiovascular effects of estrogen 

and IGF-1 will help better understand the regulation of the complex vascular effects of estrogen 

and sex-related cardiovascular diseases. 

Keywords 

Atherosclerosis; estrogen; hydrogen sulfide; oxidative stress; smooth muscle cells; cystathionine 

gamma-lyase; insulin-like growth factor-1/ insulin-like growth factor-1 receptor; proliferation. 



 

v 

 

Co-Authorship Statement 

1. Li H, Mani S, Wu L, Fu M, Shuang T, Xu C, Wang R. The interaction of estrogen and CSE/ 

H2S pathway in the development of atherosclerosis. Am J Physiol Heart Circ Physiol. 2017; 

312:H406-H414.  

For the work described in this article, my contribution was to measure estrogen levels, CSE 

activity and H2S production rate as well as data analysis. I have received the permission of other 

authors to allow me to use this article as part of my thesis.  

2. Shuang T, Fu M, Yang G, Wu L, Wang R. The interaction of IGF-1/IGF-1R and hydrogen 

sulfide on the proliferation of mouse primary vascular smooth muscle cells. Biochem 

Pharmacol. 2018; 149:143-152. 

Most of this work has been undertaken by myself. With Dr. Wang and Dr. Wu’s guide, I planned 

the experiments and analyses, solved most experimental studies and investigations, and wrote the 

manuscript with multiple revisions. I have received the permission of other co-authors to allow 

me to use this article in my whole thesis. 

3. Shuang T, Fu M, Yang G, Wu L, Wang R. H2S reverses the stimulatory effect of estrogen 

on smooth muscle cell proliferation via lessening the formation of IGF-1R/ER-α hybrid 

receptor. Under review by Laboratory Investigation. 

Most of this work has been undertaken by myself.  With Dr. Rui Wang and Dr. Lingyun Wu’s 

guide, I formulated the scientific hypothesis based on our previous works and literature. I 

planned the experiments and analyses. I also finished the primary draft of the manuscript 



 

vi 

 

independently. I have received the permission of other co-authors to allow me to use this article 

in my whole thesis. 



 

vii 

 

Acknowledgments 

First and foremost, from the bottom of my heart, I would like to express my appreciation to my 

supervisors Dr. Rui Wang and Dr. Lingyun Wu, who kindly gave me this opportunity to grow up 

in this world class laboratory. Their kindly help, guidance and advice made my thesis work a 

wonderful experience in my life. I have benefitted tremendously from their keen scientific vision 

and rigorous attitude of scholarship. They encouraged me every moment to improve myself and 

keep striving as a real scientist.  

I would like to acknowledge my Ph.D. committee members Dr. Guangdong Yang and Dr. 

Neelam Khaper who provided advice on my committee meeting, and reviewed this thesis. 

Special thanks to Dr. Guangdong Yang, he gave me tremendous help during my research career. 

He set an example of a world-class researcher for his passion on research. I also would like to 

thank Dr. Neelam Khaper, for her helpful and considerate guidance during the course and the 

thesis preparation. 

Furthermore, I would like to acknowledge Dr. Ming Fu for his guidance in my research work, he 

helped me a lot in correct my research habit and action. I would also like to thank my colleagues 

especially Dr. Qiuhui Cao who help me a lot about the animal samples harvest and the 

histological work in this thesis. Additionally, I would like to thank all members of the 

Cardiovascular & Metabolic Research Unit. You together created such a good environment and 

helped me a lot in my research. 

I would like to extend my thanks to my parents Jiancheng Dai and Xiongfei Shan, who have 

been kindly supporting me, encouraging me and loving me along the way. I appreciate my wife 



 

viii 

 

Lirong Jiang and my daughter Yuhan Shuang. They are God’s gracious gifts of love. Without 

their support, my work will undoubtedly be less colorful and joyful. I cannot imagine finish my 

research without them.  

Finally, this project was supported by a mid-career investigator award from the Heart and Stroke 

Foundation of Ontario to Dr. Lingyun Wu and a Discovery Grant from Natural Science and 

Engineering Research Council of Canada to Dr. Rui Wang. I would like to thank the Heart and 

Stroke Foundation of Ontario and Natural Science and Engineering Research Council of Canada 

for their financial support. 



 

ix 

 

Table of Contents 

Abstract ............................................................................................................................. iii 

Co-Authorship Statement ................................................................................................ v 

Acknowledgments ........................................................................................................... vii 

Table of Contents ............................................................................................................. ix 

List of Tables .................................................................................................................. xiii 

List of Figures ................................................................................................................. xiv 

List of Abbreviations .................................................................................................... xvii 

Chapter 1 ........................................................................................................................... 1 

1 INTRODUCTION AND LITERATUREREVIEW .................................................. 1 

1.1 Vascular smooth muscle cell (SMC) proliferation ............................................. 2 

1.1.1 SMCs and cardiovascular diseases .......................................................... 4 

1.1.2 SMC proliferation and cell cycle ........................................................... 10 

1.1.3 Mechanical stimulation, hypoxia and inflammation ........................... 12 

1.2 Gasotransmitter .................................................................................................. 14 

1.2.1 Nitric Oxide (NO) .................................................................................... 14 

1.2.2 Carbon monoxide (CO) .......................................................................... 15 

1.2.3 Hydrogen sulfide (H2S) ........................................................................... 16 

1.2.3.1 Enzymatic biosynthesis of H2S ................................................ 17 



 

x 

 

1.2.3.2 Metabolism of H2S .................................................................... 18 

1.2.3.3 The vascular effects of H2S ...................................................... 20 

1.3 Estrogen and estrogen receptors (ERs)............................................................. 22 

1.3.1 Estrogen ................................................................................................... 22 

1.3.2 Estrogen receptors .................................................................................. 24 

1.3.3 The physiological effect of estrogen ....................................................... 27 

1.4 Insulin-like growth factor-1 (IGF-1) and insulin-like growth factor-1 receptor 

(IGF-1R)............................................................................................................... 32 

1.4.1 IGF-1 ........................................................................................................ 32 

1.4.2 IGF-1R ..................................................................................................... 33 

1.5 Hypothesis and Objectives of the study ............................................................ 35 

Chapter 2 ......................................................................................................................... 36 

2 The interaction of estrogen and CSE/H2S pathway in the development of 

atherosclerosis ............................................................................................................ 36 

2.1 Abstract ................................................................................................................ 37 

2.2 Introduction ......................................................................................................... 38 

2.3 Materials and methods ....................................................................................... 39 

2.4 Results .................................................................................................................. 43 

2.5 Discussion............................................................................................................. 58 

Chapter 3 .......................................................................... Error! Bookmark not defined. 



 

xi 

 

3 The Interaction of IGF-1/IGF-1R and Hydrogen Sulfide on the Proliferation of 

Mouse Primary Vascular Smooth Muscle Cells ...................................................... 63 

3.1 Abstract ................................................................................................................ 64 

3.2 Introduction ......................................................................................................... 65 

3.3 Material and methods ......................................................................................... 66 

3.4 Results .................................................................................................................. 71 

 3.5 Discussion........................................................................................................... 712 

Chapter 4 .......................................................................... Error! Bookmark not defined. 

4 H2S reverses the stimulatory effect of estrogen on smooth muscle cell proliferation 

via lessening the formation of IGF-1R/ER-α hybrid Receptor .............................. 91 

4.1 Abstract ................................................................................................................ 92 

4.2 Introduction ......................................................................................................... 93 

4.3 Materials and methods ....................................................................................... 94 

4.4 Results ................................................................................................................ 101 

4.5 Discussion........................................................................................................... 120 

Chapter 5 ......................................................................................................................... 91 

5 DISCUSSION AND CONCLUSSION ................................................................... 130 

5.1 GENERAL DISCUSSION ............................................................................... 131 

5.2 CONCLUSSION ............................................................................................... 138 

5.3 SIGNIFCANCE OF THE STUDY .................................................................. 139 

5.4 LIMITATION OF THE STUDY ..................................................................... 141 



 

xii 

 

5.4.1 Research limitations.............................................................................. 141 

5.4.2 Methodological Limitations ................................................................. 141 

5.5 FUTURE DIRECTIONS .................................................................................. 143 

References ...................................................................................................................... 145 

  



 

xiii 

 

List of Tables  

Table 5. 1 Mortality of Ischemic Heart Disease in different areas in the world. (Data comes 

from Global Burden of Disease Study 2013) .......................................................................... 139 

 



 

xiv 

 

List of Figures  

Figure 1.1 Role of SMCs in hypertension, atherosclerosis and other cardiovascular 

diseases. .......................................................................................................................................... 9 

Figure 1.2 The cell cycle of SMCs.............................................................................................. 11 

Figure 1.3 Enzymatic biosynthesis and metabolism of H2S. ................................................... 18 

Figure 1.4 The estrogen metabolism and effect to SMCs. ....................................................... 26 

Figure 1.5 The signalling mechanism of estrogen and estrogen receptor. ............................. 31 

Figure 2.1 Plasma estrogen levels in female wild-type (WT) and cystathionine γ-lyase 

knockout (CSE-KO) mice........................................................................................................... 44 

Figure 2.2 The effect of estrogen (E) on aortic atherosclerotic lesions in female WT and 

CSE-KO mice. ............................................................................................................................. 47 

Figure 2.3 The effect of estrogen on plasma lipids and homocysteine levels in female WT 

and CSE-KO mice. ...................................................................................................................... 50 

Figure 2.4 The effect of estrogen on plasma lipids and homocysteine levels in female WT 

and CSE-KO mice. ...................................................................................................................... 52 

Figure 2.5 Oxidative stress levels in WT and CSE-KO mice with or without estrogen 

treatment. ..................................................................................................................................... 55 

Figure 2.6 Effects of estrogen on the expression of intracellular adhesion molecule 1 

(ICAM-1), nuclear NF-κB p65, and cytoplasmic phospho- Iκ-Bα /total- Iκ-Bα in aortic 

tissues from female WT and CSE-KO mice. ............................................................................ 57 

Figure 3.1 The effects of IGF-1 and NaHS on the proliferation of WT SMCs and CSE-KO

....................................................................................................................................................... 73 

file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006262
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006262
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006263
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006264
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006265
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006266
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006267
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006267
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006273
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006273


 

xv 

 

Figure 3.2 The mRNA and protein levels of IGF-1R and IGF-1 in WT SMCs and CSE-KO 

SMCs. ........................................................................................................................................... 76 

Figure 3.3 H2S downregulated IGF-1R protein expression. ................................................... 77 

Figure 3.4 Blockage of IGF-1R abolished the inhibitory effect of H2S on cell viability. ...... 81 

Figure 3.5 H2S S-sulfhydrates IGF-1R and blocks IGF-1 association with IGF-1R. ........... 84 

Figure 3.6 Schematic illustration for the mechanisms underlying the interaction H2S and 

IGF-1/IGF-1R on SMC proliferation. ............................................ Error! Bookmark not defined. 

Figure 4.1 The stimulatory effect of E2 on SMC viability and E2 concentrations in aorta 

tissues. ........................................................................................................................................ 104 

Figure 4.2 Estrogen-regulated expressions of IGF-1R and IGF-1 proteins in mouse aortae 

and aortic SMCs.  ...................................................................................................................... 106 

Figure 4.3 Knockdown of IGF-1R expression reversed the proliferative effect of estrogen 

on CSE-KO SMC but not WT SMC. ...................................................................................... 111 

Figure 4.4 Co-localization of IGF-1R with ER-α. .................................................................. 114 

Figure 4.5 H2S inhibits the formation of IGF-1R/ER-α hybrid. ........................................... 116 

Figure 4.6 S-sulfhydration of IGF-1R, but not ER-α, in WT-SMCs and CSE-KO SMCs. 119 

Figure 4.7 The expression of different H2S-producing enzymes in WT and CSE-KO mice 

and their reactions to short-period NaHS incubation (2 h). ................................................. 127 

Figure 4.8 The proposed mechanisms for H2S-mediated estrogen effects on SMC 

proliferation. .............................................................................................................................. 129 

Figure 5.1 Interaction between E2 and H2S in cardiovascular system. ............................... 132 

Figure 5.2 The effects of CSE/H2S and estrogen on IGF-1/IGF-1R induced SMC 

proliferation. .............................................................................................................................. 134 

file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006274
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006274
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006275
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006276
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006277
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006278
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006278
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006279
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006279
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006280
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006280
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006281
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006281
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006282
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006283
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006284
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006285
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006285
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006286
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006286
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006287
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006288
file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006288


 

xvi 

 

Figure 5.3 The effects of estrogen on CSE-KO SMC proliferation. ..................................... 136 

Figure 5.4 Supposed underlying mechanism about the interaction between CSE/H2S system 

and estrogen on atheroma formation. ..................................................................................... 137 

file:///C:/Users/shuan/Desktop/Tian%20Thesis%20.docx%23_Toc13006289


 

xvii 

 

List of Abbreviations 

ATP, adenosine triphosphate; 

AT1R, Angiotensin II type 1 receptor; 

BrdU, bromodeoxyuridine;  

cAMP, cyclic adenosine monophosphate; 

CBS, cystathionine-beta-synthase;  

CDK, cyclin-dependent kinases; 

CDKI, CDK inhibitors; 

cGMP, cyclic guanosine monophosphate; 

CO, carbon monoxide; 

CREB, cAMP response element-binding protein; 

CRISPR, clustered regularly interspaced short palindromic repeats;  

CSE, cystathionine gamma-lyase;  

DBD, DNA binding domain; 

DFO, deferoxamine; 

DMEM, dulbecco’s modified eagle’s medium;  

DMSO, dimethyl sulfoxide;  



 

xviii 

 

EC, endothelial cells; 

ECL, enhanced chemiluminescent; 

ECM, extracellular matrix; 

EDHF, endothelium-derived hyperpolarizing factor; 

EDRF, endothelium-derived relaxing factor; 

eNOS, endothelial isoform of NO synthase; 

ER, estrogen receptor;  

ERE, estrogen-responsive elements; 

ERK, extracellular regulated protein kinase; 

ET-1, endothelin-1;  

E2, 17β-estradiol;  

FBS, fetal bovine serum;  

FDGF, fibroblast-derived growth factor; 

FGF, fibroblast growth factor; 

FITC, fluorescein isothiocyanate;   

FSH, follicle-stimulating hormone; 

GnRH, gonadotropin-releasing hormone;  



 

xix 

 

GPER, G protein-coupled estrogen receptor; 

GSH, glutathione; 

GTP, guanosine triphosphate; 

H2S, hydrogen sulfide;  

HDL, high density lipoprotein; 

HO, heme oxygenase;  

HRT, hormone replacement therapy;  

ICAM-1, intercellular adhesion molecule 1; 

IGF-1, insulin-like growth factor-1;  

IGF-1R, insulin-like growth factor-1 receptor;  

IL, interleukin; 

IR, insulin receptor; 

IRS, insulin receptor substrate; 

JNK, c-Jun NH2-terminal kinase; 

KO, knock out;  

LBD, ligand binding domain; 

LDL, low-density lipoprotein cholesterol; 



 

xx 

 

LH, luteinizing hormone; 

LOX-1, lectin-like oxidized LDL receptor; 

MAPK, mitogen-activated protein kinase;  

MCP-1, monocyte chemoattractant protein 1; 

M-CSF, macrophage colony-stimulating factor; 

MEK, MAPK/ ERK kinase;  

MMTS, S-Methyl methanethiosulfonate;  

MR, mineralocorticoid receptors; 

MST, 3-mercaptopyruvate sulfurtransferase;  

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;  

NaHS, sodium hydrosulfide;  

NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; 

NLR, Nod-like receptors; 

NO, nitric oxide;  

NOS, NO synthase; 

NTD, N-terminal domain;  

OVX, ovariectomized; 



 

xxi 

 

PAGE, polyacrylamide gel electrophoresis;  

PAH, pulmonary arterial hypertension; 

PARP-1, Poly ADP-ribose polymerase 1; 

PBS, phosphate-buffered saline;  

PBST, phosphate buffered saline supplemented with Tween 20;  

PCR, polymerase chain reaction; 

PDGF, platelet-derived growth factor; 

PGE2, prostaglandin-E2; 

PGI2, prostacyclin; 

PI3K, phosphatidyl inositol 3-kinase;  

PKG, cGMP-dependent protein kinases; 

PPAR-α, peroxisome proliferator-activated receptor alpha; 

PPG, propargylglycine; 

PPP, picropodophyllin;  

P5P, pyridoxal 5-phosphate; 

RAGE, receptor for advanced glycation end products; 

ROS, reactive oxygen species;  



 

xxii 

 

RTK, receptor tyrosine kinase,  

SDS, sodium dodecyl sulfate;  

sgRNA, single-guide RNA;  

SMC, smooth muscle cell;  

SOD, superoxide dismutase; 

SQR, sulfide:quinone oxidoreductase; 

TBST, Tris-buffered saline-Tween-20; 

TC, total cholesterol; 

TXA2, thromboxane A2; 

TG, triglyceride; 

TGF-β, tumor growing factor-β; 

VCAM-1, vascular cell adhesion molecule 1; 

VEGFR1, type 1 vascular endothelial growth factor receptors; 

WT, wild type.  



1 

 

Chapter 1  

 

 

 

 

 

1 INTRODUCTION AND LITERATURE REVIEW 



2 

 

1.1 Vascular smooth muscle cell (SMC) proliferation 

Smooth muscle cells (SMCs) can be found in many tissues and organs, including the lung, 

esophagus, stomach, urinary bladder and uterus. SMC are also the main component of 

the arteries and veins in the circulatory system, as well as the tracts of the respiratory, urinary, 

and reproductive systems [1]. 

SMCs contain thin (actin) and thick (myosin) contractile filament. Different from 

cardiomyocytes, no troponins are found in SMCs [2]. SMCs have more actins but less myosins 

than skeletal muscle cells. Actins fill most of the cytoplasm of SMCs. They also insert into 

condensations of electron-dense material (“dense bodies”) located subjacent to the plasma 

membranes [1]. The molar ratio of myosin to actin in skeletal muscle is 1.0/6.0 and the ratio in 

smooth muscle is 1.0/16.5 [3]. Myosin contents almost weigh twice in skeletal muscle (105±10 

pmol/mg wet weight) than in smooth muscle (45±4 pmol/mg) while actin weighs 625±27 

pmol/mg wet weight in skeletal muscle, and 742±13 pmol/mg wet weight in smooth muscle [3]. 

Contractile activity of SMCs is initiated by calcium [4]. By binding to calcium, calmodulin 

phosphorylates the enzyme myosin light chain kinase. Subsequent to this phosphorylation, 

myosin and actin conjunction forms, and cross-bridge cycling occurs which initiates the 

shortening of SMCs. Removal of calcium from the cytosol and stimulation of myosin 

phosphatase initiate smooth muscle relaxation [4-5]. 

SMCs can be simply divided into multi-unit SMCs and single-unit SMCs. Single-unit 

SMCs, also called visceral SMCs, are found mainly in visceral organs. Connexins are located 

between two visceral SMCs so that the action potential keeps propagating from one cell to 

another. Visceral SMCs always generate a fast transient isometric contraction and for this reason 

https://en.wikipedia.org/wiki/Organs
https://en.wikipedia.org/wiki/Stomach
https://en.wikipedia.org/wiki/Urinary_bladder
https://en.wikipedia.org/wiki/Uterus
https://en.wikipedia.org/wiki/Arteries
https://en.wikipedia.org/wiki/Veins
https://en.wikipedia.org/wiki/Circulatory_system
https://en.wikipedia.org/wiki/Respiratory
https://en.wikipedia.org/wiki/Urinary
https://en.wikipedia.org/wiki/Reproductive
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these cells are also called phasic SMCs [6]. Different from visceral SMCs, tonic and multi-unit 

SMCs are mainly found in blood vessel walls and so-called vascular SMCs [6-7]. Szymanski PT 

found that vascular SMCs have a lower abundance of calmodulin, caldesmon, and myosin light 

chain kinase than skeletal muscle cells and cardiac muscle cells [8]. Mature vascular SMCs have 

high expression level of α-actin while visceral SMCs have a higher γ-actin expression [7].  

Compared to veins, arteries have thicker vascular wall and narrower lumen. Artery can be 

divided to muscular arteries and elastic arteries. Most arteries contain three layers: tunica media, 

intima and externa. Elastic arteries contain larger numbers of collagen and elastin filaments in 

their tunica media and 5 to 7 layers of SMCs. Elastic arteries can stretch in response to each 

pulse. The pulmonary arteries, the aorta, and their branches together comprise the body’s system 

of elastic arteries and the aorta is the main and most vital elastic arteries.  Muscular or 

distributing arteries are medium-sized arteries that draw blood from an elastic artery and branch 

into resistance vessels, including small arteries and arterioles. In contrast to elastic arteries, 

muscular arteries contain more SMCs which help the involuntary control of vessel caliber and 

thus control of blood flow. As the main components of vasculature, the phenotype and function 

of SMCs are vital for the development of cardiovascular diseases [8-10]. SMCs are 

heterogenerous. There are two different phenotypes of SMCs: the contractile phenotype and the 

synthetic phenotype. The synthetic SMCs are typical of developing and pathologic arteries while 

the contractile SMCs are typical of the differentiated arteries. Furthermore, different SMCs may 

have different origins. SMCs in human aorta, arch and pulmonary trunk are derived from neural 

crest. SMCs in descending aorta are predominantly derived from somitic precursors, and 

coronary SMCs are generated from the epicardium [10-12]. SMCs with different origins have 
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different proliferating ability. Cruzado M has found that insulin provides a stronger stimulatory 

effect on rat aortic SMCs than rat mesenteric SMCs [13].  

1.1.1 SMCs and cardiovascular diseases 

Under physiological conditions, SMCs in the vascular wall have barely measurable 

proliferation [10, 14]. In many cardiovascular diseases, SMCs undergo phenotypical changes, 

including migration, differentiation, and especially proliferation [15]. These changes may 

thicken the vessel wall, reduce lumen diameter and decrease the vascular contractility.  

[Atherosclerosis] 

Atherosclerosis is a chronic disease with a developing atheromatous plaque in the intimal 

layer [14]. Compelling evidence for the importance of migrated and proliferated SMCs in this 

process has been accumulated. Atherosclerosis development can be divided to different stages.  

The pathological characteristic of the initial stage is the formation of fatty streak 

originating from the gathering of foam cells, triggered by hyperlipidemia, hypertension, or pro-

inflammatory mediators. The endothelial cells (ECs) are activated and the blood monocytes 

permeate into the intima and subintima of the vessel. The following phagocytosis of low-density 

lipoprotein (LDL) cholesterol leads to foam cell formation. During atherogenesis, some mature 

SMCs directly differentiate into macrophages and are involved in the formation of foam cells. 

SMCs also support lipid retention via glycosaminoglycan synthesis, reinforce lipid overload via 

foam cell formation and death, and promote healing via intimal migration and fibrous cap 

synthesis in early atheroma [16-17]. Allahverdian et al. demonstrate that the SMC-derived 

macrophages own the relative inability to release excess cholesterol via adenosine triphosphate 
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(ATP)-binding cassette transporter A1 in comparison with myeloid lineage cells [16-17]. In the 

next stage of atherosclerosis development, SMCs migrate from the media to the intima, 

proliferate, and form plaque. Several growth factors have been implicated in the proliferation of 

SMCs, including platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and 

tumor growing factor-β (TGF-β) [18-20]. These growth factors activate phosphoinositide 3-

kinases (PI3K)/Akt pathway and stimulate the mitogenic signal transduction cascade [21]. On 

the other hand, oxidized phospholipids have been demonstrated by Pidkova and Berliner for their 

inhibition role in cellular differentiation and stimulatory role in SMC proliferation and apoptosis 

[22-24]. The cycles of mononuclear cell accumulation, SMC proliferation, and fibrous tissue 

formation lead to further enlargement and restructuring of the lesion. This kind of lesion looks 

quite similar to a sleeping volcano, covered by fibrous cap on a core lipid and the necrotic tissue 

[25]. The inflammatory response stimulates migration and proliferation of SMCs which, in the 

area of inflammation, forms an intermediate lesion. These responses thicken the artery wall, 

gradually reduce the diameter of the lumen and lead to the advanced complicated lesion 

formation. The last stage of atherosclerosis development is thrombosis, and rupture of the 

atherosclerotic plaque. Due to the death of SMCs, less collagen can be produced, and the layer of 

the fibrous cap will be thinner and more easily rupture [26]. Apoptotic SMCs can be cleared in 

∼48 hours [27]. Chronic SMC apoptosis accelerates both atherogenesis and progression of 

established lesions, promotes calcification, and also induces medial degeneration, including 

medial atrophy, SMC loss, elastin fragmentation, increased glycosaminoglycans and speckled 

calcification [28-29].  

[Hypertension] 

Hypertension is known as a cardiovascular disease with an elevation of blood pressure. 



6 

 

Hypertension can be divided to primary hypertension which has no known cause, and secondary 

hypertension. No pathology change will occur in the early stage despite of higher levels of blood 

pressure. The sustained high blood pressure will increase the vascular tone and sclerosis of 

arterioles. Hypertension increases contractile protein synthesis (hypertrophy) and extracellular 

matrix (ECM) protein secretion, contributing to the increase in wall rigidity [30-31]. The 

proliferation and apoptosis of SMCs contributed to vascular remodeling in hypertension, and the 

differentiation of SMCs induces the vascular fibrosis. Associated with this, SMCs in target 

arteries rearrange around a smaller lumen. The resulting remodeling of small arteries further 

contributes to cardiovascular complications of hypertension. On the other hand, hypertension 

activates the renin-angiotensin-aldosterone system to impact on total blood volume. McCurley et 

al. have identified functional mineralocorticoid receptors (MR) in human SMCs, suggesting that 

vascular MR might directly regulate blood pressure [32-33]. Knocking down MR in mice led to 

lower vascular myogenic tone, and agonist-dependent contraction. Moreover, MR in SMCs 

upregulates the expression of type 1 vascular endothelial growth factor receptors (VEGFR1), 

which promotes local production of placental growth factor [34]. This pathway is also vital to 

SMC proliferation and vascular fibrosis.  

[Organ-specific vascular diseases] 

SMCs are also involved in cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leukoencephalopathy (CADASIL) disease, Alagille syndrome, and primitive 

pulmonary hypertension [35-36].  

CADASIL disease, which causes stroke and dementia, is a hereditary adult-onset 

condition. The underlying pathology of CADASIL is progressive hypertrophy of SMCs in blood 
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vessels and the presence of specific granular osmiophilic deposits [37]. The Notch 

signaling pathway, a highly conserved cell signaling system, positively regulates differentiation, 

arterial specification, and maturation of SMCs. Not3, a highly conserved Notch/LIN-12 receptor, 

normally is only restricted to SMCs [35, 38]. Anne Joutel et al. have showed that Not3 

expression is significantly accumulated to SMCs in the intracranial artery of CADASIL patients 

[39]. However, the downstream targets of Not3 are not clear yet.   

Alagille syndrome is an autosomal dominant genetic disorder that affects multiple organs. 

Jagged1, a ligand for the transmembrane receptor Notch1, induces vascular SMC differentiation. 

Different mutations in Jagged1 have been found in Alagille syndrome patients, such as entire 

gene deletions, frameshift, and nonsense. All of these mutations lead to undeveloped vasculature 

[40-41].   

Primary pulmonary arterial hypertension (PAH) is a chronic and progressive disorder in 

pulmonary arterioles, leading to EC and SMC proliferation and dysfunction, inflammation and 

thrombosis [42-43]. The SMCs are involved in the pathological changes through three signaling 

pathways: nitric oxide (NO), prostacyclin (PGI2) and thromboxane A2 (TXA2), and endothelin-

1 (ET-1) [44-50]. NO is produced in ECs by endothelial isoform of NO synthase (eNOS). After 

diffusion into the underlying pulmonary vascular SMCs, NO converts guanosine triphosphate 

(GTP) to cyclic guanosine monophosphate (cGMP). The subsequent activation of downstream 

cGMP-dependent protein kinases (PKG) results in pulmonary vasodilation. Additionally, NO 

inhibits pulmonary vascular SMC proliferation, platelet aggregation and thrombosis, collectively 

maintaining normal healthy pulmonary vasculature. Prostacyclins are produced in ECs from 

arachidonic acid via cyclooxygenase and prostacyclin synthase [44-45]. PGI2 binds to specific I-

prostanoid receptors in SMCs, thereby activating adenylate cyclase. This enzyme converts ATP 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Joutel%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10712431
https://en.wikipedia.org/wiki/Genetic_disorder
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to cyclic adenosine monophosphate (cAMP), which ultimately causes smooth muscle relaxation 

and subsequent vasodilation. Prostacyclin inhibits platelet aggregation, attenuates SMC 

proliferation, and produces anti-inflammatory and antithrombotic effects. In PAH patients, the 

pathway shifts towards an alternative product, TXA2, leading to platelet aggregation, 

vasoconstriction and SMC proliferation [46-47]. ET-1 is a peptide that acts as a potent 

vasoconstrictor [48-50]. ET-1 activates two G-protein coupled receptors, ETA and ETB. ETA is 

found on vascular SMC, and promotes vasoconstriction, hypertrophy, proliferation, cell 

migration and fibrosis when activated. ETB is located on both vascular SMC and EC surfaces. In 

SMCs, activation of ETB causes vasoconstriction whilst ETB activates NO and prostacyclin 

production in ECs, causing vasodilation and anti-proliferation [51]. During PAH, there is an 

increase in expression of ETA and SMC ETB, but reduced expression of endothelial ETB [51].  
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Figure 1.1 Role of SMCs in hypertension, atherosclerosis and other cardiovascular diseases. 
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1.1.2 SMC proliferation and cell cycle 

The cell cycle consists of four distinct phases: G1 phase, S phase (synthesis), 

G2 phase and M phase (mitosis or meiosis). Sometimes cells will temporarily or reversibly stop 

dividing, entering or staying at G0 phase of quiescence. There are also different checkpoints to 

correct the whole cycle. In the late phase of G1, there is a special checkpoint defined as the 

restriction point or R point [52]. All cells beyond the R point are directly and independently 

committed to DNA synthesis [53-55]. Therefore, most regulating factors such as basic fibroblast-

derived growth factor (FDGF), Hydrogen sulfide (H2S) and insulin-like growth factor-1 (IGF-1) 

exert their effects in the late G1 phase, instead of the whole G1 period [55-56].  

The whole cycle progression is driven by two classes of regulators: cyclins and cyclin-

dependent kinases (CDKs). Each cyclin binds to its responsible CDK, forming a heterodimer. 

The unbound cyclin is considered to be inactive. After binding with cyclins, CDKs activate the 

phosphorylation of their specific substrates and accelerate the cell cycle. On the other hand, the 

activity of CDK/cyclin is constrained by CDK inhibitors (CDKIs). Two classes of CDKIs have 

been reported and clarified, the inhibitors of CDK4 family and the kinase inhibitor protein (KIP) 

family [57]. Different CDKIs have different activities in different cell cycle phase. Some CDKIs 

maintain at high levels in quiescent cells. Lower level of these CDKIs promotes cell cycle 

progression. Some other CDKIs present at low levels in G0 phase but accumulate in late G1 

phase [55]. Zhang et al. claimed that IGF-1 treatment stimulates CDK-2 activity through 

upregulating mitogen-activated protein kinases (MAPK)/ERK kinase [MEK]/ERK pathway 

[58]. Few factors are able to regulate cell cycle progression from the G2 phase to the M phase 

[55].  

https://en.wikipedia.org/wiki/G1_phase
https://en.wikipedia.org/wiki/S_phase
https://en.wikipedia.org/wiki/G2_phase
https://en.wikipedia.org/wiki/Mitosis
https://en.wikipedia.org/wiki/G0_phase
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Solid arrows indicate the stimulatory effect. The bar capped lines indicate the inhibitory effects.  

 

Figure 1.2 The cell cycle of SMCs. 
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1.1.3 Mechanical stimulation, hypoxia and inflammation  

Vascular SMCs migrate, proliferate and differentiate in response to an array of hormones, 

gasotransmitters and other growth factors. Vascular SMCs also proliferate abnormally due to 

mechanical stimulation, hypoxia and inflammation. 

When the blood passes through blood vessels, two hemodynamic forces exert: shear 

stress and cyclic strain. Both of them can transform SMC phenotypes. By activating the 

peroxisome proliferator-activated receptor alpha (PPAR-α)/δ, the laminar shear stress transforms 

human umbilical artery SMC from synthetic to contractile phenotype [59]. Pan claimed that 

cyclic strain induces SMC differentiation while shear stress regulates EC function [60]. The 

continuous cyclic mechanical strain stimulates the alignment and proliferation of embryonic rat 

aortic SMCs and rabbit SMCs [61-63]. However, cyclic strain does not have the same effect on 

human and canine SMCs [64-70]. The cyclic mechanical strain also stimulates the production of 

collagen and elastin by activating the release of TGF-β1 [71-72]. Cyclic stress is also found to 

upregulate IL-6 gene in mechanically stressed murine aortic SMCs [73]. This signal transduction 

pathway involves Ras/Rac1/p38 MAPK/ nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB)/NF-IL6 [73].  

Inflammation is an important pathology process in atherosclerosis, hypertension and 

some other cardiovascular diseases. Although cyclic stress, dead SMCs, foam cells, and low 

macrophages activity stimulate the generation of inflammation factor such as IL-1, IL-6, TNF-β, 

it is still difficult to identify inflammation as a cause or a result of the cardiovascular diseases 

[74-76]. Activated by their specific ligands, multiple receptors on SMCs drive or contribute to 

the inflammation. Angiotensin II type 1 receptor (AT1R) can upregulate various 
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proinflammatory signals, such as vascular cell adhesion molecule 1 (VCAM-1), intercellular 

adhesion molecule 1 (ICAM-1), and monocyte chemoattractant protein 1 (MCP-1) in SMCs [76]. 

Receptor for advanced glycation end products (RAGE) increases the expression of 

proinflammatory genes, such as MCP-1, IL-6, and ICAM-1, and activates mitogen-activated 

protein kinase (MAPK) and the NF-κB signaling pathway [77]. Overexpressing lectin-like 

oxidized LDL receptor (LOX-1) activates NF-κB and c-Jun N-terminal kinase (JNK) [78]. 

NLRP3, a member in NLRs (Nod-like receptors) family, activates caspase-1, IL-1β, and IL-18 

by forming the active NLRP3 inflammasome complex [79]. In turn, these pro-inflammation 

factors regulate SMC functions. Downregulation of VCAM-1 attenuates murine aortic SMC 

migration and proliferation. TNF-α and PDGF stimulate cell proliferation by activating Raf-1 

and ERK. Things are little complicated with IL family. IL-1β, IL-3 and IL-6 enhance SMC 

migration and proliferation, while IL-11 and IL-15 act oppositely [80-83]. 

Mere inflammatory activation cannot totally explain all changes in the phenotypes and 

activities of SMCs. Eduardo J indicate that hypoxia, rather than pro-inflammatory stimulation 

alone, augmented glucose uptake in SMCs and macrophages [84]. Liu D et al. demonstrate that 

knocking out hypoxia-inducible factor-1α in SMCs reduced atherosclerosis in ApoE
−/−

 mice [85-

86]. Hypoxic insult stimulates the generation of many cytokines and growth factors. These 

factors, including platelet-derived growth factor (PDGF), IGF-1, FGF-2, serotonin and 

endothelin, acted as potent SMC mitogens [87-90]. Reactive oxygen species (ROS) and PDGF 

deplete cAMP response element-binding protein (CREB). This depletion of CREB can 

downregulate SMC markers and contractile factors like smooth muscle-myosin, calponin, and 

fibronectin, upregulate proliferation-related factors like cyclin D1, and increase ECM production 

[87].   
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1.2 Gasotransmitter  

The concept of gasotransmitter is firstly coined in 2002 and it refers to a family of 

gaseous messenger molecules involved in signaling processes [91-92]. In 2002, Dr. Rui Wang 

has established a clear definition for the “gasotransmitter”. All gasotransmitters are small 

molecular of gas and are freely permeable to membrane.  They are endogenously generated and 

the production is regulated. They have well defined and specific functions at physiological 

concentrations. Their effects should have specific cellular and molecular targets [91]. Based on 

this definition, the scientists have reached a consensus that hydrogen sulfide (H2S), nitric oxide 

(NO) and carbon monoxide (CO) are three main gasotransmitters. The bioavailability of 

gasotransmitters in cardiovascular system, are important determinant for many physiological 

events. Here I briefly review the roles of NO, CO and H2S in regulating SMC proliferation. 

1.2.1 Nitric Oxide (NO) 

NO is recognized as the first gasotransmitter. With the catalyzation by nitric oxide 

synthases (NOS), NO is endogenously generated from L-Arginine in ECs, SMC and many other 

different types of mammalian cells [93-95].  

NO acts through several mechanisms, activating soluble guanylate cyclase or binding to 

haem proteins or the cysteines in certain proteins (a process called S-nitrosylation) [96].  

In vasculature, NO was first known as an endothelium-derived relaxing factor (EDRF) 

[94]. By stimulating soluble guanylyl cyclase, NO increases the generation of cGMP, inducing 

vessel vasodilation. NO also has a protective role against atherosclerosis and restenosis. NO 

decreases the SMCs/collagen balance through increasing the death of SMCs. High NO 
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bioactivity in endothelium can prevent rats from the higher risk of cardiovascular diseases in 

diet-induced obesity and metabolic syndrome [97]. NO inhibits vascular SMC proliferation. This 

effect is associated with two different and reversible cell cycle regulation: the immediate cGMP-

independent S-phase blockage and the cGMP-dependent shift back from the G1-S boundary to a 

quiescent G0-like state [98]. NO also inhibits vascular SMC proliferation indirectly by 

decreasing calcium release [99].  

The effect of NO on SMC proliferation in atherosclerosis is self-adaptive. NO activates 

Nrf2 through the nitrosative stress and stimulates HO-1 gene transcription. This effect partly 

counteracts NO-induced apoptosis of vascular SMC. NO enhances ductus arteriosus SMC 

fibronectin synthesis by increasing the binding of LC-3 to the AU-rich element of the fibronectin 

mRNA [100]. 

1.2.2 Carbon monoxide (CO) 

CO is also recognized as a gasotransmitter [91]. Two major enzymes are involved in CO 

production: heme oxygenase-1 (HO-1) and heme oxygenase-2 (HO-2) [101]. HO-1 is an 

inducible enzyme and can be induced by hemodynamic forces and numerous humoral factors. 

HO-2 is constitutively expressed and localized primarily in the brain, testis, and the vasculature. 

SMCs generate CO via the catabolism of heme by the enzyme HO. CO functions similar to NO 

in many ways [102].  For instance, CO relaxes vascular tissues, lowers blood pressure, and 

protects the heart from ischemia/reperfusion damage. But being different from NO, CO reacts 

uniquely with transition metals in a specific redox state, ferrous (Fe
2+

) heme-dependent proteins 

being the preferential targets. CO has no effect on the expression of cyclin D1 and E but 

significantly inhibits the phosphorylation of hypo-phosphorylated retinoblastoma protein and 
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selectively inhibits the expression of cyclin A [103]. Suppression of cyclin A directly attenuates 

CDK2 activity which is a positive regulator of SMC proliferation [104]. 

1.2.3 Hydrogen sulfide (H2S)  

H2S, widely known for its notorious rotten-egg smell, is known as the third 

gasotransmitter. In the nature, H2S mostly produced by the breakdown of waste material or by 

volcano [105]. The acute exposure of H2S to high concentration around 800 ppm for 5 minutes 

could be lethal to human, whereas exposure to concentration up to 1000 ppm causes immediate 

loss of breathing and death [105]. The toxic effects of H2S are attributed mostly to mitochondrial 

poisoning, due to its high affinity to cytochrome c oxidase [106]. The gasotransmitter role of H2S 

has been established in the last 2 decades. As a small molecule of gas, H2S freely diffuses 

through a cell membrane to induce an array of intracellular signaling responses 

H2S also inhibits SMC proliferation [91]. This inhibitory effect of H2S on SMC 

proliferation is mediated by activating ERK and caspase 3 pathway or through the MAPK 

pathway [107]. By the upregulation of cyclooxygenase-2 and prostacyclin, H2S also inhibits 

CoCl2-induced pulmonary arterial SMC proliferation [108]. In a rat model of pulmonary 

hypertension and pulmonary artery structural remodeling induced by high pulmonary blood flow, 

pulmonary artery SMC apoptosis is inhibited due to the lower H2S production and this effect can 

be reversed by the supplement of H2S donor [109]. Cystathionine gamma-lyase (CSE) knockout 

(KO) mice feed with atherogenic diet develop early fatty streak lesions in the aortic root and 

increase aortic intimal proliferation. Treatment of CSE-KO mice with sodium hydrosulfide 

(NaHS) inhibits the accelerated atherosclerosis development [110]. In another rat model of 

vascular remodeling induced by balloon injury, Meng et al. have shown that the supplement of 
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NaHS attenuates the development of neointimal hyperplasia by inhibiting SMC proliferation 

[111]. CSE expression and H2S production in rat carotid arteries are significantly reduced in the 

blood vessel during the development of neointimal formation after balloon injury [110-111].  Li 

et al. have found that estrogen treatments exhibit a dual phase effect on SMC proliferation. 

Estrogen treatment (72h, 10-100 nM) inhibited Wild-type (WT)-SMC proliferation, but 

significantly stimulated CSE-KO SMC proliferation [56].  

1.2.3.1 Enzymatic biosynthesis of H2S  

CSE is the major enzyme in the vascular system which produces H2S in the reverse-

transsulfuration pathway [105]. CSE is also expressed in liver and kidney [105]. Other two 

enzymes cystathionine beta-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase (3MST) 

are seldom expressed in vascular system but can be identified in other organs. CBS is expressed 

in the brain and peripheral nervous system and 3MST mainly in ECs and in the central and 

peripheral nervous systems, but not in SMCs [112]. All three enzymes require the substrate L-

cysteine for the production of H2S; CSE and CBS additionally require the cofactor pyridoxal 5-

phosphate (P5P). Propargylglycine (PPG) is a known inhibitor of CSE activity [113]. 

Endogenous level of H2S in rat, human, and bovine brain tissues was previously determined at 

approximately 50-160 M [114-115]. However, a wide range of circulatory H2S levels under 

different conditions has been reported from 0.1 µM to more than 300 µM [114-116]. By 

measuring the headspace H2S gas, Shen et al. showed that human plasma H2S level is around 3 

µM [117]. Using the monobromobimane method coupled with RP-HPLC, the same authors 

recorded free H2S levels of 0.2-0.8 µM and acid-labile sulfur levels of 1.8-3.8 µM in mouse or 

human blood [117]. With a modified gas chromatography/mass spectrometry technique, H2S 

levels of 0.5-2.5 µM were detected in swine and mouse blood [118]. Thus, as a conservative 
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estimation, plasma H2S levels in healthy humans or animals are in lower micromolar to higher 

nanomolar range [105, 119]. 

1.2.3.2 Metabolism of H2S  

To prevent excess accumulation and maintain physiological balance, each gasotransmitter 

has certain metabolism pathways. The gaseous H2S can be exhaled by the respiratory system 

[90]. The urinary system also excretes free sulfate or thiosulfate by urine and through the 

digestive system in feces and flatus. H2S produced by sulfate-reducing bacteria is detoxified to 

thiosulfate in colon [91]. In addition, H2S can be oxidized in the mitochondrion of liver cells by 

the inner mitochondrial membrane-bound flavoenzyme, sulfide:quinone oxidoreductase (SQR). 

Coenzyme Q was used as an electron acceptor in the mitochondrial respiratory chain. The 

endogenous H2S transforms the external disulfide SQR to a thiol (RSH) and a perthiol (RSSH). 

The S
0
, the second atom on the RSSH, is then oxidized by a sulfur dioxygenase enzyme encoded 

by the gene ETHE1, consuming O2 and H2O to form sulfite (SO3
2−

). H2S can also be methylated 

in the cytosol to produces methanethiol (CH3SH) and methanethiol with the existence of thiol S-

methyltransferase (TSMT) enzyme. Finally, H2S can be scavenged by methemoglobin or 

metallo- or disulfide-containing molecules such as oxidized glutathione (GSSG) [119-121].  
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Figure 1.3 Enzymatic biosynthesis and metabolism of H2S. 
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1.2.3.3 The vascular effects of H2S  

H2S has multiple effects on ECs, SMCs and other stromal cells through different 

pathways. 

1.2.3.3.1 H2S-induced vasorelaxation  

H2S acts as both EDRF and endothelium-derived hyperpolarizing factor (EDHF) in vivo 

to relax vascular SMCs, causing blood vessel to expand in diameter [122-123]. It has been 

proved that H2S at physiologically relevant concentrations induced the relaxation of rat aortic 

tissue and transient reduction of blood pressure, and these vascular effects of H2S were mediated 

by a direct stimulation of KATP channels and subsequent hyperpolarization of aortic SMCs [114]. 

H2S activate Kv7 voltage-gated potassium channels (particularly the Kv7.4 subtype) in SMCs, 

and the activation of Kv7 channel mediates a significant part of the vasorelaxing effects of H2S 

[115]. 

H2S may induce SMC relaxation through other pathways. H2S has been shown to 

decrease intracellular pH or even trigger the intracellular acidosis in a dose-dependent manner. 

This effect can be blocked by the application of a selective inhibitor of
 
Cl

−
/HCO3

−
, suggesting 

that Cl
−
/HCO3

−
 exchanger is involved in H2S-induced relaxation of SMCs [124]. H2S may also 

cause vasorelaxation by increasing cGMP level in SMCs. Incubation of cultured rat aortic SMCs 

with NaHS led to a concentration-dependent increase in cGMP levels. This effect reached a 

maximum at 3 min, and remained elevated for at least 10 min [123]. Another study elucidates 

that H2S produces vasorelaxation of rat aorta at high level (100-1600 µM), while it induces 

vasoconstriction at lower concentration (10-100 µM) [125]. 
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1.2.3.3.2 H2S regulated vascular compliance and distensibility  

Compliance is defined as the ability of a vessel to distend in response to a given change 

in transmural pressure. The abnormalities in vascular compliance and distensibility are known as 

both risk factors and disease markers. Vascular compliance is regulated by both structural and 

functional determinants. 

Both the renin-angiotensin system, the adrenergic nervous system, and EDRF are 

functional determinants [126]. The structural elements determinants are collagen and elastin 

which determined the stiffness of blood vessels. Supplement of exogenous H2S lowered 

pulmonary artery collagen I and collagen III protein levels and normalized pulmonary 

hypertension [127]. H2S/CSE also inhibited the formation of atheroma lesions by inhibiting the 

proliferation of SMCs in ApoE KO mice, thereby reducing the diameter of the target artery. On 

the other hand, H2S has been shown to ameliorate SMC calcification which aggravates the 

vascular stiffness and attenuates the capacity for vasodilatation [128]. 

1.2.3.3.3 H2S-induced anti-vascular aging effect 

Vascular aging alters cardiovascular function and subsequently increases the risk of 

cardiovascular diseases. Vascular aging is largely associated with senescence of the vascular 

endothelium. Although the underlying mechanism still remains unclear, H2S is repeatedly 

mentioned for the anti-aging effect. Oxidative stress is a driving factor for vascular aging. H2S 

directly decreases H2O2 level and increases superoxide dismutase (SOD) levels in ECs [129]. 

H2S also reverses the effect of H2O2 treatment by activating sirtuin 1 activity [130]. The S-

sulfhydrated MEK1 activates Poly (ADP-ribose) polymerase 1(PARP-1), thereby inhibiting the 

DNA damage and attenuating vascular aging [131]. 
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1.2.3.3.4 H2S-induced neovascularization  

H2S significantly stimulates EC growth and angiogenesis [105,112]. Several groups have 

demonstrated that H2S accelerates capillary-like structure formation of cultured ECs [132-133]. 

Compared to CSE-KO mice, the WT littermates show a better burn wound healing outcome 

which is synchronized with the endogenous H2S production rate. Supplement of exogenous H2S 

increased cellular infiltration and neovascularization in mouse Matrigel, enhanced the length of 

vascular network in the chick chorioallantoic membrane model, and promoted the formation of 

collateral vessels in ischemic hind limbs in rats [132, 134-135]. 

The production and metabolism of H2S in different tissues and organs. Both CSE and 

CBS are pyridoxal 5-phosphate(P5P)-dependent enzyme which are found in liver, kidney, brain 

and cardiovascular system. 3-MST is the P5P-independent enzyme and distributed in ECs and 

nervous system. 

1.3 Estrogen and estrogen receptors (ERs) 

1.3.1 Estrogen 

Estrogens are important sex hormones and exert profound effects on the physiology of 

diverse target cells. They regulate various physiological processes such as cell growth, 

reproduction, development and differentiation in many reproductive tissues. Estrogens also exert 

important actions on other tissues including bone, liver, the cardiovascular system, and brain 

[136-137]. 

In the past century, researchers have discovered at least four different types of estrogens. 

Estradiol, also known as 17β-estradiol or estrogen (E2), is considered the most biologically 
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active estrogen due to its predominant role during the menstrual cycle [138]. Zittermann 

demonstrated in 2000 that he had measured E2 level in 10 healthy Caucasian women. The level 

of E2 in their serum fluctuates between 60 to around 290 pg/ml, depending on the phase of the 

menstrual cycle [139]. Chen SJ et al. find the serum E2 concentration in female adult rat is 

51.9±5.8 pg/ml [139]. Two other naturally occurring forms, estrone (E1) and estriol (E3), occur 

in much lower abundance [140]. The fourth form, estetrol (E4), can only be produced during 

pregnancy [140-141].  

As a steroids hormone, estrogen is mainly synthesized from cholesterol. With the 

stimulation of follicle-stimulating hormone, and luteinizing hormone (LH), cholesterol converts 

to pregnenolone in adrenal cortex, gonads, and brain. Pregnenolone, the precursor for most 

steroid hormones converts directly into dehydroepiandrosterone and/or progesterone which are 

the substrate of the estrogens [142]. As the low affinity estrogen, E1 is synthesized mainly in 

gonads and adipose tissue and E3 only in placenta during pregnancy [139]. E4 is a little different 

from its littermate for it is produced the human fetal liver, with E2 or E3 as the substrate [141]. 

In female, ovary is the main organ which produces E2. E2 can also be transformed by 

testosterone and androstenedione in extragonadal sites, such as the placenta, adipose, skin, bone, 

and brain where it acts locally as a paracrine or intracrine factor, especially in male [143]. This 

process is regulated by cytochrome P450 aromatase enzyme. Aromatase, also called estrogen 

synthetase or estrogen synthase, is encoded by the Cyp19 gene [144-145]. Aromatase activity 

has been demonstrated in both rat aortic SMCs and bovine aorta. With the existence of 

aromatase, estrone is synthesized by circulating androstenedione in SMCs as a result of 

aromatization and is converted to estradiol, a potent estrogen.  

https://en.wikipedia.org/wiki/Steroid
https://en.wikipedia.org/wiki/Gonad
https://en.wikipedia.org/wiki/Brain
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1.3.2 Estrogen receptors  

Most effects of estrogens are attributed to their binding with the specific receptors. Two 

types of estrogen receptors (ER) exist: classical ERs and G protein-coupled estrogen receptor 

(GPER) [146-147].  

In the late 1950s, Jensen and Jacobsen assumed there should be a receptor molecule that 

could bind 17β-estradiol (E2) [148]. In 1986, Green et al. successfully cloned the ER [149]. 

Karas et al. showed the concentration of ER mRNA in human saphenous SMCs was 42- to 53-

fold less than that in MCF-7 cells in 1994 [150]. Orimo et al. also reported that the concentration 

of ER mRNA in Wistar rat female aortic SMCs was much less than that in MCF-7 cells [151]. 

Akihiko Suzuki concluded that the expression of ER in SMCs from human and other animals 

differs in different segments of the blood vessels [152]. In 1996, the second ER was reported 

[153]. Now these two receptors are called ER-α and ER-β. GPER1 was found in 2005 due to its 

specific E2 binding activity [154-155].   

Both ER-α and ER-β are ligand-activated enhancer proteins [56, 146, 148]. The ER-α and 

ER-β genes are located on different chromosomes. The ER-α genes located in 6q25.1, and ER-β 

genes in 14q23.2. The structure of ERs composes of three independent domains: the N-terminal 

domain (NTD), DNA binding domains (DBD), and the ligand binding domains (LBD) [146]. 

The DBD, which mediates sequence-specific binding of ERs to DNA sequences in target genes 

denoted estrogen-responsive elements (EREs), is highly conserved between ER-α and ER-β with 

97% amino acid identity. In contrast, the NTD encompasses a ligand independent activation 

function (AF1) domain involved in transcriptional activation of target genes, and with only 16% 

similarity between ER-α and ER-β. Another ligand-dependent activation domain (AF2) lays in 
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the LBD. Due to a 59% overall amino acid sequence identity in LBD, the ligand-binding pockets 

of ER-α and ER-β show only minor differences in structure. ER-α is mainly expressed in uterus, 

prostate (stroma), ovary (theca cells), testes (leydig cells), epididymis, bone, breast, various 

regions of the brain, liver, and white adipose tissue. ER-β is also found in these tissues, but only 

at a lower level [155]. ER-β is expressed predominately in colon, prostate (epithelium), testis, 

ovary (granulosa cells), bone marrow, salivary gland, vascular endothelium, and certain regions 

of the brain. ER-α and ER-β have a beneficial hypotensive effect by causing vascular wall 

dilation [156]. ER-α and ER-β are all highly expressed in ECs and SMCs from both males and 

females. Both ER-α and ER-β increase the activity of the eNOS and stimulate the release of NO 

[155,157]. Another study [158] indicated that ER-α, but not ER-β, selectively mediates the 

vascular actions elicited by estrogens, such as rapid dilatation, acceleration of endothelial repair, 

and endothelial NO production. This beneficial cardioprotective effect is independent of other 

effects associated to nuclear activation of this receptor.  
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The physiological metabolism and main effect of estrogen in normal organism. Estrogens are 

Figure 1.4 The estrogen metabolism and effect on SMCs. 
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synthesized from androgens by aromatase, encoded by the Cyp19 gene in the placenta, adipose, 

skin, bone, and brain. E2, as the main form of estrogen, bind to estrogen receptors (ERs) or 

(GPER) to initiate its inhibitive effects on SMC proliferation and neointima formation, by 

activating estrogen response elements (EREs) 

 

 

 

1.3.3 The physiological effect of estrogen  

Estrogen is critical for the manifestation of secondary sexual characteristics such as the 

widen of pelvis and the body fat accumulation in hips, thighs, buttocks, and breasts. Those 

females with low estrogen level will easily cause irregular period, depression, hot flash and 

lower bone density. On the other hand, estrogens have both positive and negative feedback 

effects on pituitary gonadotropin secretion. A low-dose estrogen inhibits hypothalamic secretion 

of gonadotropin-releasing hormone (GnRH) and stimulates the release of GnRH while a high-

dose estrogen provokes a steep surge in LH. The ovariectomy female mice, which have a lower 

level of estrogen, have a more serious inflammation in the liver and adipose tissues [159]. 

Estrogen decreases LH and follicle-stimulating hormone (FSH) in ovariectomized monkeys 

which were treated with pulsatile GnRH [160]. Estrogen replacement treatment of 

postmenopausal women inhibits the pituitary response to GnRH with a more pronounced 

secretory effect on FSH than LH, impeding the follicular development in the luteal phase [160]. 



28 

 

This negative feedback on FSH responsiveness to GnRH at the pituitary diminishes with lower 

level of estrogen.  

Estrogen expresses anti-inflammatory and vasoprotective effects on cardiovascular 

system. Estrogen at its physiologic circulation level (40-60 pg/ml) markedly attenuates neointima 

formation in gonadectomized animals of both sexes [161].  

The role of estrogen in bone metabolism has been extensively studies. The deficiency of 

estrogen causes the formation of osteoporosis in postmenopausal women. E2 downregulates the 

expression of proinflammatory cytokines such as IL-1, IL6, TNF-α, granulocyte macrophage 

colony-stimulating factor, macrophage colony-stimulating factor (M-CSF), and prostaglandin-E2 

(PGE2) [162]. These cytokines increased the preosteoclast numbers in bone marrow, enhanced 

osteoclast formation, and reduced osteoclast apoptosis. It is reported that low level of E2 

increased production of TNF-α by T cells in bone marrow and stimulated bone resorption and 

bone loss in ovariectomized (OVX) mice [163]. Osteoclasts, which are of hematopoietic origin, 

have been shown to respond to estrogen directly via ERα, and ER-α expression in osteoclasts is 

important for the regulation of trabecular bone in females [164-165]. Regarding cortical bone, 

the available evidence suggests that the protective effects of estrogen is mediated mainly via 

direct actions on mesenchymal cells [166-169]. However, Gustafsson suggests that part of the 

estrogenic protection of cortical bone is mediated via direct estrogen action on hematopoietic 

cells [170]. Since the inactivation of ER-α in osteoclasts has been suggested not to affect cortical 

bone in females, further studies are needed to determine which other hematopoietic cell type is 

involved. 
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The incidence of proliferative cardiovascular diseases is higher in men than women, and 

women generally experience initial manifestations of coronary artery disease 10 years later than 

men. The risk of cardiovascular diseases rises in aging women after the menopause. A 

cardiovascular protective role of estrogens is thus suggested [161, 171-173]. Estrogens inhibit 

SMC proliferation and protect animals from vascular injury, yet the mechanisms involved are 

incompletely understood [174].  

Estrogen is also responsible to multiple carcinoma therapy. Estrogen stimulates non-

small cell lung cancer cell proliferation, death resistance, angiogenesis, migration and metastasis. 

Niikawa reported that aromatase expression as well as E2 level in lung tumor tissues are much 

higher than adjacent non-neoplastic tissues [175]. James D. Yager emphasized that an elevated 

urinary level of estrogen is an increased risk of breast cancer in postmenopausal women [176]. 

Wei Yue et al. demonstrated that estrogen can initiate a mutation during DNA replication and 

stimulate cell proliferation in ER-α dependent mechanism [161, 173]. The positive cell growth 

effect will sustain until cancer ultimately is developed. Moreover, estrogen has an ER-α-

independent effect on tumor formation via estrogen metabolites [177]. 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Yue%20W%5BAuthor%5D&cauthor=true&cauthor_uid=20104523
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Estrogen binds to its receptor polymers and catalyze the following antiproliferation effect. 

Figure 1.5 The signalling mechanism of estrogen and estrogen receptor. 
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1.4 Insulin-like growth factor-1 (IGF-1) and insulin-like growth factor-1 receptor (IGF-

1R)  

1.4.1 IGF-1 

IGF-1 is also called somatomedin C [178-179]. As shown by its name, IGF-1 is similar 

in molecular structure to insulin. It consists of 70 amino acids in a single chain with three 

intramolecular disulfide bridges. IGF-1 has a molecular weight of 7,649 Daltons [180]. IGF-1 is 

a major downstream effector of hepatic growth hormone signaling, and plays an important role 

in childhood growth and continues to have anabolic effects in adults. It can be secreted by the 

liver in an endocrine form and supplemented by some other target tissues and organs in the 

autocrine/paracrine form. IGF-1 plays an important role in tissue proliferation [181-182].  

IGF-1 is recognized as a vital mitogenic, anti-apoptotic factor for SMCs. It has been 

implicated in the development of metabolic syndrome, hypertension, and occlusive vascular 

lesions [183-188]. The circulating levels of bioactive IGF-1 increased from the basal level (less 

than 0.1 ng/ml) in normotensive people to about 0.6 ng/ml in hypertensive patients with high 

level of IGF-binding protein-1 [189]. IGF-1 has been found to promote neointimal formation 

after carotid artery injury, which results from increased proliferation and/or decreased apoptosis 

of SMCs [189-191]. IGF-1 has a dual effect on SMC phenotype transformation. IGF-1 stimulates 

the de-differentiation of SMCs but preserves contractile phenotype of differentiated SMCs 

through protein kinase B pathway. Overexpression of IGF-1 in a rodent animal model stimulated 

SMC proliferation in both the media and neointima of carotid artery. IGF-1 lowers the 

collagenase activity in colonic SMCs [192], but has a stabilizing effect on atheroma. IGF-1 

mediates divergent pathological changes in different stages of atherosclerosis. Continuous 

https://en.wikipedia.org/wiki/Tertiary_structure
https://en.wikipedia.org/wiki/Insulin
https://en.wikipedia.org/wiki/Dalton_(unit)
https://en.wikipedia.org/wiki/Anabolism
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infusion (0.25 µg/hour for 4 weeks) of long R3 IGF-1 significantly reduced the plaque burden of 

ApoE KO mice in their early stage of atherosclerosis [193]. In those mice in advanced stage of 

atherosclerosis, IGF-1 upregulates the expression of collagenolytic enzyme MMP-13, doubles 

the protein composition of α-smooth muscle actin and increases the collagenous areas of the 

lesion [193]. 

1.4.2 IGF-1R 

The IGF-1R, as the specific receptor of IGF-1, is the product of a single-copy gene 

located on chromosome 15 in human. IGF-1R is ubiquitously expressed in different tissues. The 

mature receptor is a tetramer consisting of 2 extracellular α-chains and 2 intracellular β-chains. 

The β-chains include an intracellular tyrosine kinase domain that is thought to be essential for 

most of the receptor’s biologic effects. IGF-1R signaling involves autophosphorylation and 

subsequent tyrosine phosphorylation of Shc and insulin receptor substrate (IRS). The 

phosphorylated Shc and IRS triggers different signaling cascades, including phosphatidyl 

inositol 3-kinase (PI3K), Akt, and MAPK.  The activation of these signaling pathways induces 

differential biologic actions of IGF-1, including cell growth, differentiation, migration, and 

survival [194]. 

As a member of the receptor tyrosine kinase (RTK) family [195-196], IGF-1R shares 

high degree of structure and functional homology with Insulin Receptor (IR). It has been 

demonstrated that both IR and IGF-1R are membrane glycoproteins. Two extracellular α-subunit 

are connected by disulfide bonds with two intracellular β-subunit. They both can form the 

structurally similar symmetrical heterotetramers (βααβ). IGF-1R can form a hybrid with diverse 

proteins. IR/IGF-1R hybrid receptors in human or rat SMCs can be activated by both insulin and 
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IGF-1 [197-201]. Researchers believed that heterodimerization occurs with a similar probability 

as homodimerization. The proportion of hybrids is a function of the mole fractions of each 

receptor [202]. On the other hand, since the hybrid is composed of independent and intact IGF-

1R hemidimer and IR hemidimer, both IGF-1R and insulin can utilize the hybrid as the 

autophosphorylation substrate. Another noteworthy fact is that IGF-1 is more efficient or owns a 

higher affinity to IR/IGF-1R hybrid than insulin. Soos et al. indicated that although both insulin 

and IGF-1R binds to IR/IGF-1R hybrid, they have different abilities to displace their competitors 

[203-204]. In another ligand binding studies, data elucidated that only a relatively high 

concentration of insulin (IC50 70-100 nM) can inhibit the binding between IGF-1 and IR/IGF-

1R hybrid. Meanwhile, IGF-1 can easily win the competition against insulin for IR/IGF-1R 

hybrid binding (IC50 0.7-1.5 nM) [205]. Some researches assumed the binding affinity 

difference should be responsible for the process of proliferation diseases such as cancer [206].  

The interaction of ER with IGF-1R has also been reported on neuroprotection, blood 

brain barrier integrity, and angiogenesis [207-209]. Quesada et al. reported that IGF-1R and ERs 

(ER-α and ER-β) were co-expressed in many neurons and glial cells in the central nervous 

system [207]. Interestingly, Mendez and coworkers treated Wistar albino female rats with 300 µg 

E2 and analysed the hypothalamus. They demonstrated that estrogen-activated ER-α can 

phosphorylate IGF-1R, leading to the dimerization of ER-α and IGF-1R, a hybrid IGF-1R/ER-α 

[210].
 
This hybrid receptor serves as a common substrate for synergistic interactions between E2 

and IGF-1 [211]. By activating the hybrid, E2 successfully activated Akt/PKB pathway and 

integrated the estrogen and IGF-1 actions in the brain. On the other hand, these researchers failed 

to detect association between ER-β and IGF-1R, although ER-α and ER-β show high similarity 

in their sequence. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mendez%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12670715
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1.5 Hypothesis and Objectives of the study 

Hypothesis - Estrogen exerts different effects on SMC proliferation via acting on different types 

of receptors in SMCs. H2S determines the net outcome of the proliferation response of SMCs to 

estrogen via regulating IGF-1/IGF-1R pathway. 

Objectives: 

1. To determine the effects of estrogen on atherosclerosis development and how the effects 

of estrogen are impacted by H2S 

2. To determine the effects of estrogen and H2S on the production of each other 

3. To verify the anti-proliferative and pro-proliferative effects of estrogen on SMCs in the 

presence and absence of H2S, respectively 

4. To identify the involvement of IGF-1/IGF-1R signaling pathway in the effect of H2S on 

SMC proliferation 

5. To evaluate the differential roles of ER-α and IGF-1R/ER-α hybrid in the opposite effects 

of estrogen on SMC proliferation 

6. To decipher the mechanisms underlying the effects of H2S on the formation of IGF-

1R/ER-α hybrid formation.  
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2.1 Abstract 

Both estrogen and hydrogen sulfide (H2S) have been shown to inhibit the development of 

atherosclerosis. We previously reported that cystathionine γ-lyase knockout (CSE-KO) male 

mice develop atherosclerosis earlier than male wild-type (WT) mice. The present study 

investigated the interaction of CSE/ H2S pathway and estrogen on the development of 

atherosclerosis in female mice. Plasma estrogen levels were significantly lower in female CSE-

KO mice than in female WT mice. NaHS treatment had no effect on plasma estrogen levels in 

both WT and CSE-KO female mice. After CSE-KO and WT female mice were fed with 

atherogenic diet for 12 weeks, plasma lipid levels were significantly increased and triglyceride 

levels decreased compared with those of control diet-fed mice. Atherogenic diet induced more 

atherosclerotic lesion, oxidative stress, intracellular adhesion molecule-1 (ICAM-1), and NF-κB 

in CSE-KO mice than in WT mice. Estrogen treatment of atherogenic diet-fed WT mice 

attenuated hypercholesterolemia, oxidative stress, ICAM-1 expression, and NF-κB in WT mice 

but not in atherogenic diet-fed CSE-KO mice. Furthermore, H2S production in both the liver and 

vascular tissues was enhanced by estrogen in WT mice but not in CSE-KO mice. It is concluded 

that the antiatherosclerotic effect of estrogen is mediated by CSE-generated H2S. This study 

provides new insights into the interaction of H2S and estrogen signaling pathways on the 

regulation of cardiovascular functions. 
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2.2 Introduction 

Hydrogen sulfide (H2S) has been recognized as one of the gasotransmitters in addition to 

NO, CO, and NH3 [91]. The endogenous production of H2S is catalyzed by cystathionine γ-lyase 

(CSE) and cystathionine β-synthase (CBS) of reverse trans-sulfuration pathways [212-213]. In 

some types of cells, cysteine aminotransferase (CAT) and 3-mercaptopyruvate sulfur transferase 

(MST) also contribute to the endogenous H2S production [105, 120, 213]. In vascular tissues, 

H2S is mainly synthesized by CSE from L-cysteine and plays an important physiological role in 

the regulation of cardiovascular functions [214-216]. Abnormal metabolism and functions of the 

CSE/ H2S pathway have been linked to the pathogenesis of various cardiovascular diseases, such 

as hypertension, myocardial injury, shock, and atherosclerosis [76, 217]. Atherosclerosis is a 

serious pathology for many cardiovascular diseases [214, 217-218]. H2S has been gaining 

acceptance as an anti-atherosclerotic molecule [76, 214, 219]. We recently provided the first 

direct evidence for a causative role of altered metabolism of endogenous H2S in atherosclerosis 

development [76]. Our study proved that endogenously synthesized H2S protects vascular tissues 

from atherogenic damage by decreasing vessel intimal proliferation and inhibiting adhesion 

molecule expression. The deficiency of endogenous H2S synthesis predisposes the animals to 

vascular remodeling and early development of atherosclerosis.  

It has been reported that the risk of cardiovascular diseases is higher in men and 

postmenopausal women than in premenopausal women, suggesting that estrogen plays a key role 

in cardiovascular protection [171, 218, 220]. The antiatherosclerotic effect of estrogen has long 

been recognized [171]. Both estrogen and H2S decrease LDL levels; inhibit vascular smooth 

muscle cell (SMC) proliferation, inflammation, platelet aggregation, atherosclerotic plaque 
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formation, and oxidative stress; downregulate the expression of adhesion molecules; and prevent 

the translocation of nuclear factors [171, 218, 220]. The similarity in the anti-atherosclerotic 

effects of H2S and estrogen invites the investigation into the interaction of these two endogenous 

factors on atherosclerosis development. In this study, we examined the role of estrogen in the 

development of atherosclerosis in female CSE knockout (CSE-KO) mice in comparison with that 

of sex-matched wild-type (WT) mice and explored the underlying mechanisms for the interaction 

between H2S and estrogen pathways. 

2.3 Materials and methods 

Atherosclerosis model and experimental design. In-house-bred female CSE-KO mice 

(C57BL6/129 background) [216] were used in this study. All the experiments were conducted in 

compliance with the Guide for the Care and Use of Laboratory Animals by the National 

Institutes of Health and approved by the Animal Care Committee of Lakehead University, 

Ontario, Canada. WT and CSE-KO mice used in this experiment were from the same littermates 

and produced after backcross of more than 10 generations. All animals were housed in a 

controlled environment with unlimited access to food and water ad libitum on a 12-h:12-h 

light/dark cycle. Mice were initially fed with a standard rodent chow diet (Rodent RQ 22–5; 

Zeigler Brothers, Gardners, PA) until 6 weeks of age. The animals were then randomly divided 

into the following three groups: control group in which mice were fed with control diet 

(TD.05230; Harlan TekLad, Madison, WI), atherosclerosis group (AS) in which mice were fed 

with high-fat atherogenic diet (TD.02028; Harlan TekLad), and atherosclerosis + estrogen (E2) 

group (AS + ES) in which mice were fed with high-fat atherogenic diet and subcutaneously 

injected with estrogen (80 µg/kg per day), the same concentration used in our previous study 

[56]. The control diet and atherogenic diet were matched for energy content. The mice were 
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allowed free access to diet and water for 12 weeks. During the 12 weeks of experimental dietary 

feeding, all the mice were supplemented with DL-cysteine (Sigma, St. Louis, MO) in the 

drinking water (1 mg/ml) according to Mani et al. [220]. At the end of respective dietary feeding 

periods, all the mice were weighed and then euthanized by overexposure to carbon dioxide 

according to the approved protocol. 

Detection of plasma estrogen and lipid levels. The plasma estrogen levels were 

determined as previously described [222]. For plasma lipid measurement, mice were fasted for 

12–14 h before blood sample collection. Plasma was separated by centrifugation and stored at -

80°C and lipid profiles, including total cholesterol (TC), high density lipoprotein cholesterol 

(HDL-C), low-density lipoprotein cholesterol (LDL-C), and triglyceride (TG) concentrations, 

were determined by standard enzymatic colorimetric techniques (Roche Modular- P800; Roche 

Diagnostics, Indianapolis, IN), according to the manufacturer’s procedures. 

Analysis of aortic atherosclerotic lesion. Methods for quantification of atherosclerotic 

lesions in the aortic root were performed as previously reported [76]. Briefly, mice were 

anesthetized and euthanized after 12 weeks of feeding treatments. The heart and common arteries 

were removed from mice and fixed with 4% paraformaldehyde and embedded in paraffin. Serial 

sections were cut at 4-µm thickness through the aortic root and stained with hematoxylin and 

eosin (H and E). For each section, images were captured, and the surface area of the lesions was 

measured using the ImagePro image analysis software (Media Cybernetics, Rockville, MD). 

Measurement of H2S production rate and plasma homocysteine levels. H2S production 

rate was measured as described previously [76, 223]. Briefly, mouse tissues were isolated and 

homogenized using 50 mM ice-cold potassium phosphate buffer (pH 6.8). The tissue 
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homogenates were first incubated with 10 mM L-cysteine (Sigma) for 90 min at 37°C, and then 

trichloroacetic acid (Sigma) was added to stop the reaction. The level of methylene blue 

generated by the interaction of H2S with N, N-dimethyl-p-phenylenediamine sulfate (Sigma) was 

determined at 670 nm with a FLUOstar OPTIMA microplate spectrophotometer (BMG Labtech, 

Ortenberg, Germany). 

A lead sulfur method was also employed to detect H2S levels in aortic tissues from 

female WT and CSE-KO mice [224]. H2S production capacity was measured in 100 mg of tissue 

homogenate in phosphate-buffered saline (PBS) buffer supplemented with 10 mM cysteine. A 

lead acetate H2S detection paper (Sigma) was placed above the liquid phase in a closed container 

(covered 96-well plate) and incubated at 37°C. 

Plasma homocysteine levels were measured as described before [216]. Oxidative stress 

measurements. Total glutathione (GSH) (Cayman Chemical, Ann Arbor, MI), ROS (Cell 

Biolaboratories, San Diego, CA) levels, and SOD activity (Cayman Chemical) were determined 

in plasma using commercial assay kits, and measurements were carried out according to the 

manufacturer’s procedures. 

Western blot analysis. Nuclear and cytoplasmic proteins of aorta tissues were extracted 

according to the manufacturer’s instructions using the Nuclear Extraction Kit (Cayman 

Chemical). Equal amounts of proteins were boiled and separated with sodium dodecyl sulfate 

(SDS)-polyacrylamide gel electrophoresis (PAGE) and electrophoretically transferred to a 

nitrocellulose membrane, as described previously [225]. Membranes were blocked with Tris-

buffered saline containing 5% nonfat milk at room temperature for 1 h and then incubated 

overnight at 4°C with primary antibody. The primary antibodies were diluted at 1:1,000 for 
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ICAM-1, phospho-Iκ-Bα, Iκ-Bα, NF-κB p65, and Lamin A/C and 1:5,000 for β–actin. 

Aforementioned antibodies were procured from Santa Cruz Biotechnology (Santa Cruz, CA). 

The membrane was then washed three times with 1 Tris-buffered saline-Tween-20 (TBST) 

buffer and incubated in TBST solution with horseradish peroxidase-conjugated secondary 

antibody (diluted 1:5,000) for 1 h at room temperature on a shaker. Finally, the membrane was 

washed with TBST solution three times. The immunoreactions were visualized with enhanced 

chemiluminescence and exposed to X-ray film (Kodak, Rochester, NY). 

CSE enzyme activity. CSE activity was measured as the conversion of cystathionine to 

cysteine in mouse aortic tissues using a colorimetric reaction as previously reported [226]. 

Briefly, aortic tissue lysates of 35 µl were incubated with 2 mM cystathionine (Sigma), 250 µM 

pyridoxal 5’-phosphate (Sigma) in 100 mM Tris·HCl buffer (pH 8.3) in 200 µl total volume for 1 

h at 37°C. After centrifugation at 14,000 revolution/min for 10 min, equal amounts of 

supernatant and the acidic ninhydrin (Sigma) were mixed completely and incubated for 5 min in 

a boiling water bath. After the boiling step, the solution was cooled on ice for 3 min, and the 

contents were diluted with the addition of 95% ethanol. Subsequently, the absorbance was 

measured at 560 nm (BMG Labtech), and the baseline absorbance at time 0 was subtracted. 

Cysteine levels were quantified using a standard curve with known amounts of L-cysteine 

(Sigma) in reaction buffer. One unit of CSE enzyme activity is defined as what is needed to 

catalyze the formation of 1 nanomole of cysteine per milligram of total proteins per hour at 

37°C. 

Statistical analysis. Statistical analyses were performed with Origin-Pro 9.0 (OriginLab, 

Northamption, MA) and SPSS 21.0 software (IBM, Armonk, NY). All data sets were tested for 

normality of distribution using the Shapiro-Wilk test and presented as either means ± SE or 
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median and range as appropriate. Comparison between two groups was performed using 

Student’s t-test or Mann-Whitney U-test (for nonparametric data) as appropriate. Comparisons 

among three or more groups were performed using two-way ANOVA (via Tukey’s post hoc 

tests). Differences in proportions were analyzed with the Fisher exact test. Statistical significance 

level was set at P <0.05. 

2.4 Results 

Plasma estrogen levels. Plasma estrogen levels were significantly decreased in CSE-KO 

mice compared with WT mice (47.2±2.5 vs. 58.4±2.9 pM, P < 0.05) (Fig. 2.1A). To analyze the 

effect of H2S on plasma estrogen levels, WT and CSE-KO mice were intraperitoneally injected 

with freshly prepared NaHS (a H2S donor) at 14 or 70 µmol/kg per day for 10 days. Neither the 

low dosage (14 µmol/kg per day) nor the high dosage (70 µmol/kg per day) of NaHS changed 

plasma estrogen levels in both WT and CSE-KO mice (Fig. 2.1, B and C). 
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A: CSE deficiency decreased plasma estrogen levels. The plasma estrogen levels were not 

Figure 2.1 Plasma estrogen levels in female wild-type (WT) and cystathionine γ-lyase 

knockout (CSE-KO) mice. 
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changed by NaHS treatments (B and C). Female WT and CSE-KO mice were intraperitoneally 

injected with 14 or 70 _mol/kg per day of freshly prepared NaHS for 10 days, respectively. *P < 

0.05 vs. WT mice. 12-week WT and CSE-KO mice were used for these experiments; n=5 for 

each group. 
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Atherosclerotic lesion development. To assess the atherosclerotic lesions, serial sections 

through the aortic root were stained with H and E. Atherosclerotic lesions with small fatty 

streaks composed of foam cells were observed only in the AS group of CSE-KO mice but not in 

the control group of CSE-KO mice and all three WT mice groups (Fig. 2.2, A and B). Estrogen 

treatments did not reverse the increased atherosclerotic lesions in atherogenic diet-fed CSE-KO 

mice (Fig. 2.2B). 
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Figure 2.2 The effect of estrogen (E) on aortic atherosclerotic lesions in female WT and 

CSE-KO mice. 

A: representative images of sections through the aortic root of female WT and CSE-KO mice on 

atherogenic diet (H and E stain) (AS). Inset: higher magnification. Arrows are aortic 

atherosclerotic lesions. B: areas of aortic atherosclerotic lesions between WT and CSE-KO mice. 

*P < 0.05 vs. control group; &P < 0.05 vs. WT mice; n = 5 for each group. 
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Plasma lipids. The changes in fasting plasma lipids are summarized in Fig. 2.3. Plasma 

TC and HDL-C levels were significantly increased in control diet-fed CSE-KO mice compared 

with WT mice, whereas TGs, LDL-C, and cholesterol/HDL-C ratio were not significantly 

different. TC, HDL-C, LDL-C, and cholesterol/HDL ratio were significantly increased, but TG 

was decreased in AS group compared with those of the control group. Compared with WT mice, 

the extent of lipid change was larger in CSE-KO mice. Estrogen treatment significantly 

decreased plasma lipids in both WT and CSE-KO mice (AS+ES groups) with plasma cholesterol 

and LDL levels of CSE-KO mice significantly higher than WT mice. 

Plasma homocysteine levels and H2S production in different tissues. Plasma 

homocysteine levels in control and AS groups of CSE-KO mice were significantly higher than 

WT mice (Fig. 2.3F). Estrogen treatment did not affect plasma homocysteine levels in both AS 

groups of WT and CSE-KO mice. Because the liver is the major locus for CSE expression and 

H2S production as well as lipid metabolism, we measured liver the H2S production rate in 

different groups of WT and CSE-KO mice. The H2S production rate was significantly lower 

(<90%) in CSE-KO mice compared with WT mice. H2S production rates of AS groups of WT 

mice and CSE-KO mice were decreased compared with their respective control diet groups. 

Estrogen reversed the AS-decreased H2S production rate in WT mice but not in CSE-KO mice 

(Fig. 2.4A). Because vascular tissues are where the atherosclerotic lesion forms, we also 

measured H2S levels in aortic tissues or aortic smooth muscle cells from female WT and CSE-

KO mice. Using the newly developed lead sulfur method, we showed that aortic production of 

H2S is eliminated in CSE-KO mice (Fig. 2.4B). Furthermore, using the classical methylene blue 

method, we observed that H2S production rates in aortic tissues were significantly higher in 

female WT mice (3.16 ± 0.16 nmol/g per min, 20 mice) than in male WT mice (1.33 ± 0.40 
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nmol/g per min, 20 mice, P < 0.05). Aortic CSE enzymatic activity was significantly greater in 

female WT mice (3.36 ± 0.69 nmol/mg per h) than in male WT mice (1.08 ± 0.37 nmol/mg per 

h, n≥4, P < 0.05). Western blot assay demonstrated that CSE protein levels in aortic tissues were 

not different between female and male WT mice (Fig. 2.4C), indicating that the difference in the 

endogenous estrogen level does not affect CSE protein expression. Furthermore, Western blot 

results showed no significant difference in the expression levels of eNOS or phospho-eNOS 

between male and female mice or between WT and CSE-KO mice (Fig. 2.4D). 



50 

 

 

Figure 2.3 The effect of estrogen on plasma lipids and homocysteine levels in female WT 

and CSE-KO mice. 

Plasma total cholesterol (A), triglyceride (B), HDL-cholesterol (C), LDL-cholesterol (D), total 

cholesterol/HDL ratio (E), and homocysteine levels (F) in WT and CSE-KO mice with different 

feeding conditions. *P < 0.05 vs. control group; #P < 0.05 vs. AS group; & P < 0.05 vs. WT 

mice; n=6 for each group.
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Figure 2.4 The effect of estrogen on plasma lipids and homocysteine levels in female WT 

and CSE-KO mice. 

(A) liver H2S production rate in WT and CSE-KO mice fed with control diet, atherogenic diet 

(AS), or AS plus estrogen (80 µg/kg per day) for 12 weeks. *P < 0.05 vs. control group; #P < 

0.05 vs. AS group; & P < 0.05 vs. WT mice; n = 6 for each group. (B) H2S levels in aortic tissues 

of male and female WT and CSE-KO mice (8 weeks old), detected by the precipitates (lead 

sulfide); n = 4 for each group of data. “Blank” means no tissue homogenate was added. (C) 

expression of CSE proteins in aortic tissues from male and female WT and CSE-KO mice; n = 4 

for each group. (D) Western blot analysis of the expressions of endothelial nitric oxide synthase 

(eNOS) and phospho-eNOS (p-eNOS) proteins in aorta tissues of male and female WT and CSE-

KO mice; n=4 for each group.  
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Oxidative stress levels. Oxidative stress correlates with the severity of atherosclerosis in 

human and animal models. We found that the atherogenic diet dramatically reduced blood GSH 

level and plasma SOD activity in CSE-KO mice but not in WT mice (P < 0.05), whereas plasma 

ROS levels were significantly increased by the atherogenic diet in both species of the mouse. 

Estrogen reversed the changed plasma ROS levels in AS+ES group of WT mice but had no 

effect on GSH, SOD activity, and ROS levels of the AS+ES group of CSE-KO mice (Fig. 2.5). 
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Figure 2.5 Oxidative stress levels in WT and CSE-KO mice with or without estrogen 

treatment. 

Blood total glutathione (GSH) levels (A), plasma superoxide dismutase (SOD) activity (B), and 

plasma reactive oxygen species (ROS) levels (C) in female WT and CSE-KO mice with different 

feeding conditions. *P < 0.05 vs. control group; #P < 0.05 vs. AS group; & P < 0.05 vs. WT 

mice; n = 4 for each group.
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Figure 2.6 Effects of estrogen on the expression of intracellular adhesion molecule 1 

(ICAM-1), nuclear NF-κB p65, and cytoplasmic phospho- Iκ-Bα /total- Iκ-Bα in aortic 

tissues from female WT and CSE-KO mice. 

(A) ICAM-1 expression in total aortic tissues. (B) phosphorylation-Iκ-Bα/total- Iκ-Bα expression 

in cytoplasm. (C) NF-κB p65 expression in nuclear extracts. *P < 0.05 vs. control group; #P < 

0.05 vs. AS group; & P < 0.05 vs. WT mice; n = 4 for each group. WC, control diet-fed WT 

mice; KC, control diet-fed CSE-KO mice; WA, atherogenic diet-fed WT mice; KA, atherogenic 

diet-fed CSE-KO mice; WE: estrogen-treated and atherogenic diet-fed WT mice; KE, estrogen-

treated and atherogenic diet-fed CSE-KO mice.  
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2.5 Discussion 

We recently reported that CSE deficiency and decreased endogenous H2S levels in male 

mice predispose the mouse to early development of atherosclerosis [76] and fatty liver disease 

[227]. In addition, we found that CSE deficiency significantly increased plasma homocysteine 

levels in female compared with male mice [216]. We hypothesized that CSE deficiency might 

affect estrogen metabolism and consequently alter the process of atherosclerosis development in 

female animals. In the present study, significantly lower plasma estrogen levels were found in 

female CSE-KO mice than in female WT mice. To examine the role of H2S in this 

downregulation of estrogen level, NaHS at 14 or 70 µmol/kg per day was intraperitoneally 

injected for 10 days. This supplementation of exogenous H2S, however, did not change plasma 

estrogen concentration of both WT and CSE-KO mice. Thus our working hypothesis is validated 

in that CSE deficiency results in a decreased estrogen level in female mice. On the other hand, a 

lower estrogen level in female CSE-KO mice is likely caused by other metabolic substrates or 

products regulated by CSE, rather than H2S per se. 

Either H2S or estrogen has been reported to inhibit the development of atherosclerosis 

[76, 171, 214, 220]. To date, there is no direct evidence for the interaction of estrogen and CSE/ 

H2S pathway in the protection against atherosclerotic lesion development. Another working 

hypothesis of our study is that endogenous H2S mediates the antiatherosclerotic role of estrogen 

and that the lack of endogenous H2S limited estrogen action. To test this hypothesis, we fed 

female WT and CSE-KO mice with atherogenic diet (AS) for 12 weeks. Small fatty streaks and 

atherosclerotic lesion area were observed in female CSE-KO mice but not in female WT mice. 

Interestingly, estrogen treatment reversed the increased oxidative stress and attenuated 
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hypercholesterolemia as well as the expressions of ICAM-1 and NF-κB in the AS group of WT 

mice but not in the AS groups of CSE-KO mice. It is thus reasoned that the protective effect of 

estrogen against atherosclerosis relies on a functional CSE/ H2S system. Estrogen may stimulate 

CSE expression and/or activity so that more endogenous H2S can be produced. The estrogen-

increased H2S production in the liver (Fig. 2.4A) contributes to the correction of dyslipidemia. 

The estrogen-increased H2S production in vascular tissues offers antiatherosclerotic protection. 

Consequently, atherosclerosis development is inhibited via the enhanced protective effects of 

CSE/ H2S signaling pathway. Because of the lack of CSE expression in CSE-KO mice, estrogen 

treatment can no longer stimulate endogenous H2S production. Our present observation is 

consistent with literature saying that estrogen stimulates the CSE-mediated H2S release of H2S 

[228-229]. Numerous studies have also demonstrated the absence of CBS and 3-MST proteins, 

two other H2S -generating enzymes, in vascular smooth muscle cells [230-234]. 

The present study showed that the aortic H2S production rate in female WT mice was 

~237% of that in male WT mice and that aortic CSE activity in female WT mice was ~311% of 

that in male WT mice (P < 0.05). With consideration of the fact that plasma estrogen levels of 

female mice are approximately two to five folds of that of male mice [234-235], our data 

indicated that a higher endogenous estrogen level resulted in increased CSE activity and 

enhanced endogenous H2S production. 

On the other hand, our Western blot experiments showed no difference in the expression 

levels of CSE proteins in aortic tissues between male and female WT mice (Fig. 2.4C). Taken 

together, these results demonstrate that endogenous estrogen increases H2S production in 

vascular tissues by stimulating CSE activity, not CSE expression. SMC proliferation and 

macrophage foam cell formation are the key events in the process of atherosclerosis development 
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[236]. Although the present study did not focus on SMC proliferation and macrophage 

infiltration, we previously observed increased SMC proliferation and macrophage infiltration in 

the aortic lesion area of atherogenic diet-fed male CSE-KO mice but not in WT mice [76]. 

An abnormally elevated level of plasma lipids is a major risk factor for atherosclerosis 

progression. Jain et al. [237] observed an association of circulating blood H2S levels with HDL 

and LDL levels in healthy humans. Several other studies reported that estrogen decreased plasma 

TC and LDL-C levels and increased HDL-C [161, 238-239]. Estrogen treatment of AS-fed 

female WT and CSE-KO mice in the present study corrected dyslipidemia, except for LDL-C, 

but did not protect against atherosclerotic damage in AS-fed female CSE-KO mice. Moreover, 

we previously reported that atherosclerosis development in male CSE-KO mice is independent of 

plasma lipid levels [76]. In that study, we treated AS-fed male CSE-KO mice with ezetimibe, a 

cholesterol absorption inhibitor. Ezetimibe treatment normalized the plasma lipid profile of the 

male CSE-KO mice but did not abolish or delay atherosclerosis development. Our findings 

suggested that the anti-atherosclerotic effects of estrogen or H2S may not be directly linked to 

their lipid lowering effects in our experimental setting. 

It has been suggested that hypertension is a risk factor for the development of 

atherosclerosis, as high blood pressure may add additional damage to the artery walls. CSE-KO 

mice are also susceptible to age-dependent increases in blood pressure [216]. However, we have 

previously demonstrated that the hypertension phenotype of CSE-KO mice is not responsible for 

the development of atherosclerosis in atherogenic diet-fed CSE-KO mice [76]. Accumulation of 

the plasma homocysteine is another important factor in the development of atherosclerosis [240]. 

CSE-KO mice have higher homocysteine levels than WT mice [216, 220]. However, comparable 

homocysteine levels of atherogenic and control diet-fed WT and CSE-KO female mice (Figure. 
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2.3F) suggest that homocysteine levels and the development of atherosclerosis are not 

interrelated in our present experimental setting. In line with this note, hyperhomocysteinemia 

alone has been reported not to contribute to atherosclerotic lesion development in C57BL/6J 

mice and rabbits [241-242]. 

Inflammation and oxidative stress are involved in the pathogenesis of endothelial 

dysfunction and the development of atherosclerosis [243-245]. Estrogen inhibits the progression 

of atherosclerosis by increasing SOD activity and GSH levels, as well as decreasing ROS levels 

in plasma [246]. In the present study, we found that estrogen reversed the increased plasma ROS 

levels in AS-fed female WT mice but not in AS-fed female CSE-KO mice. Recently, we 

reported that NaHS treatment decreased H2O2 levels in CSE-KO SMCs and increased liver GSH 

and plasma SOD activity and decreased plasma MDA concentrations in AS-fed male CSE-KO 

mice [76]. These results suggest that the inhibitory effect of estrogen on oxidative stress requires 

a functionally intact CSE/ H2S system. 

Overexpression of cellular adhesion molecules contributes to all phases of atherosclerosis 

development [214]. Increased oxidative stress can trigger the upregulation of nuclear 

transcription factor NF-κB, whereas antioxidants can inhibit NF-κB activation [247]. ICAM-1 

mediates the adhesion of inflammatory cells to the endothelium as well as transmigration of 

leukocytes [248]. The expressions of ICAM-1 and NF-κB were upregulated in atherosclerotic 

aorta of mice and in human atherosclerotic plaques [76, 249]. Estrogen, via the activation of 

estrogen receptors, can inhibit atherosclerosis progression by downregulating ICAM-1 

expression, preventing Iκ-Bα phosphorylation and NF-κB p65 binding to promoters of target 

genes [161]. Here we observed that atherogenic diet induced overexpression of ICAM-1 and 

nuclear NF-κB p65, as well as cytoplasmic phospho-Iκ-Bα /total-Iκ-Bα in female CSE-KO 
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mouse aorta compared with WT mice (Fig. 2.6). Estrogen treatment downregulated ICAM-1 

expression in female WT mice but not in female CSE-KO mice. These findings further confirm 

the critical role of the CSE/ H2S system in the antiatherosclerotic effect of estrogen via 

regulating nuclear factor and adhesion molecule signaling pathways. 

One of the critical processes of atherosclerosis development is the proliferation of SMCs. 

Previously, we reported that estrogen inhibits SMC proliferation through estrogen receptor α 

(ERα) [56]. The expression of ERα, but not ERβ, was significantly decreased in CSE-KO SMCs 

compared with that in WT SMCs. Exogenously applied H2S markedly increased ERα, but not 

ERβ, expression. Furthermore, the inhibition of ER activation and knockdown of ERα expression 

in WT SMCs or the overexpression of ERα in CSE-KO SMCs reversed the respective effects of 

estrogen on cell proliferation. 

In conclusion, atherogenic diet induced more atherosclerotic lesion, higher 

hypercholesterolemia and oxidative stress, increased expression of adhesion molecule and 

nuclear factor, and less H2S production in female CSE-KO mice than in female WT mice. 

Estrogen treatment attenuated hypercholesterolemia, oxidative stress, ICAM-1 expression, and 

NF-κB pathway and increased H2S production in WT mice but not in CSE-KO mice. Whereas 

deficiency in CSE expression leads to decreased estrogen production, the alteration in the 

estrogen level does not affect CSE deficiency-mediated atherosclerosis development. 

Furthermore, the protective effect of estrogen against atherosclerosis relies on a functional CSE/ 

H2S system. This study provides new insights into the interaction of H2S and estrogen signaling 

pathways on the regulation of cardiovascular functions. 
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3.1 Abstract 

Hydrogen sulfide (H2S) is mostly produced by cystathionine-gamma-lyase (CSE) in 

vascular system and it inhibits the proliferation of vascular smooth muscle cells (SMCs). Insulin-

like growth factor-1 (IGF-1), via its receptor (IGF-1R), exerts multiple physiological and 

pathophysiological effects on the vasculature, including stimulating SMC proliferation and 

migration, and inhibiting SMC apoptosis. Since H2S and IGF-1/IGF-1R have opposite effects on 

SMC proliferation, it becomes imperative to better understand the interaction of these two 

signaling mechanisms on SMC proliferation. SMCs isolated from small mesenteric arteries of 

CSE knockout (KO) and wild-type (WT) mice were used in the present study. The effects of 

IGF-1 and H2S on SMC proliferation were evaluated with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) and bromodeoxyuridine (BrdU) assays. Protein expression 

was determined by western blot, and H2S-induced protein S-sulfhydration was assessed with a 

modified biotin switch assay. We found that IGF-1 dose-dependently increased the proliferation 

of both WT-SMCs and KO-SMCs, and this effect was more significant in KO-SMCs. 

Supplement of sodium hydrosulfide (NaHS) inhibited IGF-1-induced cell proliferation, while 

this effect was abolished by blocking IGF-1/IGF-1R signaling with picropodophyllin or 

knocking out of the expression of IGF-1R. H2S significantly down-regulates the expression of 

IGF-1R, stimulates IGF-1R S-sulfhydration, and attenuates the binding of IGF-1 with IGF-1R. 

This study provides novel insight on the involvement of IGF-1/IGF-1R in H2S-inhibited SMC 

proliferation and suggests H2S-based innovative treatment strategies for proliferative 

cardiovascular diseases such as atherosclerosis 
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3.2 Introduction 

The proliferation of vascular smooth muscle cells (SMCs) is a critical element in the 

sequence of events leading to the development of numerous proliferative cardiovascular diseases 

such as atherosclerosis, hypertension, vascular complications of diabetes, pulmonary arterial 

hypertension, and vascular aneurysms [250-253]. Resided in and constituted the arterial media, 

SMCs determine blood flow resistance and regulate vascular tone and blood pressure by 

changing the diameters of blood vessels [254]. The phenotypic change of vascular SMCs from 

the contraction to proliferation induces vascular remodeling, altering blood vessel diameter and 

blood flow resistance. This phenotype switch can be bolstered or mitigated by different growth 

factors or stimuli [254-255].  

Insulin-like growth factor 1 (IGF-1) can be secreted by the liver, the brain, and the blood 

vessel wall. By binding to IGF-1 receptors (IGF-1R), IGF-1 stimulates the proliferation of SMCs 

and may also prevent SMC apoptosis [256-258]. Matured IGF-1R is a tetramer consisting of 2 

extracellular α-chains and 2 intracellular β-chains. The α-chains contain many cysteine residues, 

some of which form reciprocal inter-subunit disulfide bonds. Each of the β-chains has an 

intracellular tyrosine kinase domain, which is thought to be essential for the receptor’s biologic 

functions [259-263]. After binding to and activating α-chains of IGF-1R, IGF-1 can catalyze the 

phosphorylation of multiple cellular proteins and activate many intracellular signaling responses, 

including phosphatidyl inositol 3-kinase (PI3K), Akt and mitogen-activated protein kinase 

(MAPK) [264-266].  The alterations in these signaling events exert profound impact on cell 

growth, differentiation, migration, and apoptosis. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4680427/#b5
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Traditionally regarded as a toxic molecule predominantly present in the environment, 

hydrogen sulfide (H2S) is now known as a critical gasotransmitter [91, 119-120]. H2S can be 

endogenously generated by cystathionine gamma-lyase (CSE), cystathionine beta-synthase 

(CBS), and 3-mercaptopyruvate sulfurtransferase (MST) with L-cysteine and homocysteine as 

the main substrates. Over the past decades, H2S has been shown to regulate vasorelaxation, 

protect cardiac functions, and inhibit the proliferation of SMCs [212, 216, 267-268]. H2S can 

convert the -SH group of reactive cysteines to form a persulfide or -SSH group in the target 

proteins, altering the functions of these proteins [269-276]. It is clear that H2S and IGF-1 offer 

opposite impacts on vascular proliferation [216, 259, 265]. It is not clear, however, whether and 

how these two signaling mechanisms interact with each other to affect SMC proliferation. The 

current study was designed to test the hypothesis that H2S-induced inhibition of SMC 

proliferation is mediated by the inhibition of IGF-1/IGF-1R pathway. To this end, we isolated 

SMCs from both wild-type mice (WT-SMCs) and CSE knockout mice (KO-SMCs), and 

compared the effects of IGF-1 and H2S, alone or together, on cell proliferation. The underlying 

mechanism for the interaction of H2S and IGF-1/IGF-1R in SMCs was further explored. 

3.3 Material and methods  

Materials. IGF-1 and IGF-1R inhibitor (picropodophyllin, PPP) were from Santa Cruz 

Biotechnology (Dallas, TX). The anti-IGF-1R antibody was purchased from Cell Signaling 

Technology (Danvers, MA). The anti-IGF-1 antibody was obtained from Novus Biologicals 

(Littleton, CO). Horseradish peroxidase-conjugated goat anti-rabbit IgG antibody and goat anti-

mouse IgG antibody were from Sigma (St. Louis, MO). The plasmids of control single-guide 

RNA (sgRNA), IGF-1R sgRNA, and Cas9 were obtained from GeneCopoeia (Rockville, MD). 

All other chemicals were from Sigma or New England Biolabs (Camarillo, CA). 

http://www.selleckchem.com/products/picropodophyllin-ppp.html
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Isolation and Culture of SMCs. All WT mice used were maintained on C57BL/6J ×

129SvEv background and CSE KO mice were generated as described previously [216]. SMCs 

were isolated from small mesenteric arteries below the second branch of the main mesenteric 

artery of 12-week-old male CSE KO offspring and age-matched male WT littermates as 

described previously [56]. All animal experiments were conducted in compliance with the Guide 

for the Care and Use of Laboratory Animals published by the US National Institutes of Health 

(NIH Publication No. 85-23, revised 1996) and approved by the Animal Care Committee of 

Laurentian University, Canada. Mice were maintained on standard rodent chow with free access 

to food and water. These SMCs were cultured in phenol red-free Dulbecco’s modified Eagle’s 

medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 

100 mg/ml streptomycin. Normally the medium was changed every 2 days. All cells used in the 

experiments were from passages 6 to 8.  

Cell Viability Assay. Cell viability was assessed by the 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay as described previously [56]. Equal numbers (2.0 × 

10
3
) of SMCs were seeded into each well of 96-well plates for 24 h. Then the serum-free 

medium was given for another 12 h. After different treatments, MTT (5 mg/ml) was added to 

each well, and the cells were incubated for additional 4 h at 37°C. At the end, followed by 

removal of the culture medium, 200 µl of dimethyl sulfoxide (DMSO) was added for 20 min to 

dissolve the insoluble purple formazan which can only be produced by living cells. The 

FLUOstar OPTIMA microplate spectrophotometer (BMG LABTECH, Offenburg, Germany) 

was used to measure the absorbance of solubilised formazan products at 570 nm. The amounts of 

living cells in the absence of any special treatment were considered as 100%. Each measurement 

was composed of six replications and all experiments were performed at least four times. 
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Cell Proliferation Assay. Cell proliferation was determined with bromodeoxyuridine 

(BrdU) incorporation as described previously [56]. SMCs were plated at equal number (2.0 × 10
3
 

per well) in a 96-well plate and incubated for 24 h. The serum-free medium was applied for 

another 12 h. Afterwards, 10% FBS was added back together with sodium hydrosulfide (NaHS) 

(100 µM), IGF-1 (0.5-30 ng/ml) or PPP (0.1-100 nM) for 24 h incubation. BrdU label was added 

to each well for additional 24 h. After the Fixative/Denaturing solution were added and 

incubated, anti-BrdU antibody and peroxidase goat anti-mouse IgG HRP conjugate was also 

pipetted to each well and incubated in turn. With the supplement of the substrate solution, 

incorporated BrdU was detected as instructed by the manufacturer (Calbiochem, Gibbstown, NJ, 

USA). The FLUOstar OPTIMA microplate spectrophotometer (BMG LABTECH, Offenburg, 

Germany) was used to measure the absorbance of newly generated DNA at 595 nm. Each 

measurement was composed of six replications and all experiments were performed at least four 

times. 

Quantification of RNA expression by qRT-polymerase chain reaction (PCR). 

Transcriptional expression of IGF-1 and IGF-1R was analyzed using reverse transcription (RT) 

followed by quantitative real-time RT-PCR (qRT-PCR). The cycling of qRT-PCR was as 

following: 94°C for 30 s followed by 40 cycles of 94°C for 10 s, 60°C for 30 s, and a final step 

for melting curve determination (94°C for 15 s, ramping up from 60°C to 94°C with 0.5°C 

increments for 15 s). The qRT-PCR reactions were performed in an iCycler iQ5 apparatus (Bio-

Rad) using SYBR Green PCR Master Mix, as described previously [277]. Gene expression was 

calculated using the formula 2
- ΔΔCT

, where ΔCT is the difference between the threshold cycle of 

a given target cDNA and an endogenous reference β-actin. The primers of IGF-1R were 5’-

GTGGGGGCTCGTGTTTCT-3’ (forward) and 5’-GATCACCGTGCAGTTTTCCA-3’ 
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(reverse). The primers for IGF-1 were 5’- TCATGTCGTCTTCACACCTCTTCT-3’ (forward) 

and 5’-CCACACACGAACTGAAGAGCAT-3’ (reverse). The primers for β-actin were 5’-

ATGGTGGGAATGGGTCAGAA-3’ (forward) and 5’-CTTTTCACGGTTGGCCTTAG-3’ 

(reverse) [278-279].  

Immunoblot analysis. Western blotting was performed as described before [56]. The 

cultured SMCs at 70-90% confluent were harvested and then lysed in the RIPA buffer. Equal 

amounts of proteins were boiled and separated with SDS-PAGE and electrophoretically 

transferred to a nitrocellulose membrane. Membranes were then blocked with phosphate-

buffered saline (PBS) with Tween 20 containing 5% non-fat milk at room temperature for at 

least 1 h, and then incubated overnight at 4°C with primary antibody. The primary antibody 

dilutions were 1:500 for IGF-1, 1:1,000 for IGF-1R, 1:1,000 for CSE, and 1:5,000 for β-actin. 

The membrane was then washed three times with 1× phosphate buffered saline supplemented 

with Tween 20 (PBST) buffer and incubated in PBST solution with horseradish peroxidase-

conjugated secondary antibody (diluted 1:5,000) for 2 h at room temperature on a shaker. 

Finally, the membrane was washed with PBST solution for 3 times and PBS solution for 1 time. 

The immunoreactions were visualized with enhanced chemiluminescent (ECL) and exposed to x-

ray film (Kodak Scientific Imaging film, Kodak, Rochester, NY). The densitometry 

was performed with ImageJ software v1.51r (National Institutes of Health) and the intensity 

values were normalized to the quantity of β-actin or the corresponding input control. 

Gene silencing with Single-guide RNA. IGF-1R knockout was conducted using clustered 

regularly interspaced short palindromic repeats (CRISPR) /Cas-9 system as described previously 

[280]. Single-guide RNA (sgRNA) contains an approximately 20 base sequence specifically 

complemented to the 5’ non-variable scaffold sequence of the IGF-1R DNA [281]. The plasmids 
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of control sgRNA and IGF-1R sgRNA were constructed by Genecopoeia (Rockville, MD). The 

cells were transfected with both CRISPR/Cas-9 plasmid and IGF-1R-specific sgRNA plasmid 

together with lipofectamine 2000 for IGF-1R gene knockout. The cells transfected with Cas-

9/control sgRNA plasmids were used as control. In brief, SMCs were seeded in 10 cm
2
 dishes 

with the medium containing 10% FBS. The cells were plated to form 80% confluent monolayer 

for transfection following the protocol of plasmid transfection by Invitrogen (Burlington, ON) 

[277].  

Co-immunoprecipitation. Total cell lysates were collected from WT-SMCs and KO-

SMCs. Total proteins (300 µg) from each collection were incubated for 12 h at 4°C with 3 μg 

anti-IGF-1R antibody, and then 40 μl protein A/G-Sepharose beads were added into each protein 

sample. Beads were washed several times with PBS before being used. The proteins were pulled 

down by anti-IGF-1R antibody and then precipitated by protein A/G Sepharose beads at 4°C for 

3 h under gentle rotation. The protein-bead complexes were precipitated by centrifugation at 600 

× g for 1 min, washed at least five times with PBS and mixed with 2 × SDS-PAGE loading 

buffer. After boiled for 5 min, the immunoprecipitated samples were resolved on SDS 

polyacrylamide gel and subjected to western blot analysis with IGF-1 antibody. 

S-sulfhydration assay (Biotin switch assay). Protein S-sulfhydration was detected as 

described previously [282-284]. Briefly, cells were homogenized in HEN buffer (250 mM 

Hepes-NaOH (pH 7.7), 1 mM EDTA, and 0.1 mM neocuproine) supplemented with 100 µM 

deferoxamine (DFO) and 1% proteinase inhibitor cocktail, then centrifuged at 14,000×g for 15 

min at 4°C. Blocking buffer [HEN buffer adjusted to 2.5% SDS and 20 mM S-Methyl 

methanethiosulfonate (MMTS)] was added to the samples, and then incubated at 50°C for 20 

min with frequent and gentle vortexing to avoid foaming. After the addition of acetone, proteins 
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were precipitated at -20°C for 1 h. Next, acetone was removed after 10 min centrifuge (2000g) 

and the protein pellets re-suspended with HEN buffer and 1% SDS was supplemented with 

biotin-HPDP (30 mM) for another 3 h incubation at 25°C. The biotinylated proteins were then 

precipitated by streptavidin-agarose beads, and washed with HEN buffer and PBS solution. The 

biotinylated proteins were eluted by SDS-PAGE gel and subjected to Western blotting analysis 

using anti-IGF-1R antibody. 

Statistical Analysis. All data were expressed as the mean ± SE and represented at least 

four independent experiments. Statistical comparisons were made using student’s t-test or one-

way ANOVA followed by a post hoc analysis (Tukey test). Significance level was set at p<0.05. 

3.4 Results 

Effects of IGF-1 and H2S on SMC proliferation. IGF-1 significantly increased cell 

viability (Fig 3.1A) and cell proliferation (Fig 3.1B) in a dose-dependent manner for both WT-

SMCs and KO-SMCs. These stimulatory effects of IGF-1 were stronger on KO-SMCs than on 

WT-SMCs. Moreover, treatment with NaHS reversed the stimulatory effect of IGF-1 on cell 

viability and proliferation in both cell types (Fig 3.1C-F).  
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(A) The acute effects of NaHS (2h incubation) on IGF-1R expression in WT SMCs and CSE-KO 

SMCs. (B) The binding of IGF-1R with IGF-1 was inhibited by H2S. The cells were treated with 

100 µM NaHS for 2 h. Thereafter, the cells were collected and subjected to immunoprecipitation 

assay. (C) IGF-1R was S-sulfhydrated by H2S. IGF-1R S-sulfhydration was assessed by a biotin 

switch assay. n=4. * p<0.05 vs. control WT SMCs, # p<0.05 vs. control CSE-KO SMCs. 

Figure 3.1 The effects of IGF-1 and NaHS on the proliferation of WT SMCs and CSE-KO 
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Effect of H2S on IGF-1R expression. The physiological functions of IGF-1 are mostly  

mediated by IGF-1R [265]. IGF-1R mRNA (Fig 3.2A) and protein (Fig 3.2C) levels were 

significantly lower in WT-SMCs than in KO-SMCs. IGF-1 mRNA (Fig 3.2B) and protein (Fig 

3.2D) levels were not different between WT-SMCs and KO-SMCs. To further confirm the effect 

of H2S on IGF-1/IGF-1R signaling, different concentrations of NaHS were used to treat WT-

SMCs and KO-SMCs. NaHS at 10 µM and 100 µM significantly inhibited IGF-1R protein 

expression in both WT-SMCs (Fig 3.3A) and KO-SMCs (Fig 3.3B). On the other hand, the 

protein levels of IGF-1 in WT-SMCs and KO-SMCs were not different with or without NaHS 

treatments at all tested concentrations (0.1-100 µM) (Fig 3.3C & D). 
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Comparison of IGF-1R (A, C) and IGF-1 (B, D) expressions between WT SMCs and CSE-KO 

SMCs. The mRNA expressions were measured by qRT-PCR while protein expressions were 

measured by western blotting analysis. n=4. * p<0.05 vs. WT SMCs group. 

Figure 3.2 The mRNA and protein levels of IGF-1R and IGF-1 in WT SMCs and CSE-KO 

SMCs. 
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WT SMCs and CSE-KO SMCs were treated with NaHS at different concentrations for 24 h. The 

Figure 3.3 H2S downregulated IGF-1R protein expression. 
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protein levels of IGF-1R (A, B) and IGF-1 (C, D) were measured by western blotting. β-actin 

serves as the loading control. n=4. * p<0.05 vs. each control group. 
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Involvement of IGF-1R in H2S-inhibited cell growth. NaHS at 1 to 300 µM did not affect 

cell viability of WT-SMCs but significantly decreased cell viability of CSE-KO SMCs in a dose-

dependent manner (Fig\ 3.4A). PPP, a specific inhibitor of IGF-1R tyrosine phosphorylation, 

decreased cell viability of both WT-SMCs and KO-SMCs (Fig 3.4B) in a concentration 

dependent manner and abolished the effect of endogenous H2S (Fig 3.4B). The application of 

PPP could not produce synergy effects with exogenous NaHS on WT-SMCs (Fig 4C) but may 

block the inhibitory effect of NaHS on KO-SMC cell growth (Fig 3.4D). In addition, we knocked 

down IGF-1R expression with CRISPR/Cas9. Compared with sgRNA control group, IGF-1R-

specific sgRNA significantly inhibited IGF-1R protein expression in KO-SMCs (Fig 3.4E).  We 

further confirmed that the inhibitory effect of NaHS on cell viability disappeared after IGF-1R 

was down-regulated (Fig 3.4F), suggesting that the inhibitory effect of H2S on cell viability is 

mediated by the function of IGF-1/IGF-1R pathway.   
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(A) WT SMCs and CSE-KO SMCs were treated with NaHS at different concentrations for 48h. 

Cell viability was assessed by MTT assay. The control cells without NaHS treatment were 

considered as 100%. n=4. * p<0.05 vs. each control group. After WT SMCs and CSE-KO SMCs 

were treated with PPP (B) and/or 100 µm NaHS for 48h (C, D), cell viability was measured by 

MTT assay. The control cells without NaHS or PPP treatment were considered as 100%. n=4. * 

p<0.05 vs. WT control group, # p<0.05 vs. CSE-KO control group. Knockdown of IGF-1R (E) 

reversed H2S-decreased cell viability in CSE-KO SMCs (F). The cells were transfected with 

Cas9 and IGF-1R specific sgRNA for 24 h following another 24 h treatment with NaHS (100 

µM). * p<0.05 vs. sgRNA Control group; # p<0.05 vs. sgRNA IGF-1R group.  

Figure 3.4 Blockage of IGF-1R abolished the inhibitory effect of H2S on cell viability. 
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 S-sulfhydration of IGF-1R and its impact on the binding of IGF-1 to IGF-1R. Treatment 

of both WT-SMCs and KO-SMCs with 100 µM NaHS for 2 h did not affect the protein level of 

IGF-1R (Fig 3.5A). However, this treatment significantly attenuated the interaction of IGF-1 and 

IGF-1R as demonstrated by co-immunoprecipitation experiment (Fig 3.5B). In the absence of 

NaHS treatment, the binding of IGF-1 with IGF-1R was still lower in WT-SMCs than in KO-

SMCs (Fig 3.5B). We further found that IGF-1R was S-sulfhydrated and both endogenous and 

exogenous H2S increased the S-sulfhydration of IGF-1R in cultured SMCs (Fig 3.5C). The basal 

level of S-sulfhydrated IGF-1R was significantly higher in untreated WT-SMCs than that in 

untreated KO-SMCs. Treatment with 100 µM NaHS for 2 h further increased S-sulfhydration of 

IGF-1R in both WT and CSE-KO SMCs (Fig 3.5C).  
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(A) The acute effects of NaHS (2h incubation) on IGF-1R expression in WT SMCs and CSE-KO 

SMCs. (B) The binding of IGF-1R with IGF-1 was inhibited by H2S. The cells were treated with 

100 µM NaHS for 2 h. Thereafter, the cells were collected and subjected to immunoprecipitation 

assay. (C) IGF-1R was S-sulfhydrated by H2S. IGF-1R S-sulfhydration was assessed by a biotin 

switch assay. n=4. * p<0.05 vs. control WT SMCs, # p<0.05 vs. control CSE-KO SMCs.  

Figure 3.5 H2S S-sulfhydrates IGF-1R and blocks IGF-1 association with IGF-1R. 
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Figure 3.6  Schematic illustration for the mechanisms underlying the interaction H2S and 

IGF-1/IGF-1R on SMC proliferation. Solid arrows indicate the stimulatory effects. Dashed 

arrows indicate the inhibitory effects. 
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3.5 Discussion 

H2S is a gasotransmitter that regulates many physiological functions and pathological 

processes of numerous proliferative vascular disorders [73, 216, 285-286].  Previous studies have 

shown that decreased endogenous level of H2S in SMCs due to lack of CSE gene expression 

resulted in a significant increase of cell growth rate in vitro and in vivo [73,77, 215, 286-287]. 

Endogenous H2S can stimulate the apoptosis of human aortic SMCs by sequentially activating 

ERK and caspase-3 pathways. The application of exogenous NaHS activated the phosphorylation 

of ERK in a concentration dependent manner (from 20 µM to 500 µM). And this activation 

reached the peak at 2h while started 15 min after treatment [288]. Exogenously applied NaHS at 

100 µM significantly inhibited the proliferation of CSE-KO SMCs, but not of WT SMCs. H2S 

suppressed SMC proliferation through ERK1/2-Ras and locked the cell cycle in G1 phase by 

downregulating cyclin D1 and upregulating p21Cip/WAF-1 pathway. Exogenously applied 

NaHS at 100 µM significantly inhibited the proliferation of CSE-KO SMCs, but not of WT 

SMCs [215]. Similarly, NaHS stimulated the apoptosis of CSE-KO SMCs but had no effect on 

the apoptosis of WT SMCs [215]. The underlying mechanisms of H2S-induced inhibition of 

SMC proliferation were not fully understood. 

IGF-1 is a major downstream effector of hepatic growth hormone signaling and is mainly 

secreted by the liver. Hepatic synthesis is the primary determinant of plasma concentrations of 

IGF-1. After selective deletion of IGF-1 gene in mouse liver, serum concentrations of IGF-1 

were decreased from 901 ng/ml to 299 ng/ml [289]. The circulating levels of IGF-1 in human 

peripheral blood may reach 150-200 ng/ml but its bioactive form of free IGF-1 exists at 0.2-0.6 

ng/ml [290]. Other peripheral tissues produce IGF-1 as well [261-262, 290-291]. SMCs can also 

synthesize IGF-1 [291-292]. Delafontaine et al. had detected mRNA of IGF-1 in cultured rat 
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aortic SMCs and the deprivation of serum down-regulated IGF-1 expression at transcriptional 

level [292].  Acute mechanical injury of vascular wall could accelerate IGF-1 secreting from 

SMCs. For example, the mRNA levels of IGF-1 in rat aorta were up-regulated and peaked to 

nine fold at the 7th day after balloon injury [293]. It has been reported that both exogenous and 

endogenous H2S have the potential to decrease the level and activity of different growth 

hormones, such as thyroid hormone [261, 294-295]. In our present research, as shown in Fig 

3.2B & D, the mRNA and protein levels of IGF-1 in SMCs were not different between WT 

SMCs and CSE-KO SMCs. In other words, endogenous H2S did not regulate IGF-1 expression 

in SMCs. These results demonstrate that the effect of H2S on IGF-1-induced SMC proliferation 

is not through the down-regulation of IGF-1 expression.  

IGF-1 has been implicated in the development of metabolic syndrome, hypertension, and 

occlusive vascular lesions [183, 185, 193, 293-294]. The circulating levels of bioactive IGF-1 

increased from the basal level (less than 0.1 ng/ml) in normotensive people to about 0.6 ng/ml in 

hypertensive patients with high level of IGF-binding protein-1 [185]. IGF-1 in atherosclerosis 

may skew the balance of collagen-rich matrix production and degradation toward a more stable 

extracellular compartment and modulate smooth muscle cell turnover toward a pro-apoptotic and 

anti-proliferative state [185]. IGF-1 has been found to promote neointimal formation after carotid 

artery injury, which results from increased proliferation and/or decreased apoptosis of SMCs 

[185, 197]. Due to its stimulatory effect on SMC proliferation, IGF-1 tends to shift SMC from a 

contractile phenotype to a proliferative phenotype [187].  

In our study, two different assays for SMC growth were applied. The MTT assay reveals 

cell viability (both existing and newly proliferated cells) related to mitochondrial activity and the 

BrdU assay detects the number of newly proliferated cells related to newly synthesized DNA. 
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We found that the cell viability of WT SMCs and CSE-KO SMCs both increased after 48h 

treatment with IGF-1 but the increase was more significant in CSE-KO SMCs than in WT-SMCs 

(Fig 3.1A). Since endogenous H2S levels in CSE-KO SMCs were significantly lower than that in 

WT-SMCs as demonstrated in our previous studies [73, 215, 286], the results of MTT assay 

demonstrated that the stimulatory effects of IGF-1 on SMCs viability were inhibited by 

endogenous H2S. Increased cell viability could result from decreased cell apoptosis or increased 

cell proliferation or both.  Our data from BrdU assay showed that IGF-1 treatments increased the 

proliferation of both WT SMCs and CSE-KO SMCs but the increase was more significant in 

CSE-KO SMCs than in WT-SMCs (Fig 3.1B).  The comparison of the results of MTT assay and 

BrdU assay (Fig 3.1A vs. Fig 3.1B) suggests that the inhibitory effects of endogenous H2S on 

IGF-1-increased cell viability are mainly mediated by the change in cell proliferation rather than 

cell apoptosis. The anti-proliferative effects of endogenous H2S were mimicked by exogenous 

H2S since NaHS also inhibited IGF-1-increased cell viability of both WT-SMCs (Fig 3.1C) and 

CSE-KO SMCs (Fig 3.1E). Similarly, NaHS inhibited IGF-1-stimulated cell proliferation of 

WT-SMCs (Fig 3.1D) and CSE-KO SMCs (Fig 3.1F).  

IGF-1R, a member of the RTK family, is the specific receptor of IGF-1. It is expressed in 

IGF-1 target tissues and can be up-regulated by Ang II, basic fibroblast growth factor, and 

thrombin. IGF-1R can be down-regulated by estrogen and oxLDL [188-189]. It has been 

reported that the density of IGF-1R determines the anti-apoptotic effect of IGF-1 in the 

development of atherosclerotic lesion [295]. After the binding of IGF-1, IGF-1R is activated, 

leading to receptor autophosphorylation and tyrosine phosphorylation of multiple downstream 

target molecules. We demonstrated here that deficiency of CSE up-regulated the expression of 

IGF-1R in SMCs and exogenously applied NaHS significantly down-regulated IGF-1R 
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expression (Fig 3.3A & B). On the other hand, IGF-1 levels are not different between CSE-KO 

SMCs and WT SMCs. Taken these data together, we believed that H2S inhibits IGF-1-induced 

SMC proliferation at least partially by decreasing the expression of IGF-1R, not that of IGF-1.  

We also explored the putative post-translational modification of IGF-1R by H2S. Our 

study demonstrated that NaHS treatment for a short period (2h) did not down-regulate IGF-1R 

protein expression (Fig 3.5A). Interestingly, our co-immunoprecipitation study (Fig 3.5B) 

showed that the binding ability of IGF-1 to IGF-1R was significantly greater in CSE-KO SMCs 

than in WT SMCs, suggesting that CSE-generated endogenous H2S inhibits IGF-1 binding to 

IGF-1R. NaHS treatment for 2 h also attenuated the binding of IGF-1 to IGF-1R in both WT-

SMCs and CSE-KO SMCs. These results indicate that the effects of H2S on IGF-1R are two-

fold.  One is the expression level of IGF-1R and the other one is the H2S-induced IGF-1R 

function since 2h treatment with NaHS only changed the IGF-1 binding, not IGF-1R expression 

level. To this end, we tested the hypothesis that IGF-1R is subjected to H2S-induced 

posttranslational modification. Previous studies have shown that, in addition of 

autophosphorylation [263, 265], IGF-1R can be S-nitrosylated and this S-nitrosylation inhibited 

the proliferation of human neuroblastoma cells [296]. Furthermore, the ubiquitination of IGF-1R 

in fibroblasts is vital for ERK activation and can protect IGF-1R from being degraded by the 

lysosome inhibitor while the SUMOylation of IGF-1R increases the cell cycle progression [293, 

297]. Whether IGF-1R can be S-sulfhydrated had not been known. S-sulfhydration is a 

posttranslational modification in which H2S converts the thiol (SH) groups in selective cysteines 

to hydropersulfide (SSH). S-sulfhydration of selective proteins has been shown to inhibit protein 

synthesis, decrease DNA damage, cause vasorelaxation, and attenuate cell apoptosis [197, 298-

300]. Our data demonstrated that endogenous H2S induced S-sulfhydration of IGF-1R in WT 
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SMCs, which is significantly diminished in CSE-KO SMCs. In addition to CSE-generated H2S, 

exogenous H2S also aggravates the S-sulfhydration of IGF-1R in vitro (Fig 3.5C). S-

sulfhydration of IGF-1R may change IGF-1R conformation so that its binding affinity for IGF-1 

is decreased, as shown in Fig 3.5B. Further work is merited to decipher out which cysteine 

residues of IGF-1R protein are the target of H2S-induced S-sulfhydration.   

In summary, the interaction of H2S with IGF-1/IGF-1R determined the fate of SMC 

proliferation (Fig 3.6). IGF-1 stimulates SMC proliferation by binding to and activating IGF-1R 

which contains a cysteine-rich region and activates the phosphorylation process [263, 301]. Both 

endogenous and exogenous H2S suppressed IGF-1R protein expression and decreased IGF-1 

binding to IGF-1R via S-sulfhydration of IGF-1R. Blockage of IGF-1R activity by PPP or 

knockdown of IGF-1R expression by CRISPR/Cas9-sgRNA abolished the inhibitory effect of 

H2S on SMC viability (Figs 3.4B & E). Our study provides insight on the mechanisms for H2S-

induced inhibition of SMC proliferation and opens a window for H2S-based innovative treatment 

strategies for proliferative cardiovascular diseases. 
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4.1 Abstract 

Both estrogen and hydrogen sulfide (H2S) inhibit the proliferation of vascular smooth 

muscle cells (SMCs) and the development of atherosclerosis. In the absence of endogenous H2S 

as occurred in cystathionine-gamma-lyase (CSE)-knockout (KO) mouse, however, estrogen 

stimulates the proliferation of vascular SMCs. The underlying mechanisms for this seemingly 

controversial vascular effect of estrogen are unclear. In the present study, we demonstrated that 

the stimulatory effect of estrogen on the proliferation of CSE-KO SMCs was suppressed by the 

inhibitor of insulin-like growth factor-1 receptor (IGF-1R) or knockdown of IGF-1R protein 

expression. Estrogen downregulated the expression of insulin-like growth factor-1 (IGF-1) and 

IGF-1R in aortic tissues or aortic SMCs isolated from wild-type (WT) and CSE-KO mice. 

Furthermore, endogenous H2S downregulated IGF-1R in aortic tissues or SMCs. Estrogen 

receptor (ER)-α and IGF-1R were co-located on cell membrane and co-immunoprecipitated, 

which was decreased by H2S. Finally, both endogenous and exogenous H2S induced the S-

sulfhydration of IGF-1R, but not ER-α, in WT-SMCs and CSE-KO SMCs, which underlies the 

decreased formation of IGF-1R/ER-α hybrid in the presence of H2S. Thus, the absence of H2S 

favors the interaction of estrogen with IGF-1R/ER-α hybrid to stimulate SMCs proliferation. The 

appreciation of a critical role of H2S in preventing estrogen-induced SMCs proliferation will help 

better understand the regulation of the complex vascular effects of estrogen and sex-related 

cardiovascular diseases.  
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4.2 Introduction 

The cardiovascular beneficiary effects of estrogen have been widely reported in human 

studies, such as the reduced incidence of cardiovascular diseases in premenopausal women [302-

303]. Studies carried out in vitro have shown that estrogen attenuates the formation of atheroma 

and neointima. Estrogen plays an anti-atherosclerotic effect in vivo through different subtypes of 

estrogen receptor (ER), including ER-α and ER-β as well as the G protein-coupled ER (GPER), 

by engaging an array of signaling cascades such as cGMP, cAMP, mitogen-activated protein 

kinase (MAPK), phosphatidyl inositol 3-kinase (PI3K)/Akt and protein phosphatase pathways 

[136, 304-307]. Animal studies have shown the inhibitory effect of estrogen on smooth muscle 

cell (SMC) proliferation via the activation of mainly ER-α, not ER-β or G protein-coupled 

estrogen receptor 1 (GPER) [56].  

The adverse effects of estrogen hormone replacement therapy (HRT) for certain 

population of post-menopausal women have also been documented [308]. For example, for 

women who initiate HRT ‘more than 10 or 20 years from menopause onset or are aged 60 years 

or older, the benefit-risk ratio appears less favorable because of the greater absolute risks of 

coronary heart disease, stroke, venous thromboembolism, and dementia’ [309]. Li et al. reported 

that estrogen stimulated, rather than inhibited, SMC proliferation in the absence of endogenous 

H2S [56]. The protective effect of estrogen/ER-α against atherosclerosis also relies on a 

functional CSE/H2S system [310]. It appears that the endogenous H2S level holds key for 

determining whether estrogen protects or disturbs the cardiovascular homeostasis. This 

hypothesis has never been tested before.  
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Hydrogen sulfide (H2S) is one of the gasotransmitters that are produced in mammalian 

cells and perform important physiological functions [91, 105, 119, 212, 267]. H2S is synthesized 

endogenously with cystathionine beta-synthase (CBS), cystathionine gamma-lyase (CSE), and 3-

mercaptopyruvate sulfurtransferase (MST) as the catalyzing enzymes and L-cysteine or 

homocysteine as the substrates [105, 212, 267-268]. H2S regulates the processes of anti-

atherosclerosis, anti-inflammation, anti-oxidant, vasodilatation, and protection of ischemia injury 

[119, 216]. We have demonstrated previously that H2S, mainly by CSE in vascular tissues, either 

endogenously produced or exogenously applied, induces apoptosis of human aortic SMCs [288].  

The present study was designed to specifically investigate the inhibitory effect of H2S on 

estrogen-induced stimulation of SMC proliferation as well as the underlying mechanisms.   

4.3 Materials and methods 

Materials. IGF-1R inhibitor (picropodophyllin, PPP) was from Santa Cruz Biotechnology 

(Dallas, TX). Anti-IGF-1R antibody and anti-p-IGF-1R was obtained from Cell Signaling 

Technology (Danvers, MA). Anti-IGF-1 antibody was purchased from Novus Biologicals 

(Littleton, CO). Anti-ER-α antibody and okadaic acid was from Abcam Biotechnology company 

(Cambridge, UK). Estradiol EIA kit was from Cayman Chemical Company. The optimal cutting 

temperature compound (OCT) was from Ager Scientific (Stansted, UK). The goat anti-mouse 

IgG Alexa Fluor Plus 488 and the donkey anti-rabbit IgG (H+L) Alexa Fluor 594 were from 

Fisher Scientific (Hampton, NH). The plasmids of control single-guide RNA (sgRNA), IGF-1R 

sgRNA, and Cas9 were obtained from GeneCopoeia (Rockville, MD). All other chemicals were 

from Sigma or New England Biolabs (Camarillo, CA). 

http://www.selleckchem.com/products/picropodophyllin-ppp.html
https://www.google.ca/search?q=Town+of+Hampton+New+Hampshire&stick=H4sIAAAAAAAAAOPgE-LUz9U3MI03N85SAjMNcy3TirS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQAnixfXRAAAAA&sa=X&ved=0ahUKEwjdwNTJzs_aAhUl94MKHcEJBQAQmxMI0QEoATAQ
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Animal Experiment. Wild-type (WT) mice were maintained on C57BL/6J ×129SvEv 

background and CSE-KO mice were generated in house as described previously [216]. After 

backcross of at least 10 generations, all WT and CSE-KO mice were verified by genotyping and 

used in this experiment. Each group of WT and their matching CSE-KO mice were from the 

same littermates and same generations. Aortic tissues were isolated from twelve-week-old male 

and female WT and age-matched CSE-KO mice. For H2S supplement experiments, the mice 

received either PBS as the control or NaHS (39 μmol/kg body weight, i.p.) [310]. The animal use 

protocol was in compliance with the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and 

approved by the Animal Care Committee of Laurentian University, Canada.  

Isolation and Culture of SMCs. The euthanasia of mice was conducted by CO2 inhalation, 

and the aortae were isolated for subsequent experiments. SMCs were isolated from collected 

mouse descending aortae and cultured as previously described [56, 312- 313]. These SMCs were 

cultured in phenol red-free Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 

10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. SMC identity 

was confirmed by staining with SMC-specific α-actin monoclonal antibody (Sigma, Oakville, 

Ontario, Canada). The morphology of freshly isolated SMCs is spindle shaped and when 

cultured to confluence these cells exhibited the typical ‘hill-and-valley’ pattern [56, 314-315]. 

The cell culture medium was changed every 2 days. All cells used in the experiments were from 

passages 6 to 8.  

Cell Proliferation Assay. The amount of total living cells was assessed by 3-(4, 5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously 
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[56, 316]. Equal numbers (2.0 × 10
3
) of SMCs were seeded into each well of 96-well plates for 

24 h. Then the serum-free medium was given for another 12 h. After different treatments, MTT 

(5 mg/ml) was added to each well, and the cells were incubated for additional 4 h at 37°C. After 

removing the culture medium, 200 µl dimethyl sulfoxide (DMSO) was added for 20 min to 

dissolve the insoluble purple formazan which can only be produced by living cells. The 

FLUOstar OPTIMA microplate spectrophotometer (BMG LABTECH, Offenburg, Germany) 

was used to measure the absorbance of solubilized formazan products at 570 nm. The amounts of 

living cells in the absence of any special treatment were considered as control level (100%).  

Bromodeoxyuridine (BrdU) incorporation was also used to measure the proliferated cells 

as described previously [56, 316]. SMCs were plated at equal number (2.0 × 10
3
 per well) in 96-

well plates and incubated for 24 h. The serum-free medium was applied for another 12 h. 

Afterwards, 10% FBS was added together with NaHS (100 µM), PPP (0.05 µM) or 17β-estradiol 

(E2) (1-300 nM) for 48 h incubation. BrdU label was added to each well for additional 24 h. 

After the fixative/denaturing solutions were added and incubated for 1 h to separate DNA into 

single strands so that the primary antibody has access to the incorporated BrdU. Then the anti-

BrdU antibody and peroxidase goat anti-mouse IgG HRP conjugate were pipetted to each well 

and incubated for 24 h. With the supplement of the substrate solution, incorporated BrdU was 

detected as instructed by the manufacturer (Calbiochem, Gibbstown, NJ, USA). The FLUOstar 

OPTIMA microplate spectrophotometer (BMG LABTECH, Offenburg, Germany) was used to 

measure the absorbance of newly generated DNA at 595 nm. Each measurement was composed 

of six replications and all experiments were performed at least four times. 

E2 concentration measurement assay (EIA assay). The level of 17β-estradiol (E2) in 

aorta was detected by Estradiol EIA kit from Cayman Chemical Company. Aortic tissue samples 
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(50 µl) from each collection was added to the 96-well plate. Each sample was assayed in 

duplicate. The FLUOstar OPTIMA microplate spectrophotometer (BMG LABTECH, Offenburg, 

Germany) was used to measure the absorbance at 420 nm. All experiments were performed at 

least four times. 

Gene silencing with sgRNA. IGF-1R knock down was conducted using clustered 

regularly interspaced short palindromic repeats and CRISPR-associated protein 9 (Cas9) system 

as described previously [280, 316]. IGF-1R sgRNA contains a 20-base sequence specifically 

complemented to the 5’ non-variable scaffold sequence of the IGF-1R DNA. A non-targeting 

RNA sequences that do not recognize any sequence in the genome and provide a non-edited 

control of edited cells was applied as the control sgRNA. The plasmids of control sgRNA and 

IGF-1R sgRNA were constructed by Genecopoeia (Rockville, MD). The cells were plated and 

grown to 80% confluence for plasmid transfection following the protocol of Invitrogen 

(Burlington, ON). SMCs were seeded in 10 cm
2
 dishes with the medium containing 10% FBS 

and transfected for 24 h with both CRISPR/Cas9 plasmid and IGF-1R-specific sgRNA plasmid 

together with lipofectamine 2000 for IGF-1R gene knockdown. The cells transfected with 

Cas9/control sgRNA plasmids were used as control.  

Western-blot analysis. Western blotting was performed as described before [56, 316]. 

The aortae and cultured SMCs at 70-90% confluent were lysed in the RIPA buffer, with the 

supplement of protease inhibitor cocktail. Equal amounts of proteins were boiled and separated 

with SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to 

a nitrocellulose membrane. Membranes were then blocked with phosphate-buffered saline (PBS) 

with Tween 20 containing 5% non-fat milk at room temperature for at least 1 h, and then 

incubated overnight at 4°C with primary antibody. The primary antibody dilutions were 1:1,000 
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for ER-α, 1:1,000 for IGF-1R, and 1:5,000 for β-actin. The membrane was then washed three 

times with 1× PBS-Tween 20 (PBST) buffer and incubated in PBST solution with horseradish 

peroxidase-conjugated secondary antibody (diluted 1:2,000 or 1:10,000) for 2 h at room 

temperature on a shaker. Finally, the membrane was washed with PBST solution for 3 times and 

PBS solution once. The immunoreactions were visualized with ECL and exposed to x-ray film 

(Kodak Scientific Imaging film, Kodak, Rochester, NY). The densitometry analysis 

was performed with ImageJ software v1.51r (National Institutes of Health) and the intensity 

values were normalized to the quantity of β-actin or the corresponding input control. 

Double Immunofluorescence Staining. For ER-α and IGF-1R double 

immunofluorescence staining, freshly isolated aortae were embedded in OCT compound (Ager 

Scientific) and cut to cryostat sections (5-10 µm) under -22
o
C to -24

o
C. The sections were 

mounted on gelatin-coated histological slides. Then the slides were dried in air for at least 60 

minutes at room temperature to prevent sections from falling off the slides during antibody 

incubations. For staining of cultured SMCs, the cells were plated on glass coverslips in 6-well 

plate and incubated at 37°C for 48 h. The coverslips were rinsed with PBS and fixed for 10 min 

with 3.7% formaldehyde and 0.1% Triton X-100 in PBS. The fixed aorta sections and cells were 

incubated in blocking buffer (1% bovine serum albumin in Tween/Tris-buffered saline) for 30 

min at room temperature. The aorta sections and cells were then incubated with anti-IGF-1R 

antibody (rabbit) and anti-ER-α antibody (mouse) in blocking buffer for 1 h at room temperature. 

After washing, the coverslips were incubated with rhodamine conjugate anti-mouse and 

Fluorescein isothiocyanate (FITC) conjugate anti-rabbit secondary antibodies for 1 h. The aorta 

sections were visualized by IX71 Inverted Microscope (Olympus) and X-Cite 120Q fluorescence 
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illumination system (Excelitas Technologies). All images were processed by DP2-BSW Version 

2.1q.   

Protein phosphatase 2A (PP2A) and IGF-1R Activities. PP2A and IGF-1R activity in 

whole cell lysates was determined by the serine/threonine phosphatase assay according to the 

manufacturer’s protocol (EMD Millipore, Burlington, MA). Briefly, total proteins (200 µg) from 

homogenized SMC lysates were incubated with 2 μg of anti-PP2Ac antibody or anti-pIGF-1R 

antibody at 4°C for 2 h, respectively, supplemented with 25 μl protein A agarose. The protein-

bead complexes were precipitated by centrifugation at 600 × g for 1 min, washed at least three 

times with PBS and the last time with Ser/Thr assay buffer. Then the beads were incubated with 

the diluted phosphopeptide for 10 min at 30°C. After centrifuge, the supernatant was incubated 

with Malachite Green Phosphate Detection Solution. Accumulation of dephosphorylated 

substrate was measured in the supernatant using the FLUOstar OPTIMA microplate 

spectrophotometer (BMG LABTECH, Offenburg, Germany) at 650-nm wavelength.  

Measurement of H2S production. H2S level in SMCs was measured by the lead sulfur 

method as described previously [56, 224].  Cell homogenate of 100 mg was mixed with PBS 

buffer supplemented with 10 mM cysteine. A lead acetate H2S detection paper (Sigma) was 

placed above the 96-well plate containing the mixture and incubated at 37°C for 2 h, and then the 

lead sulfur paper was scanned with Canon scanner (CanoScan LiDE 700F). 

Proximity Ligation assay. The mouse/rabbit red Duolink
®
 kit (Sigma) was used for this 

experiment. Cultured SMCs on the slides were fixed and permeabilized as described above for 

immunofluorescence studies. The slides were incubated in the blocking buffer (provided in the 

kit) for 1 h in room temperature followed by further incubation with the primary antibodies 



100 

 

overnight at 4°C. After 3 times of buffer (supplied with the kit) washing (15 min for each), the 

ligation reaction was carried out at 37°C for 1 h in a humid chamber followed by the buffer 

washing again. At last, the cells were incubated with the amplification mix for 100 min at 37°C 

in a darkened humidified chamber. After washing, the slides were examined under IX71 Inverted 

Microscope (Olympus) with an X-Cite 120Q fluorescence illumination system (Excelitas 

Technologies). All images were processed by DP2-BSW Version 2.1q.   

Co-immunoprecipitation. Protein co-immunoprecipitation was detected as described 

previously [316]. Total proteins (300 µg) from each collection (homogenized aortic tissues or 

cultured SMCs lysates) were incubated for 12 h at 4°C with 3 μg anti-ER-α (rabbit polyclonal) 

antibody. Same amount of rabbit IgG was used as a negative control of co-immunoprecipitation 

to determine whether non-specific proteins were pulled down. Then 40 μl G-Sepharose beads 

were added into each protein sample. Beads were washed several times with PBS before being 

used. The proteins were pulled down by anti-ER-α antibody and then precipitated by protein G-

Sepharose beads at 4°C for 3 h under gentle rotation. The protein-bead complexes were 

precipitated by centrifugation at 600 × g for 1 min, washed at least five times with PBS and 

mixed with 2 × SDS-PAGE loading buffer. After boiled for 5 min, the immunoprecipitated 

samples were resolved on SDS-PAGE and subjected to Western blot analysis with anti-IGF-1R 

antibody.   

S-sulfhydration assay (Biotin switch assay). Protein S-sulfhydration was detected as 

described previously [282-284, 316]. Briefly, aortic tissues or cultured SMCs were homogenized 

in HEN buffer (250 mM Hepes-NaOH (pH 7.7), 1 mM EDTA and 0.1 mM neocuproine) 

supplemented with 100 µM deferoxamine and 1% proteinase inhibitor cocktail, then centrifuged 

at 14,000 × g for 15 min at 4°C. All samples were blocked with HEN buffer adjusted to 2.5% 
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SDS and 20 mM S-Methyl methanethiosulfonate (MMTS) at 50°C for 20 min with frequent and 

gentle vortexing to avoid foaming. After the addition of 4 volumes of acetone, proteins were 

precipitated at -20°C for 1 h. Next, acetone was removed after 10 min centrifugation (2000 × g) 

and the protein pellets were re-suspended with HENS buffer (HEN buffer supplemented with 1% 

SDS and 30 mM biotin-HPDP) for 3 h incubation at room temperature. The biotinylated proteins 

were then precipitated by streptavidin-agarose beads and washed with HEN buffer and PBS. The 

biotinylated proteins were eluted by SDS-PAGE gel and subjected to Western blot analysis using 

anti-IGF-1R and anti-ER-α antibodies, respectively. 

Statistical Analysis. All data were expressed as mean ± standard error (SE) and 

represented at least four independent experiments. Statistical comparisons were made using 

student’s t-test or one-way ANOVA followed by a post hoc analysis (Tukey test). Significance 

level was set at p < 0.05. 

4.4  Results 

The effect of E2 on the proliferation of SMCs. E2 is the major form of estrogens in 

mammals and is most responsible for the physiological effect of estrogens [307]. As reported in 

our previous study [56], E2 treatment of cultured WT-SMCs and CSE-KO SMCs yielded 

opposite effects on cell proliferation. E2 treatment significantly decreased the total number of 

WT-SMCs but increased that of CSE-KO SMCs from both male and female mice (Figure 4.1A 

& 4.1B). The PP2A specific inhibitor, okadaic acid (2 nM), block the inhibitory effect of E2 on 

WT-SMCs but not affect the stimulatory effect on CSE-KO SMCs (Figure 4.1C & 4.1D). PPP 

(0.05 µM) is a specific inhibitor of IGF-1R tyrosine phosphorylation. PPP completely abolished 

the stimulatory effect of E2 on CSE-KO SMCs (Figure 4.1D), but had no effect on the inhibitory 
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effect of E2 on WT-SMCs (Figure 4.1C). Another IGF-1 analog, JB1, had also no effect on WT-

SMCs but inhibited the stimulatory effect of E2 on KO-SMCs. After NaHS treatment (100 - 300 

µM) for 2 h, the stimulatory effect of E2 on the proliferation of CSE-KO SMCs was significantly 

abolished (Figure 1E) (p < 0.05). 

E2 concentration in aortic tissues was significantly higher in WT female mice (1.98 ± 

0.34 pg/mg) than in WT male mice (1.00 ± 0.25 pg/mg) (Figure 4.1F).  Aortic tissues from male 

CSE-KO mice had the lowest E2 level (0.27 ± 0.05 pg/mg). In all subsequent experiments to test 

the effects of exogenous E2, only WT-SMCs and CSE-KO SMCs from male animals were used 

in order to minimize the impact of pre-existing endogenous E2. 
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SMCs isolated from the aortae from male and female WT and CSE-KO mice were treated with 

different concentrations of E2 for 72h.  (A) MTT assay on the total living cell numbers of CSE-

KO SMCs and WT-SMCs. (B) BrdU assay on the proliferation of CSE-KO SMCs and WT-

SMCs. WT-SMCs (C) and KO-SMCs (D) from male mice were treated with 0.05 µM PPP, 2 nM 

okadaic acid, 0.25 µg/ml JB1 and/or 100 nM E2 for 72 h, and then total cell numbers was 

measured with MTT assay. The numbers of living cell without any treatment were considered as 

the baseline control of 100%. (E) NaHS abolished the stimulatory effect of E2 on CSE-KO 

SMCs. Data were from 4 independent experiments. (F) E2 levels in WT and CSE-KO aortic 

tissues. Each data point was from at least four independent experiments and each sample is a 

collection from 6 mice. (A-B) * p<0.05 vs. WT Ctrl. # p<0.05 vs. CSE-KO Ctrl. (C-E) * p<0.05 

vs. Ctrl. # p<0.05 vs. estrogen treatment only group. (F) * p<0.05 vs. WT male group, # p<0.05 

vs. WT female group. Ctrl, control group; E2, 17β-estradiol; KO, knock out; OA, okadaic acid; 

PPP, picropodophyllin; SMCs, smooth muscle cell; WT, wild type. 

Figure 4.1 The stimulatory and inhibitory effects of E2 on the survival and proliferation of 

SMCs. 
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(A) Comparison of the expression levels of selective proteins between WT and CSE-KO mouse 

aortae.  Each sample was composed of aortic tissues from at least 5 different mice. (B) 

Comparison of the expression levels of selective proteins between WT-SMCs and CSE-KO 

SMCs. The SMCs were treated with/without E2 (100 nM) for 24 hours. (C) Comparison of 

PP2A activities between WT-SMCs and CSE-KO SMCs after E2 treatment. (D) Comparison of 

pIGF-1R activities between WT-SMCs and CSE-KO SMCs after E2 treatment. The data were 

from at least 4 experiments and analyzed by paired t tests. * p<0.05 vs. WT male group (A, B) or 

WT Ctrl group (C, D). # p<0.05 vs. KO male group (A, B) or CSE-KO Ctrl group (C, D). Ctrl, 

control group. 

Figure 4.2 Estrogen-regulated expressions of IGF-1R and IGF-1 proteins in mouse aortae 

and aortic SMCs. 
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The effects of estrogen on ER-α and PP2A in aortae and SMCs. ER-α protein level in 

aortic tissues was significantly lower in male CSE-KO than male WT mice, but not different 

between male WT and female WT mice (Figure 4.2A). PP2A protein levels were the same in all 

groups (Figure 4.2A). Treatment of WT-SMCs and CSE-KO SMCs with 100 nM E2 for 72 h did 

not change ER-α and PP2A protein levels in both WT-SMCs and CSE-KO SMCs (Figure 4.2B). 

E2 treatment, however, increased the activity of PP2A both in WT-SMCs and CSE-KO SMCs 

(Figure 4.2C). This stimulatory effect was significantly higher in WT-SMCs than in CSE-KO 

SMCs (Figure 4.2C).  

The effects of estrogen and H2S on IGF-1R and IGF-1 in aortae and SMCs. IGF-1R 

protein level in aortic tissues was significantly lower in male WT than male CSE-KO mice, but 

not different between female WT and female CSE-KO mice (Figure 4.2A). IGF-1R protein 

expression was also lower in female mice than male littermates in both WT and CSE-KO groups 

(Figure 4.2A).  These results indicate that H2S and estrogen each downregulates IGF-1R protein 

expression. IGF-1 protein level was lower in female than male in both WT and CSE-KO mice 

(Figure 4.2A), but there was no difference between WT and CSE-KO mice with the same sex, 

indicating that H2S has no regulatory effect on IGF-1 protein expression.  

The protein level of IGF-1R, but not IGF-1, was significantly higher in CSE-KO SMCs 

than WT-SMCs (Figure 4.2B). E2 treatment of WT-SMCs and CSE-KO SMCs for 72 h 

significantly down-regulated the expression of IGF-1R as well as IGF-1 proteins in both WT-

SMCs and CSE-KO SMCs (Figure 4.2B).  

The pIGF-1R activity of WT-SMCs was considered as 100% basal level, which was not 

significantly different from that of CSE-KO SMCs. After the treatment with E2 (100 nM) for 2 
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h, the activity of pIGF-1R was significantly increased to 412.8 ± 52.2% in CSE-KO SMCs (n=4, 

p<0.05) and 198.2 ± 32.7% in WT-SMCs (n=4, p<0.05).  

IGF-1R-specific sgRNA significantly knocked down IGF-1R protein expression in CSE-

KO SMCs and WT-SMCs (Figure 3A), but had no effect on IGF-1 protein expression or PP2A 

activity (Figure 4.3C). The stimulatory effects of E2 on the survival (Figure 3E) and proliferation 

(Figure 4.3F) of CSE-KO SMCs were reversed after knocking down IGF-1R, suggesting that the 

stimulatory effects of E2 on cell proliferation were mediated by IGF-1R.  On the other hand, 

IGF-1R knockdown did not impact on the inhibitory effect of E2 on the survival (Figure 4.3E) 

and proliferation (Figure 4.3F) of WT-SMCs.  
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Figure 4.3 Knockdown of IGF-1R expression reversed the proliferative effect of estrogen 

on CSE-KO SMCs. 

(A) Comparison of IGF-1R and IGF-1 protein levels between WT-SMCs and CSE-KO SMCs 

after Cas9/sgRNA transfection. (B) E2 levels in WT-SMCs and CSE-KO SMCs. (C) 

Comparison of PP2A activities between WT-SMCs and CSE-KO SMCs after Cas9/sgRNA 

transfection with/without E2 treatment (100 nM). (D) Comparison of pIGF-1R activities between 

WT-SMCs and CSE-KO SMCs after Cas9/sgRNA transfection with/without E2 treatment (100 

nM). (E) MTT assay on the total living cell numbers of CSE-KO SMCs and WT-SMCs. (F) 

BrdU incorporation assay on the proliferated CSE-KO SMCs and WT-SMCs. The data were 

form 4 experiments and analyzed by paired t tests. (A-B) * p<0.05 vs. control sgRNA group. (C-

F) * p<0.05 vs. each IGF-1R sgRNA counterpart. 
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Co-localization and interaction of IGF-1R with ER-α. Using double immunofluorescence 

staining with anti-IGF-1R and anti-ER-α antibodies, we determined the co-location of IGF-1R 

and ER-α on cell membrane. The immunofluorescence intensity of IGF-1R (red) appeared to be 

lower, but that of ER-α (green) to be much higher, in WT-SMCs than in KO-SMCs (Figure 

4.4A). The same tendency also happened in aorta tissues (Figure 4.4C). The proximity ligation 

assay demonstrated the proximity ligation of IGF-1R and ER-α was stronger in CSE-KO SMCs 

than in WT-SMCs (Figure 4.4D). We further examined physical interaction between IGF-1R and 

ER-α. The immunofluorescence density of IGF-1R/ER-α hybrid was about 1.3 folds higher in 

CSE-KO SMCs than in WT-SMCs (Figure 4.4B). Co-immunoprecipitation result showed that 

IGF-1R proteins were pulled down by anti-ER-α antibody (Figure 4.5A, 4.5D & 4.5E) and ER-α 

proteins were pulled down by anti-IGF-1R antibody (Figure 5B). The co-immunoprecipitated 

IGF-1R protein levels were significantly lower in aortic tissues from WT mice than from CSE-

KO mice in both male and female mice, suggesting that endogenous H2S inhibited the formation 

of IGF-1R/ER-α hybrid (Figure 4.5A). After the intraperitoneal injection of NaHS in CSE-KO 

mice, the co-immunoprecipitated IGF-1R protein levels in aorta were significantly decreased 

(Figure 4.5B). Knocking down IGF-1R expression with IGF-1R sgRNA also lowered the level of 

IGF-1R/ER-α hybrid (Figure 4.5C), confirming the necessity of IGF-1R protein for the 

formation of IGF-1R/ER-α hybrid. On the other hand, NaHS at 100 µM and 300 µM 

significantly inhibited IGF-1R/ER-α hybrid formation in both WT-SMCs (Figure 4.5D) and 

CSE-KO SMCs (Figure 4.5E).  
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(A) Double immunofluorescence staining was conducted on WT-SMCs and CSE-KO SMCs. 

IGF-1R was detected by rhodamine red fluorescence and ER-α by FITC green fluorescence. 

These two images were merged into one overlapped picture (merged) to show the relative 

location of IGF-1R and ER-α. (B) Comparison of the immunofluorescence density of IGF-

1R/ER-α hybrid between WT-SMCs and CSE-KO SMCs. *p<0.05. The 

immunofluorescence density of IGF-1R/ER-α hybrid in WT-SMCs were considered as 100%. 

The data were from 4 groups and analyzed by paired t test. (C) Double immunofluorescence 

staining was conducted on aortic tissues from male WT and CSE-KO mice. IGF-1R was detected 

by rhodamine red fluorescence and ER-α by FITC green fluorescence. The nuclei ware detected 

by DAPI. These images were merged into one overlapped picture (merged) to show the relative 

location of IGF-1R and ER-α. (D) The immunofluorescence staining was conducted on WT-

SMCs and CSE-KO SMCs as the proximity ligation assay. The nuclei ware detected by DAPI. 

These images were merged into one overlapped picture (merged) to show the ligation of IGF-1R 

and ER-α.  The white scale bars are 50 µm in length in (A) and 20 µm in length in (C & D). 

Figure 4.4 Co-localization of IGF-1R with ER-α. 



115 

 



116 

 

(A) Co-immunoprecipitation of IGF-1R and ER-α with anti-ER-α to pull down the lysate. Each 

sample came from at least 3 mice. * p<0.05 vs. WT male mice, # p<0.05 vs. CSE-KO male mice. 

(B) Co-immunoprecipitation of IGF-1R and ER-α was significantly decreased in CSE-KO aortae 

after the intraperitoneal injection of NaHS (39 µmole/kg) in comparison with PBS injection at 

the same volume (control). Each sample came from at least 3 mice. # p<0.05. (C) Co-

immunoprecipitation of IGF-1R and ER-α with anti-IGF-1R to pull down the lysate. CSE-KO 

SMCs were transfected with Cas9 and IGF-1R specific sgRNA or Cas9 and control sgRNA for 

24 h. n=4. # p<0.05. In both WT-SMCs (D) and CSE-KO SMCs (E), co-immunoprecipitation of 

IGF-1R and ER-α was decreased after 2 h NaHS treatments. * p<0.05 vs. WT control (Ctrl) 

group, # p<0.05 vs. KO control (Ctrl) group. Rabbit IgG was included as negative control to co-

immunoprecipitation. 

Figure 4.5 H2S inhibits the formation of IGF-1R/ER-α hybrid. 
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S-sulfhydration of IGF-1R and its impact on the formation of IGF-1R/ER-α hybrid. The C 

domain of ER-α, which mediates DNA binding, is rich of cysteine. Human IGF-1R also has a 

cysteine-rich domain between residues 223 and 274 in ligand binding site [136, 197, 263]. The 

basal level of S-sulfhydrated IGF-1R was significantly higher in aortic tissues from WT mice 

than CSE-KO mice, indicating that endogenous H2S generated by CSE induced the S-

sulfhydration of IGF-1R (Figure 4.6A).  Since there was no difference in S-sulfhydrated IGF-1R 

levels between male and female mice (Figure 4.6A), estrogen seems not playing a critical role in 

mediating IGF-1R S-Sulfhydration. NaHS at 100 and 300 µM increased the S-sulfhydration of 

IGF-1R in CSE-KO SMCs (Figure 4.6B). On the other hand, ER-α was not S-sulfhydrated in 

both WT-SMCs and CSE-KO SMCs (Figure 4.6C). 
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Figure 4.6 S-sulfhydration of IGF-1R, but not ER-α, in WT-SMCs and CSE-KO SMCs. 

(A) IGF-1R was S-sulfhydated in both WT and CSE-KO aortae with a greater extent in the 

former. (B) IGF-1R was S-sulfhydated by NaHS in cultured CSE-KO SMCs. (C) ER-α was not 

S-sulfhydated in WT-SMCs and CSE-KO SMCs. Aortic tissue (2 mg) or SMC lysates (5 µg/µl) 

were used with Biotin Switch assay. The S-sulfhydrated IGF-1R protein level was normalized by 

load total IGF-1R protein level. The data were from 4 experiments and analyzed by paired t tests. 

* p<0.05 vs. WT control (Ctrl) group, # p<0.05 vs. KO control (Ctrl) group. 
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4.5 Discussion 

Increased incidence of atherosclerosis in postmenopausal women can be related to the 

decline in estrogen levels [309, 317-319]. Previous studies have shown that anti-atherosclerotic 

effect of estrogen is mediated by CSE-generated H2S in vitro and in vivo [56, 310]. E2 treatment 

(80 µg/kg/day) attenuated hypercholesterolemia, oxidative stress, ICAM-1 expression, and NF-

κB in atherogenic diet-fed WT mice, but not in atherogenic diet-fed CSE-KO mice [310]. SMC 

proliferation in aortic atherosclerotic lesions is more likely happened in CSE-KO female mice 

than in WT female mice [224]. E2 treatment significantly inhibited the proliferation of WT-

SMCs, but stimulated that of CSE-KO SMCs [56]. It appears that, in the absence of H2S, the 

inhibitory effect of estrogen on SMC proliferation was reversed to a stimulatory action [56]. H2S 

mediated estrogen-inhibited proliferation of SMCs through selective activation of ER-α, but not 

ER-β, and locked the cell cycle in G1 phase by down-regulating cyclin D1 pathways [56]. The 

underlying mechanism for estrogen-induced stimulation of SMC proliferation in the absence of 

H2S has been unclear. This understanding is crucial for devising strategies to minimize the 

adverse cardiovascular effects of estrogen as shown with estrogen HRT, but maximize the 

beneficiary effects of estrogen [303, 319].  

In the present research, we found that E2 treatment for 72 h significantly decreased total 

numbers of WT-SMCs from both male and female mice (Figure 4.1A & 4.1B). This same E2 

treatment, however, increased total numbers of CSE-KO SMCs, about 29% more than non-

treated CSE-KO cells from male mice and 37% more than non-treated CSE-KO cells from 

female mice (Figure 4.1A & 4.1B).  Estrogen activates two distinct signaling pathways. Estrogen 

binds to its downstream receptors, translocating to the nucleus and transcriptionally regulating 
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gene expression [369]. Estrogen also directly enhances PP2A activity [370]. Although the 

protein levels of PP2A were not different between WT-SMCs and CSE-KO SMCs (Figure 4.2A 

& 4.2B), E2 treatment for 2 h increased PP2A activity in both WT-SMCs and CSE-KO SMCs. 

This stimulatory effect, however, was significantly lower in CSE-KO SMCs than in WT-SMCs 

(Figure 4.2C). Okadaic acid, a specific PP2A inhibitor, suppressed the inhibitory effect of E2 on 

WT-SMCs, but not its stimulatory effect on CSE-KO SMCs (Figure 4.1C & 4.1D). These results 

demonstrated that the stimulatory effect of estrogen on CSE-KO SMCs is not mediated by PP2A.  

The involvement of IGF-1R in E2-induced stimulation of SMC proliferation was 

examined. IGF-1 binds to the ectodomain of IGF-1R, inducing tyrosine phosphorylation of the 

activation loop and juxtamembrane region and eliciting the phosphorylation of IRS-1 and AKT 

[185, 263, 265, 324]. Different from estrogen, IGF-1 stimulates proliferation and differentiation 

and protects from apoptosis in murine SMCs [211, 316]. Estrogen downregulates IGF-1 and 

IGF-1R mRNA and protein expression in rat vascular SMCs [265], but upregulates the 

expression of IGF-1 and IGF-1R in ovarian granulosa cells and breast cancer cells [321, 323, 

325-327]. We have previously demonstrated that endogenous H2S downregulated the protein 

expression of IGF-1R, but not IGF-1, in murine SMCs [316]. In the present study, we found that 

the protein levels of IGF-1 and IGF-1R in the aortae were both higher in male mice than their 

female counterparts (Figure 4.2A). The protein level of IGF-1R, but not IGF-1, was lower in WT 

than in CSE-KO littermates of the same sex.  

PPP, a highly specific inhibitor of IGF-1R, inhibits the autophosphorylation of IGF-1R 

[198, 328]. As shown in Figure 4.1C & 4.1D, the PPP (0.05 µM) alone did not change the 

viability of WT-SMCs and CSE-KO SMCs. The inhibitory effect of E2 on the viability of WT-

SMCs was not altered by PPP treatment, indicating that the inhibitory effect of E2 does not 
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involve IGF-1R activation, but likely to be mediated entirely by ER-α (Figure 4.1C). However, 

PPP blocked the stimulatory effect of E2 on the viability of CSE-KO SMCs (Figure 4.1D). JB1, 

an IGF-1 peptide analog that potently inhibits the autophosphorylation of IGF-1R, also 

attenuated E2-induced CSE-KO SMCs proliferation, but has no effect on the proliferation of 

WT-SMCs (Figure 4.1C & 4.1D). It is thus reasoned that the pro-proliferative effect of E2 on 

CSE-KO SMCs is mediated by the activation of IGF-1R and this effect is inhibited by 

endogenous H2S. 

Cellular biological processes are regulated by crosstalk among multiple signaling 

pathways. IGF-1, acting mainly on IGF-1R, stimulates the activation and phosphorylation of ER 

in uterine cells [332]. The interaction between IGF-1R and ER results in synergistic growth 

stimulation of HepG2 cells and BG-1 cells transfected with the vitA2-sv40-ERE reporter 

construct [327, 333]. Co-administration of E2 and IGF-1 increases target gene expression to an 

extent greater than either agent alone [334]. We previously demonstrated that E2 inhibited the 

proliferation of WT-SMCs, which was entirely mediated by ER-α [56]. The knocking down of 

ER-α has also been reported to abolish the pro-proliferative effect of IGF-1 on prostatic SMCs 

[335]. E2-stimulated proliferation of cultured bovine satellite cells was inhibited by JB1 [336]. In 

the absence of IGF-1, IGF-1R was reported to be activated by E2 [207]. These previous reports 

indicate that the co-presence of ER-α and IGF-1R in different cell types and that their interaction 

determines whether cell proliferation would be increased or inhibited.   

We found that the total number of living CSE-KO SMCs was increased after 72 h 

treatment with E2 and this stimulatory effect of E2 was reversed after knocking down of IGF-1R 

expression by CRISPR/Cas9-sgRNA (Figure 4.3E). Knocking-down IGF-1R in SMCs did not 

change E2 concentration in SMCs (Figure 4.3B), nor the PP2A activity (Figure 4.3C), but it 
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decreased E2-increased pIGF-1R activity significantly (Figure 4.3D). Increased cell numbers 

could result from decreased cell apoptosis or increased cell proliferation or both. Our BrdU assay 

showed that E2 treatments increased the proliferation of CSE-KO SMCs and this increase, too, 

was reversed after knocking down IGF-1R expression (Figure 4.3E). Moreover, knocking down 

IGF-1R expression in WT-SMCs did not affect the effects of E2 on the viability or the 

proliferation of these cells (Figure 4.3F). The comparison of the results of MTT assay and BrdU 

assay (Figure 4.3E vs. Figure 4.3F) suggests that the IGF-1R-mediated stimulatory effect of E2 

on the total number of CSE-KO SMCs is largely attributed to increased SMC proliferation.  

IGF-1R can form a hybrid with diverse proteins. Insulin receptor/IGF-1R hybrid 

receptors in human or rat SMCs are activated by both insulin and IGF-1 [197—201]. The 

interaction of ER with IGF-1R has also been reported on neuroprotection, blood brain barrier 

integrity, and angiogenesis [207-209]. Quesada et al. reported that IGF-1R and ERs (ER-α and 

ER-β) were co-expressed in many neurons and glial cells in the central nervous system [207]. 

Interestingly, Mendez reported that estrogen-activated ER-α can phosphorylate IGF-1R, leading 

to the dimerization of ER-α and IGF-1R, a hybrid IGF-1R/ER-α [210]. This hybrid receptor 

serves as a common substrate for synergistic interactions between E2 and IGF-1 [211]. In our 

study, we used double immunofluorescence staining and the proximity ligation assay to detect 

the co-localization of IGF-1R and ER-α in the membrane of SMCs. Our co-immunoprecipitation 

study also showed that IGF-1R was pulled down by anti-ER-α antibody and vice versa, more in 

CSE-KO SMCs than in WT SMCs. These results indicate that IGF-1R and ER-α form a 

heterodimer in SMCs, and the formation of this heterodimer is favored in the absence of 

endogenous H2S as occurred in CSE-KO SMCs. Taken together, we conclude that endogenous 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mendez%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12670715
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H2S inhibits the formation of IGF-1R/ER-α heterodimer and by doing so inhibits the pro-

proliferation effect of estrogen. 

The formation of heterodimer depends on the expressions and activities of both 

constituting components. Knocking down IGF-1R expression downregulated the formation of 

IGF-1R/ER-α heterodimer (Figure 4.5C). Interestingly, our co-immunoprecipitation study 

(Figure 4.5D & 4.5E) showed that the binding ability of ER-α to IGF-1R was inhibited both in 

WT-SMCs and CSE-KO SMCs after 2 h NaHS treatment. This short period of NaHS treatment 

should not affect the expression of IGF-1R protein or CSE protein (Figure 4.7B) [316], but may 

cause post-translational modification of the protein. S-sulfhydration is a posttranslational 

modification in which H2S converts the thiol (SH) groups in selective cysteines to 

hydropersulfide (SSH) [269, 282]. S-sulfhydration of selective proteins has been shown to inhibit 

protein synthesis, decrease DNA damage, cause vasorelaxation, and attenuate cell apoptosis [37, 

105, 270, 299-300]. Whereas ER-α was not S-sulfhydrated by H2S (Figure 4.6C), IGF-1R was S-

sulfhydrated in the aortae from WT male and female mice, which was significantly diminished in 

their CSE-KO counterparts (Figure 4.6A). In addition to CSE-generated endogenous H2S, 

exogenous H2S treatment for 2 h increased the S-sulfhydration of IGF-1R in CSE-KO SMCs 

(Figure 4.6B). It is reasoned that the S-sulfhydration of IGF-1R changes IGF-1R conformation so 

that its binding affinity to ER-α is decreased (Figure 4.5E).  

In summary, endogenous production of H2S in mouse aortic SMCs is mostly, if not 

entirely, catalyzed by CSE.  CBS and 3-MST are not expressed in these SMCs (Figure 4.7A-C). 

Low endogenous level of H2S in CSE-KO SMCs due to CSE deficiency promotes the formation 

of IGF-1R/ER-α hybrid, which is activated by E2 and leads to the stimulation of SMCs 

proliferation. Both endogenous and exogenous H2S upregulate ER-α expression, downregulate 
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IGF-1R expression, and induce IGF-1R S-sulfhydration, thus inhibiting the formation of IGF-

1R/ER-α hybrid. The net outcome is the blockage of IGF-1R/ER-α hybrid signaling pathway. 

Consequently, E2 activates ER-α, rather than IGF-1R/ER-α, and inhibits SMCs proliferation 

(Figure 4.8). Our study provides novel insight on estrogen-stimulated SMCs proliferation and 

elucidates the critical role of H2S in reversing the stimulatory effect of estrogen on SMCs 

proliferation to an inhibitory effect. Not only this study will help understand the mechanism for 

the seemingly contradictory effects of estrogen on cardiovascular system, but also suggest the 

cardiovascular protection benefits for a co-administration of H2S and estrogen treatment regime. 
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(A) H2S levels in the cultured SMCs, detected with lead sulfur method.  n=4 for each group. 

“Blank” means that no cells homogenate was added. (B) Western blot detection of CSE, CBS 

and 3-MST proteins in WT-SMCs with or without NaHS treatment. n=4 for each group. (C) 

Western blot detection of CSE, CBS and 3-MST proteins in CSE-KO SMCs with or without 

NaHS treatment. n=4 for each group.  The primary antibody dilutions were 1:1000 for CSE 

(Abnova H0000149-M01), 1:1000 for CBS (GeneTex GTX628777), 1:1000 for 3-MST (Abnova 

H00004357-M01). The horseradish peroxidase-conjugated secondary antibody (rabbit anti-

mouse) (Sigma A9044) was diluted 1:2,000. 

  

Figure 4.7 The expression of different H2S-producing enzymes in WT and CSE-KO mice 

and their reactions to short-period NaHS incubation (2 h). 
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 Solid arrows indicate the stimulatory effects. The bar capped lines indicate the inhibitory effects. 

Estrogen can activate both ER-α and IGF-1R/ER-α hybrid.  The activation of the former inhibits 

SMC proliferation whereas the activation of the latter stimulates SMC proliferation. H2S per se 

upregulates ER-α expression, downregulates IGF-1R expression, and induces IGF-1R S-

sulfhydration. In the presence of H2S, estrogen activates ER-α and H2S inhibits IGF-1R as well 

as the formation of IGF-1R/ER-α hybrid. The net outcome is the inhibition of SMC proliferation. 

In the absence of H2S, ER-α is downregulated; IGF-1R is upregulated; and the formation of the 

IGF-1R/ER-α hybrid is increased. Consequently, estrogen activates IGF-1R/ER-α hybrid to 

stimulate SMC proliferation. 

Figure 4.8 The proposed mechanisms for H2S-mediated estrogen effects on SMC 

proliferation. 
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Chapter 5  

 

 

 

 

 

 

5 DISCUSSION AND CONCLUSSION 
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5.1 GENERAL DISCUSSION 

Estrogen plays crucial roles in the regulation of SMC proliferation and neointima genesis 

in atherosclerosis [317-319, 343, 350-352]. Hayashi et al. reported that being fed with the diet 

consisting 2% cholesterol, male rabbit formed greater atherosclerotic lesions than female 

littermates [353]. On the other hand, Li et al. demonstrated that estrogen in the range of 10 nM-

100 nM significantly stimulated the proliferation of CSE-KO SMC. Supplement of NaHS, a H2S 

donor, upregulated ER-α protein expression and reversed the stimulatory effect of estrogen on 

CSE-KO SMC growth [56, 215]. It appears that the effect of estrogen on SMC proliferation 

depends on the existence of H2S. To date, the molecular mechanisms for the interaction of H2S 

and estrogen remain unclear. To clarify this unsettled matter is the motivation of my current PhD 

study.  

Estrogen increases H2S production rate in SMC. H2S production rate in aorta was almost 

1.5 folds higher in WT female mice than that in WT male. This alteration is abolished in CSE-

KO mice, which shows that CSE is the main enzyme for producing H2S [56, 268, 310]. Our 

western blot results indicated that there was no significantly difference in aorta CSE protein 

expression between WT male mice and female mice. Thus, the stimulatory effect of estrogen on 

vascular H2S production rate depends on the stimulation of CSE activity, rather than its protein 

expression.  

We have also evaluated the estrogen concentration in WT and CSE-KO mice in Chapter 

2 and Chapter 4. Compared to E1 and E3, E2 plays the main role in tissues and organs and has 

the highest affinity to estrogen receptors [138-143].  We found out that the E2 levels in plasma as 

well as in aortic SMC are much lower in female CSE-KO mice than in female WT mice. 
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However, NaHS treatment at low concentration (14 µmol/kg per day) or high concentration (70 

µmol/kg per day) did not change plasma E2 level in both WT and CSE-KO mice.  The 

underlying mechanisms for these observations are not clear. We assume that the generation of E2 

can be stimulated by some substrates or products of CSE, such as pyruvate and ammonium, 

instead of H2S per se (Fig 5.1).   

Solid arrows indicate the stimulatory effects. Dotted lines indicate the speculated mechanism. 

Figure 5.1 Interaction between E2 and H2S in cardiovascular system. 
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The cardioprotective role of estrogen is regulated by CSE/H2S system [310]. As 

mentioned earlier, in the absence of CSE expression in CSE-KO mice, estrogen treatment no 

longer stimulated endogenous H2S production and cannot be benefited from H2S-provided 

protection against hypercholesterolemia, oxidative stress. The plasma cholesterol and LDL levels 

of CSE-KO mice was significantly higher than WT mice. E2 treatment significantly decreased 

plasma lipids in both WT and CSE-KO mice but did not reverse the increased atherosclerotic 

lesions in atherogenic diet-fed CSE-KO mice. We conclude that the protective effect of estrogen 

against atherosclerosis at least partly relies on a functional CSE/H2S system. 

Besides abnormal lipid metabolism and oxidative stress, SMC proliferation acceleration 

is also a vital pathological step during the atheroma formation process. Both endogenous and 

exogenous H2S are involved in the effects of estrogen on SMC proliferation [215, 311]. 

Interestingly, Li et al. elucidated that estrogen treatment inhibited WT SMC proliferation but 

stimulated CSE-KO SMC proliferation [56]. Knocking down ER-α protein or inhibiting ER-α 

activity reversed the inhibitory effect of E2 on WT-SMC proliferation. We believed that there 

should be two different signaling pathways involved in E2-regulated cell proliferation. With 

higher ER-α expression level, E2 would bind to ER-α and inhibit SMC proliferation. With lower 

ER-α expression level, E2 would recruit another pathway to stimulate SMC proliferation.  

We have found that H2S and E2 act on the same downstream targets and down-regulate 

IGF-1R expression. The interaction of ER with IGF-1R has been reported on neuroprotection, 

blood brain barrier integrity, and angiogenesis [207-211]. IGF-1 is widely known for its 

stimulatory effect on SMC proliferation. IGF-1 significantly stimulates cell viability and 

proliferation of WT-SMCs and CSE-KO SMCs. IGF-1 protein expression was downregulated by 
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E2 treatment rather than H2S treatment. Both female WT and female CSE-KO mice have lower 

IGF-1 protein expressions in aorta than their male counterparts. The inhibitory effect of E2 on 

IGF-1 expression is not influenced by H2S. IGF-1R is an important promoting factor to trigger 

intracellular phosphorylation [262-263]. Both knocking down IGF-1R expression and inhibiting 

IGF-1R activity attenuate the stimulatory effect of IGF-1. The protein expression of IGF-1R is 

higher in CSE-KO SMC than in WT SMC, indicating that IGF-1R protein expression is inhibited 

by endogenous H2S. Exogenous E2 treatment mimics the inhibitory effect of endogenous E2 on 

IGF-1R expression in both WT and CSE-KO SMC (Figure 5.2).  

Solid arrows indicate the stimulatory effects. The bar capped lines indicate the inhibitory effects.  

Figure 5.2 The effects of CSE/H2S and estrogen on IGF-1/IGF-1R induced SMC 

proliferation. 
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IGF-1R has been reported to participate in the formation of IR-A/IGF-1R and IR-B/IGF-

1R hybrids [201-205]. Mendez et al. reported that estrogen-activated ER-α phosphorylated IGF-

1R, leading to the dimerization of ER-α and IGF-1R, a hybrid IGF-1R/ER-α [210]. In this 

regard, we used double immunofluorescence staining to detect the co-localization of IGF-1R and 

ER-α on the membrane of SMCs. Our results indicated that IGF-1R formed the IGF-1R/ER-α 

heterodimer with ER-α on the membrane of SMCs, and the formation of this heterodimer was 

favored in the absence of endogenous H2S as occurred in CSE-KO SMCs. A hybrid should be 

activated by the ligands of each hemidimer. We elucidate that the stimulatory effect of E2 on 

CSE-KO SMCs is blocked by IGF-1R inhibitor or downregulation of IGF-1R expression. We 

consider this phenomenon is a cogent evidence for the role of IGF-1R/ER-α hybrid, which acts 

as one of E2 targets to stimulate SMC proliferation (Figure 5.3). 

S-sulfhydration is a major post-translational modification, which converts the thiol (SH) 

groups in selective cysteines to hydropersulfide (SSH) [269, 282]. IGF-1R has a cysteine-rich 

domain [263, 301]. In Chapter 3 and Chapter 4 we have reported that H2S in vitro and in vivo 

altered the conformation of IGF-1R via S-sulfhydration. Based on our results, S-sulfhydrated 

IGF-1R has a lower binding affinity to IGF-1. The binding ability of ER-α to IGF-1R is also 

inhibited due to the S-sulfhydration of IGF-1R (Figure 5.3).  

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mendez%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12670715
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Our studies challenge the traditional concept on the cardiovascular effects of estrogen. 

Rather than a simple inhibitory effect, estrogen also has a stimulatory effect on SMC 

proliferation. We demonstrate that it is the CSE/H2S that determines whether E2 stimulates or 

inhibits SMC proliferation. Low level of H2S in CSE-KO SMCs due to CSE deficiency promotes 

the formation of IGF-1R/ER-α hybrid. The latter is activated by E2, leading to the stimulation of 

SMC proliferation. IGF-1R expression is downregulated and S-sulfhydrated while ER-α 

expression is upregulated as shown in WT-SMC. By this net outcome, E2 mainly activates ER-α, 

rather than IGF-1R/ER-α hybrid, leading to the inhibition of the IGF-1/IGF-1R protein 

expression and SMC proliferation (Figure 5.4). 

Figure 5.3 The effects of estrogen on CSE-KO SMC proliferation. Solid arrows indicate the 

stimulatory effects. The bar capped lines indicate the inhibitory effects. Dotted lines indicate the 

diminished or attenuated effects. 
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Figure 5.4 Supposed underlying mechanism about the interaction between CSE/H2S system 

and estrogen on atheroma formation. Solid arrows indicate the stimulatory effects. The bar 

capped lines indicate the inhibitory effects. Dotted lines indicate the role is disappeared or 

attenuated. 
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5.2 CONCLUSSION 

The protective effect of estrogen against atherosclerosis relies on a functional CSE/H2S 

system. Estrogen can inhibit vascular proliferation only with a physiologically functional 

CSE/H2S system while the deficiency of CSE cancels the estrogen-induced vascular protective 

effect. H2S inhibits SMC proliferation by downregulating IGF-1R expression. H2S also directly 

modifies IGF-1R through S-sulfhydration. S-sulfhydration of IGF-1R decreases its binding 

affinity to IGF-1 and inhibits the phosphorylation of IGF-1R, resulting in decreased SMC 

proliferation. The S-sulfhydration of IGF-1R caused by H2S also inhibits the formation of ER-

α/IGF-1R hybrid, which can stimulate SMC proliferation. 
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5.3 SIGNIFCANCE OF THE STUDY 

Atherosclerosis is one of the most common cardiovascular diseases. The Global Burden 

of Disease Study described the ischemic heart disease mortality rates for 21 regions in the world 

[356]. The study reported that women had lower mortality than men (Table 1), hinting that 

women are more protected from cardiovascular diseases. Another meta-analysis on the 

correlation of early stage of menopause with risk of atherosclerosis concluded that it is estrogen 

that holds the key for the primary and secondary prevention of cardiovascular diseases [357].  

 Mortality of Ischemic Heart Disease (per 100 000 per year) 

Male Female 

Eastern Europe 434 234 

Central Asia 400 225 

Central Europe 201 117 

North Africa/Middle East 189 123 

Asia Pacific region 46 27 

Eastern Sub-Saharan Africa 60 47 

United States 122 78 

Table 5. 1 Mortality of Ischemic Heart Disease in different areas in the world. (Data comes 

from Global Burden of Disease Study 2013) 



140 

 

Estrogen protects the cardiovascular system via multiple pathways [238-241]. However, 

the hormone replacement therapy (HRT) has not been as effective as expected clinically [358-

360]. Our series of studies have shown that H2S attenuated the pathological development of 

atherosclerosis and inhibit the formation of atheroma [76] and that H2S level determined the 

direction of the biphasic effect of estrogen on SMC proliferation, i.e. the inhibition of WT SMC 

proliferation but stimulation of CSE-KO SMC proliferation [56]. In addition, we demonstrated 

that H2S regulates the effects of E2 on SMC proliferation through S-sulfhydration of IGF-1R. 

The S-sulfhydrated IGF-1R inhibits the formation of IGF-1R/ER-α hybrid and reverses the 

stimulatory effect of estrogen on SMC proliferation. These discoveries will aspire the 

exploration of the new ways to stimulate endogenous generation of E2. They will also help 

design an improved HRT strategy to enhance the cardioprotective effects of E2 but suppress E2-

induced SMC proliferation, such as the combined admission of E2 and H2S donors.  



141 

 

5.4 LIMITATION OF THE STUDY 

5.4.1 Research limitations 

In the whole research, WT and CSE-KO mice were applied. Although mice are one of the 

mostly commonly used animal models in biomedical research, there are significant differences 

between rodents and primates. As such, the application of the findings made in this thesis study 

to human physiology and pathophysiological should be cautiously approached. 

Chapter 2 reports the interaction between H2S and estrogen on SMC proliferation was 

investigated. We measured the serum concentration of E2 and compared CSE expression and 

H2S production rate between WT male and female mice. We plan to compare H2S production 

rate between WT female mice and ovariectomy female mice to further confirm the effects of 

estrogen on H2S production. 

In Chapter 3 and 4, we conclude that the S-sulfhydration of IGF-1R inhibits the binding 

ability of IGF-1R with IGF-1 or ER-α. It will be more insightful to further detect which cysteine 

residues of IGF-1R are S-sulfhydrated. 

5.4.2 Methodological Limitations 

For the supplement of exogenous H2S, we used NaHS solution in our research. NaHS 

solution was made freshly before each experiment. However, the actual concentration of NaHS 

in the solution will decrease to almost 45% of the initial concentration in half an hour [287]. 

After the NaHS injection treatment, the injection site or the circulation will see a great surge of 

H2S level, which declines rapidly thereafter [142]. Our results based on NaHS injection most 

likely shows the short-term effect of H2S.  To keep the effective H2S concentration more stable 
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and predict the biological relevance of exogenous H2S, some slow- and fast-releasing H2S donors 

should be used in our future studies. 

In our studies, the lead sulfur assay and the methylene blue assay were used to measure 

stable H2S level in SMC and in aortic tissues. The sensitivity and the accuracy of these two 

assays are limited. Besides, it is impossible to detect the instantaneous H2S concentration in vivo. 

It is necessary to develop new and more sensitive assays to detect free H2S in the cells in real 

time.  

We had tested different receptor expressions in SMCs. As ER-α expressed on 

plasmalemma and nucleus membrane, we were able to measure the total ER-α expression, but 

could not separate the total expression into plasmalemma portion and nucleus portion. 

Furthermore, the technical limitation restricts us from precisely locating IGF-1R/ER-α hybrid to 

the subcellular structure.     
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5.5 FUTURE DIRECTIONS 

1. To further investigate the regulatory mechanism for H2S-induced inhibition of IGF-1R 

protein expression. Protein expression is determined by the gene stability and the promoter 

activity. We will measure the decay of the IGF-1R mRNA, and compare with that of control 

gene such as GADPH or β-actin. On the other hand, we will use Chromatin Immunoprecipitation 

assay to evaluate the promoter activity of IGF-1R mRNA [408, 409].  

2. To investigate the molecular mechanism of S-sulfhydration of IGF-1R. There are 

multiple cysteine residues in IGF-1R. Modeling the protein hybrid complex by ZDOCK docking 

software should be conducted to predict structures of protein-protein complexes and symmetric 

multimers [407]. In our predicted hybrid structure model, 8 different cysteines are found to be 

likely S-sulfhydated, and Cys807 and Cys489 are more likely to be the targets. Site-directed 

mutagenesis assay will be applied to further detect the role of each cysteine residue. 

Furthermore, some cysteine residues have been reported to be both S-nitrosylated and S-

sulfhydrated. We do not know whether IGF-1R and IGF-1R/ER-α can also be regulated by S-

nitrosylation, which has merit to be future studied.  

3. To investigate the mechanism by which IGF-1R/ER-α hybrid stimulates SMC 

proliferation. We had used Co-IP to confirm the interaction between IGF-1R and ER-α. In the 

future, a fluorescence resonance energy transfer will be applied to the cultured SMCs and aorta 

tissue slides to confirm the existence of the hybrid [368]. Our result of Co-IP only indicated the 

interaction of IGF-1R and ER-α actually existed in the protein lysate samples. However, the 

fluorescence resonance energy transfer assay can identify protein interactions and monitor 

intracellular signaling activities in real time [368]. We elucidated that IGF-1R/ER-α hybrid in 
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CSE-KO SMCs was activated by E2, which led to the stimulation of SMC proliferation. In the 

future, we will test whether the co-treatment of CSE-KO mice with H2S and estrogen will 

provide better anti-atherosclerosis effect than E2 treatment alone. E2 is reported to downregulate 

Cyclin D1 expression and inhibit WT SMC proliferation [67]. Our current work showed that E2 

upregulated Cyclin D1 protein expression in CSE-KO SMCs by binding to IGF-1R/ER-α hybrid 

(Figure 4-7). In the future, we will test why estrogen has opposite effects on Cyclin D1 protein 

expression and how H2S regulates these effects.  
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