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Abstract 

 

Hydrogen sulfide (H2S) is a novel gasotransmitter in cardiovascular system, 

it renders multiple cardioprotective effects. Laminar shear stress is also a 

cardioprotective factor in cardiovascular system, which shares many similarities 

in downstream signal transduction pathways with H2S. However, knowledge 

about the regulation of H2S production by shear stress and the role of H2S in 

shear-induced signal transduction is still limited. In the present study, efforts 

were made to investigate the effect of shear stress on H2S production. 

Furthermore, the role of H2S in shear-induced cell signaling is also discussed.  

 

In cardiovascular system, shear stress exerted by blood flow mainly affects 

vascular endothelial cells (ECs). Thus, human umbilical vein endothelial cells 

(HUVECs) and bovine aortic endothelial cells (BAECs) are used in present study. 

After laminar shear stress stimulation for 30 minutes, H2S production rate is 

enhanced by 5 fold in BAECs. Three enzymes possibly involved in H2S 

production—cystathionine-�-lyase (CSE), cystathionine-�-synthase (CBS), and 

3-mercapto-sulfurtransferase (3-MST)—are not significantly affected by shear 

stress in terms of protein and mRNA level, implying the possibility that shear 

stress enhaces H2S production rate by increasing CSE, CBS, and 3-MST enzyme 

activities. In order to study the role of H2S in shear-induced cell signaling, CSE, 

CBS, and 3-MST were knocked down by siRNAs before HUVECs were 

stimulated by shear stress. Results show that shear-induced Akt phosphorylation 

is inhibited by CSE, CBS, and 3-MST siRNAs. 
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In conclusion, shear-induced cardioprotective effect might be partly a result 

of increased H2S concentration in ECs. Futrther, shear stress induces Akt 

phosphorylation in a H2S-dependent way. 

 

Keywords shear stress, hydrogen sulfide, endothelial cells, cardioprotective, Akt. 
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1  

1.1.  

1.1.1.  (Atherosclerosis) 

atherosclerosis

(Lloyd-Jones et al., 1999)  (endothelial cells)

( , 2007)

1973 Ross 1993 1999 (Ross, 

1993, 1999) (Libby, 2001)  

 

(Smithies and Maeda, 1995) (Faxon et al., 

2004; Ross, 1999) (Fig. 1.1)  

 

 <I>  (low-density lipoprotein, LDL) 

EC junction (subendothelium)

(Macrophage)  (VSMC) 

 (oxidized low-density lipoprotein, oxLDL)

(proinflammatory molecules)

 (adhesion molecules) (Collins et al., 2000) VCAM-1

PCAM-1

eNOS
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(Knowles et al., 2000)  

 <II>

(Marathe et al., 1999)  (intima)  

(foam cell) (VSMC) T

cytokine growth factor

 

(plaque)  

 

 <III> platelet 

derive growth factor (PDGF) insulin-like growth factor-1 IGF-1

interleukin-1 IL-1 tumor necrosis factor � � TNF� �

(tunica media)

(phenotype) (contractile phenotype) (synthetic 

phenotype)

(Mazzone et al., 

1983)

 

 

<IV>

(thrombin) matrix 

metalloprotease, MMP  (thrombosis) 

 

 

inflammation response

(Hansson, 2005; Libby, 2002)

Cytokine chemokine
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(adhesion molecule)  (receptor)

(Hennig and 

Boissonneault, 1987) P-selectin

T T-lymphocyte

E-selectin

(vascular cell adhesion molecule-1, VCAM-1) 

 (intercellular adhesion molecule-1, ICAM-1)

monocyte chemotactic protein-1 MCP-1

(Nelken et al., 1991; Takeya et al., 1993; 

Yla-Herttuala et al., 1991) interleukin-8, IL-8

osteopontin OPN (Bruemmer et al., 

2003) atheromatous plaque

macrophage colony-stimulating 

factor, M-CSF (Rosenfeld, 1992)

(Qiao et al., 1997)

 (macrophage)  (oxidized low-density 

lipoprotein, LDL) (Lusis, 2000)  

 

    

oxidative stress (Faxon et al., 2004b)

(Wu et al., 1998)

E LDL

oxLDL (Stephens et al., 

1996)
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LDL

reactive oxygen species ROS  (Berliner and 

Heinecke, 1996)

eNOS NO

NO (superoxide anion)

(Peroxynitrite) ROS (Lahera et al., 2007)

biological marker

(Libby et al., 2002)  

     

    

(Malek et al., 1999) disturbed 

flow

microarray

(Brooks et al., 2002; McCormick et al., 

2003) 
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Fig. 1.1 Four stages of Atherosclerosis. Stage I: Intracellular LDL migrates to 
subendothelium and is oxidized by macrophage or vascular smooth muscle cell 
to become ox-LDL. Stage II: The formation of foam cells and VSMC migrate to 
intima and proliferate to form plaque. Stage III: The formation of fibrotic/calcific  
layers. Stage IV: Thrombosis. 
(http://en.wikipedia.org/wiki/Image:Endo_dysfunction_Athero.PNG) 
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1.1.2.  (Hypertension) 

    

1999 2 Table 1.1

( : )  

 

(primary hypertension)

(secondary hypertension) 90-95% (Carretero and 

Oparil, 2000)

D (Djoussé 

and Mukamal , 2009 Haslam and James, 2005 Kyrou et al., 2006 Lackland and 

Egan, 2007 Lee et al., 2008 Tuohimaa, 2009 Wofford and Hall, 2004)

(aging) (Dickson and Sigmund, 

2006 Kosugi et al., 2009) 5-10%
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Table 1.1 Definition of hypertension. Normal blood pressure and different 
stages of hypertension are defined by systolic pressure and diastolic pressure. (

: ) 
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1.2.  

1.2.1.  

Fig. 1.2 (Lusis, 2000) adventitia

vasa vasorum nervi 

vascularis (fibroblast)

media

elastic lamella

intima

endothelium

tight junction zonula adherens

gap junction nexus

subendothelial layer smooth muscle cell

( , 2007 , 2010) macrophage

 

 

    25 ~ 50�m 10 ~ 15�m

3�m 0.1 ~ 1�m

250 m2 1

(contact inhibition) 

 (monolayer)

turnover time 47
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23,000 (Hobson and Denekamp, 1984)  

 

    

 (mechanical force)  (shear stress)

 (tensile stress)  (normal stress) Fig. 1.3 (Busse and 

Fleming, 2003)

viscous drag

(permeability)

1 3 1 70 (Ishida et 

al., 1997)

 

 

 

1.  

2.

cell junction vesicle  

3.  

4.
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Fig. 1.2 Structure of a typical artery. A large artery consists of three 
morphologically distinct layers. The intima, the innermost layer, is bounded by a 
monolayer of endothelial cells on the luminal side and a sheet of elastic fibres, 
the internal elastic lamina, on the peripheral side. The normal intima is a very 
thin region (size exaggerated in this figure) and consists of extracellular 
connective tissue matrix, primarily proteoglycans and collagen. The media, the 
middle layer, consists of smooth muscle cells (SMCs). The adventitia, the outer 
layer, consists of connective tissues with interspersed fibroblasts and SMCs 
(Lusis, 2000). 
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Fig. 1.3 Hemodynamic forces that affect endothelial cells. Blood flowing over 
the endothelial cell surface exerts a viscous drag (shear stress). Because blood 
flow is pulsatile, the flow profile is flattened compared with the parabolic flow 
profile present under steady-state conditions, which results in a greater shear 
stress at the endothelial cell surface. The simultaneous pressure (P) pulse distends 
the vessel diameter (D) and stretches endothelial cells in the range of 1–5% strain. 
The insert shows the basic tensegrity model, which consists of a series of 
compression resistant structures (blue) connected via a series of tensile elements 
(black). Application of the tensegrity model to endothelial cells implies that the 
entire endothelial cytoskeleton is under a given tension, even in the absence of an 
external stimulus. Shear stress or stretch at the endothelial cell surface 
redistributes these forces across the entire cell so that a stimulus at the cell 
surface is translated into a chemical signal at the end of a filament/fibre, be it 
within caveolae, in the vicinity of the cell–cell adhesion points or within the 
integrin-rich focal adhesion contacts that anchor the cell to the basal 
membrane.(Busse and Fleming, 2003) 
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1.2.2.  

(Davies et al., 2001; Gimbrone et al., 

2000) ligation

(Langille and O'Donnell, 1986)

oxidation (Harrison et al., 2003) S-nitrosylation (Hess et al., 2005)

(Park et al., 2006)

promoter shear stress response 

element (SSRE) (Chien et al., 1998 , 

2010)  

 

    

(Cines 

et al., 1998) -1 (endothelin-1, ET-1) (Morawietz et al., 2000)

 (prostacyclin) (Frangos et al., 1985) (nitric oxide, NO) 

(Kuchan et al., 1994)  (thrombosis)  

(fibrinolysis) (tissue plasminogen activator, 

tPA) (Diamond et al., 1989) -1 (plasminogen 

activator inhibitor-1, PAI-1) (tissue factor)

 (platelet-derived growth factor, PDGF)

(transforming growth factor, TGF)  (leukocyte 

adhesion) monocyte chemoattractant protein-1, 
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MCP-1 intercellular adhesion molecule-1, ICAM-1

vascular cell adhesion molecule-1, VCAM-1

(endothelial-leukocyte adhesion molecule-1, ELAM-1) 

(Brach et al., 1992; Tzima et al., 

2005)  

 

Fig. 1.4 

(Ishida et al., 1997) 1~6 dyn/cm2

10 ~ 70 dyn/cm2  -4 ~ 4 dyn/cm2

 (flow reversal) (oscillatory flow)

70 

dyn/cm2

stream separation eddy

Fig. 1.5 (Stone et al., 2003) Fig. 1.6

(Resnick et al., 2003) (laminar 

flow) migragion

surival anti-apoptosis

distrubed flow

 (Langille, 1996)

VCAM-1 PDGF-A

connexin 43 (Gabriels and Paul, 1998) Egr1  (McCaffrey et al., 2000)  
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Fig. 1.4 The range of wall shear stress in normal human veins, arteries, and 
low-shear or high-shear pathologic states. (Ishida et al., 1997). 
 
 
 
 
  



15 
 

 
 
 

 
 

 

Fig. 1.5 Flow pattern in a detailed model of human carotid artery. (Stone et 
al., 2003) 
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Fig. 1.6 The heterogeneous response of the endothelium to various shear 
stress patterns. Localized as an interface between the blood and other tissues, 
endothelial cells are constantly exposed to shear stress. Shear forces along the 
arterial tree vary, in both pattern and magnitude. In vitro and in vivo studies 
pointed at the ability of the endothelium to respond specifically to temporal and 
spatial shear stress patterns, and translate the force into a biological response. 
These multiple responses may have physiological or pathological outcomes to  
the cardiovascular system. (Resnick et al., 2003).  
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1.3.  

1.3.1.  

(20

1 g 242 mL )

(pH 7.4) (HS ) (Li and Moore, 2008)

10–100 �M(Hongfang et al., 2006 Hyspler et al., 

2002 Olson, 2009) nanomolar (Furne et al., 

2008 Whitfield et al., 2008)  

 

100 ppm

1000 ppm

(Beauchamp et al., 1984)

Abe Kimura (1996)

NMDA

(hippocampal long-term potentiation)

(over expression)

(insulinoma) (Yang et al., 2005) Yusuf et al. (2005)
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1.3.2.  

(cysteine)

(desulfhydration) cystathionine-�-lyase 

(CSE) cystathionine-�-synthase (CBS) 3-mercapto-sulfurtransferase (3-MST) 

(Qu et al., 2008 Stipanuk et al., 1982) CSE CBS

(transsulfuration pathway)

(methionine) (Fig. 1.7)

(homocysteine) CBS

(homocysteinemia) (Kraus, 1998) CSE

(Chiku et al., 2009)

(Eikelboom et al., 1999 Hofmann et 

al., 2001) CSE CBS  

 

CBS CSE CSE

(pyruvate)

(Chiku et al., 2009) CBS

(serine)(Fig. 1.8) 3-MST

(Stipanuk et al., 1982) Shibuya et al. (2009a 2009b)

3-MST

cysteine aminotransferase (CAT) 3-mercaptopyruvate (3MP)

3-MST 3MP (Fig. 1.8)  

 

CSE (Diwakar and 

Ravindranath, 2007 Hosoki et al., 1997 Kaneko et al., 2006 Patel et al., 2009



19 
 

Vitvitsky et al., 2006) (Wang, 

2002) (calmodulin) Yang et al. 

(2008) CSE CSE

 (Fig. 1.9) CBS

(Enokido et al., 2005; Ichinohe et al. 2005)

S-

(S-adenosylmethionine) (allosteric activation)(Singh et al., 2009)

CBS CBS C

CBS (catalytic domain) CBS

CBS

Fig. 1.10 (Kimura, 2002) 3-MST (vascular 

endothelium) (Billaut-Laden et al., 2006 Shibuya et 

al., 2009a Shibuya et al., 2009b)  

 

Benavides et al. 

(2007) (polysulfide)

Bearden et al. (2010) (hepatocyte)

CBS CSE  
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Fig. 1.7 Transsulfuration pathway. In methionine cycle, methionine is 
converted to SAM, followed by acceptor methylation and conversion of SAM to 
SAH. SAH is hydrolysed to homocysteine by S-adenosylhomocysteine hydrolase. 
Homocysteine can be recycled back to methionine cycle by being converted to 
methionine by methionine synthase or be converted to cysteine by CBS and CSE. 
(Wang, 2009) 
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Fig. 1.8 Formation of hydrogen sulfide. In mammalian cells, homocysteine is 
converted to cysteine by cystathionine-�-lyase (CSE) and 
cystathionine-�-synthase (CBS) in transsulfuration pathway. Cysteine is used as 
substrate in hydrogen sulfide producing reaction which is catalyzed by CSE, 
CBS and 3-mercapto-sulfurtransfurase. (Modified from Hughes et al., 2009) 

 

 

 

  

(CBS)

(CSE)

(CBS)(CSE)

(3-MST)
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Fig. 1.9 CSE is activated in the presence of calcium and calmodulin. Calcium 
(1 mM) and calmodulin (5 �M) together increases the activity of CSE. No effect 
was observed when calcium or calmodulin were reacting with CSE separately. 
(Yang et al., 2008)
� �
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Fig. 1.10 Regulation of CBS activity by calcium and calmodulin. CBS 
consists of domains for heme binding (Heme), pyridoxal-5’-phosphate binding 
(PLP), catalytic, calmodulin binding (Ca2+/CaM) and S-adenosyl-L-methionine 
binding (SAM). Without calmodulin binding, the carboxyl-terminal domain of 
CBS covers the catalytic domain and CBS is at low activity. Calmodulin binding 
activates CBS by changing the conformation of carboxyl-terminal domain and 
expose the catalytic domain. (Kimura, 2002) 
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1.3.3.  

(vasorelaxation) (aorta)

(portal vein) (hepatic vascular bed)

(Ali et al., 2006 Fiorucci et al., 2005 Hosoki et al., 1997 Zhao et al., 2001)

CSE

CSE (Yang et al., 2008 Zhao et al., 

2003) ( donor) (Ali et al., 2006

Zhao et al., 2001)

(smooth muscle cells) KATP (ATP-sensitive K+ channel, KATP channel)

(hyperpolarization) (Wang, 2009)

(endothelium-dependent)

(50% effective concentration, EC50) 136 �M 273 �M(Zhao and Wang, 

2002) (mesenteric artery) EC50 25 �M

161 �M(Cheng et al., 2004)  

 

(cardioprotection)

(ischemia) (preconditioning)

extracellular signal-regulated kinase(ERK1/2) Akt

(myocardial infarct size)

(Bian et al., 2006 Hu et al., 2008) -

(ischemia-reperfusion injury, I/R injury)

(Elrod et al., 

2007) (cardiac arrest) ( donor)

(cardiopulmonary resuscitation, CPR)
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(mitochondria)

Akt

eNOS AMP-activated protein kinase (AMPK)

(Minamishima et 

al., 2009)  

 

(endogenous)

Bliksoen et al. (2008) CSE

38% Sivarajah et al. 

(2006)

(Calvert et al., 2010)

Calvert et al. (2010) Elrod et al. (2007) CSE

(overexpression)

CSE

CSE (Calvert et al., 2010

Elrod et al., 2007)  

     

Fig. 1.11

 KATP (Calvert et al., 2010 Wang, 2009)

- (myocardium) (Geng 

et al., 2004) KATP

(Tang et al., 2005

Wang, 2003) C(protein kinase C, PKC) (Bian et al., 

2006) Pan et al. (2008) PKC (isoform) PKC�

PKC� PKC� PKC� PKC� KATP

PKC� Ras ERK
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PKC sarco-endoplasmic reticulum Ca2+-ATPase 

(SERCA) mitochondrial permeability transition 

pore (MPTP) (calpain)

(apoptosis)( Aon et al., 2006 Sharma et al., 2004 Usachev et al., 2006)  

     

reperfusion injury salvage kinase pathway (RISK 

pathway) (Bliksoen et al., 2008 Hu et al., 2008 Yong et al., 

2008) RISK pathway PI3K-Akt

PKC Erk1/2

(Yellon et al., 1999)

RISK pathway

Erk1/2 signal transducers and activators of transcription-3 (STAT-3)

p90RSK Bcl-2 Bcl-xL (heat shock proteins, HSP)(Calvert et al., 

2010) PKC� STAT-3 HSP90 HSP70 Bcl-2

Bcl-xL Bad(Calvert et al., 

2009) RISK pathway MPTP

(Churchill et al., 2007)  

     

Bearden et al. (2010)

CBS CSE

(redox stress)

(oxidative stress) (Geng et al., 2004 Kimura et al., 2004

Yan et al., 2006)

(mitochondrial respiration) (reactive oxygen species, ROS)

(Chen et al., 2006) (scavenge)ROS

Geng et al. (2004)
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(scavenge) (peroxide) (hydrogen peroxide)

(myocardial ischemic injury) Kimura et al. (2004)

(neuron) (glutathione)

(glutamate-induced)

nuclear factor erythroid 2-related factor 2(Nrf2)

(antioxidant responsive element, ARE) heme 

oxygenase-1(HO-1) thioredoxin(Trx)  

(Calvert et al., 2009)  

      

(Banerjee et al., 2002)  Benavides et al. 

(2007) (polysulfide)

 

(nitrosothiol)

(Whiteman et al., 2006)

Whiteman et al.(2006) (pre-treating)

sodium nitroprusside ( donor)

(Zhao et al., 2002)

 (endothelial nitric oxide synthase, eNOS)

mRNA (L-arginine)

(Geng et al., 2007 Kubo et al., 2007) Minamishima et al. (2009) Yong 
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et al. (2008) eNOS

 

     

(vascular smooth muscle cells) CSE mRNA

(Zhao et al., 2001) (nitric oxide synthase, NOS)

CSE mRNA

(Lowicka and Beltowski, 2007)
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Fig. 1.11 Hydrogen sulfide-mediated cardioprotection and its signal 
pathways. Hydrogen sulfide renders multiple cadioprotective effects including 
anti-apoptosis effect, preservation of mitochondrial function and inhibition of cell 
death. Hydrogen sulfide inhibits apoptosis and preserve mitochondria function by 
activates KATP channel and downstream PKC. PKC affects cells by reduces 
calpain activity and MPTP opening. Hydrogen sulfide is also capable of fighting 
against oxidative stress by scavenging ROS, inhibit mitochondrial respiration, 
and enhance Nrf2 translocation followed by ARE activation. RISK pathway is 
another pathway by which hydrogen sulfide protects cardiovascular cells. 
Activation of RISK pathway leads to upregulation of STAT-3, Hsp70, Hsp90 as 
well as inhibition of MPTP. GPx, glutathione peroxidase GR, glutathione 
reductase GST, glutathione S-transferase HO-1, hemeoxygenase-1 Hsp, heat 
shock protein MPTP, mitochondrial permeability transition pore Nrf-2, 
nuclear-factor-E2-related factor PKC, protein kinase C ROS, reactive oxygen 
species SERCA, sarco-endoplasmic reticulum Ca2+-ATPase Trx, thioredoxin
TrxR, thioredoxin reductase STAT-3, signal transducers and activators of 
transcription-3 RISK, reperfusion injury salvage kinase. (Calvert et al., 2010)
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1.4. Akt  

1.4.1. Akt  

Akt B(protein kinase B, PKB) 1991 Bellacosa et al. 

(1991) serine/threonine kinase (isoform)

Akt1/PKB� Akt2/PKB� Akt3/PKB� (Downward, 1998)

Akt (cell survival)

(apoptosis) (proliferation)(Cross et al., 2000) Akt

Fig. 1.12 (shiojima et al., 2002) N pleckstrin 

homology(PH) C

Akt threonine(308) serine(473)

PI3K

(inositol)

phosphoinositide-dependent kinase 1 (PDK1) PDK2 PDK1

PDK2 Akt Akt threonine (308)

serine(473) Akt(Alessi et al., 1996 Alessi et al., 1997

Cohen et al., 1997) Akt

( , 2010)  

 

Akt caspase-9 (apoptosis)

(Cardone, 1998)  FOXO3a(Forkhead transcription factor 

3a) (Brunet, 1999) Akt

eNOS (Dimmeler, 1999 Fulton, 1999)

(Hafezi-Moghadam, 2002) Akt

Fujio et al.(2000) Akt -
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(Ischemia-reperfusion injury, I/R injury)

Matsui et al. (1999) Akt (cardiomyocytes)

(hypoxia)  

 

Akt

sphingosine-1-phosphate(SP-1) vascular endothelial growth 

factor(VEGF) PI3K-Akt

(migration)( Dimmeler, 2000 Kureishi, 2000 Lee, 1999 Morales-Ruiz, 2000  

Panetti, 2000) Akt

Cho et al. (2001) Akt

Fig. 1.13 Akt

Akt
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Fig. 1.12 The structure of Akt and mechanism of activation. Akt is comprised 
of PH domain, kinase domain and regulation domain. Upon stimulation, Akt is 
activated in a PI3K-dependent way when two residues are phosphorylated by 
PDK1(T308) and PDK2(S473). Direct or indirect down stream targets are listed 
below according to their functions. (shiojima et al., 2002)
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Fig. 1.13 Cellular functions of ten Akt substrates. Akt-mediated 
phosphorylation of these proteins leads to their activation (arrows) or inhibition 
(blocking arrows). Regulation of these substrates by Akt contributes to activation 
of the various cellular processes shown (i.e., survival, growth, proliferation, 
glucose uptake, metabolism, and angiogenesis). As illustrated by these ten targets, 
a high degree of functional versatility and overlap exists amongst Akt substrates. 
See text for detailed descriptions of substrates and functions. (Manning and 
Cantley, 2007) 
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1.4.2. Akt  

 Akt 1

Akt  

PI3-K  Akt 

 (turnover)  (Dimmeler, 1998)

 Akt  eNOS  serine 1179 

 eNOS  NO

 (Dimmeler, 1999)  
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1.5.  (Nitric Oxide)  

1.5.1.  

1980 Furchgoot Zawadzki

endothelium-dependent relaxing factor, EDFR (Furchgott 

and Zawadzki, 1980) 20

nitric oxide (Behrendt and Ganz, 2002)

NO

Fig. 1.14 (Mocellin et al., 2007) NO

7 NO

NO ( , 2010)  

 

NO

 (endothelial nitric oxide synthase, eNOS) eNOS 

 (L-arginine) NO (L-citrulline)

FMNH2 FADH NADPH calmodulin tetrahydrobiopterin

Ca2+ Fe2+ eNOS  (Michel and Feron, 1997)

NO  (vascular smooth muscle cell, VSMC)

soluble guanylate cyclase sGC cGMP

(Gow, 2005)  

 

NO

NO
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ICAM-1 VCAM-1(Kinlay et al., 2001) E-Seletin(Kosonen et al., 2000)

HO-1 HSP70(Marshall et al., 2000)

adrenomedullin (Drake et al., 2001)

VSMC  (platelet aggregation) NO tissue 

factor  

 

NO

post-translational modification

NO

S-nitrosylation Cys

-SH group NO -SNO (Hess 

et al., 2005) nitration Tyr

-OH group NO Tyr-NO2 (Ji et al., 2006)

SHP2 Src homology 2-containing 

tyrosine phosphatase PTEN S-nitrosylation

transient inhibition Fig. 1.15 NO

(Mocellin et al., 2007)  
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Fig. 1.14 NO production and reaction of NO with other molecules.  At low 
concentrations (<1 mM) NO can directly react with transition metals of proteins 
containing either heme groups or zinc-finger DNA-binding domains. On the 
other side, high concentrations of NO (>1 mM) can result in auto-oxidation and 
the production of dinitrogentrioxide (N2O3), which is believed to be the primary 
mediator of S- or N-nitrosylation, the reaction in which S-nitrosothiols (RSNO) 
and N-nitrosamines (RNNO) are formed. Although classical chemical 
nomenclature defines ‘‘nitrosation’’as addition of NO� and ‘‘nitrosylation’’ as 
addition of NO- to another reactant to form a nitroso or nitrosyl species, 
respectively, the two terms are often used as synonyms.  When high 
concentrations of NO coexist with strong oxidants, peroxynitrite can be formed. 
Peroxynitrite reacts with the phenol moiety in tyrosine resulting in nitrotyrosine: 
as with nitrosylation, nitration has been shown to affect the function of several 
proteins.  (Mocellin et al., 2007) 
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Fig. 1.15 NO regulates protein functions by different post-translational 
modifications. (Mocellin et al., 2007) 
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1.5.2.  

eNOS

(Kuchan et al., 1994 Rubanyi et al., 1986)

heat 

shock protein 90 (Hsp90) Hsp90  eNOS 

 eNOS (Brouetet al., 2001

Garcia-Cardena et al., 1998 Pritchard et al., 2001)

eNOS serine 635 serine 1177

eNOS (Boo et al., 2003) Boo et al. (2002)

A(protein kinase A, PKA)

Ser1177 B(protein kinase B, PKB)

PKB AMP-activated 

protein kinase (AMPK) PKA  Ser635 (Chen et al., 

2009 Michell et al., 2002)  eNOS

(Boo et al., 2003) Hsp90 (acylation)

(translocation) eNOS  (Liu et al., 1994

Prabhakar et al., 1998  Venema et al., 1996)
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1.6. ERK  

1.6.1. ERK  

Extracellular signal-regulated kinase (ERK) Mitogen-activated protein 

kinase (MAPK) MAPK 

 MAPK pathways

 (growth factor)  (hormone)

 (mechanical forces)  MAPK 

pathways bZIP (  c-Jun  JunD) fos  

(c-fos) Elk myc NF-	B ATF2  (cell growth)  

(proliferation)  (differentiation)  (migration)  

(apoptosis)  (cancer) (Wagner and Nebreda, 2009 , 2010)

 MAPK pathways MEK kinases (MAP3K)

MAPK/extracellular signal-regulated kinase -kinases (MEKs)  MAPKs

 MAP3Ks  

MEKs  MAPK Fig. 11.6 

(Kyriakis and Avruch, 2001)  

 

ERK MAPK family ERK JNK1-3 p38

 MEK  MAPKs 

Fig. 1.17 (Johnson and Lapadat, 2002) Xia et al. (1995)

ERK JNK p38 ERK

JNK p38

ERK1  ERK2 85% ERK2 
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Tyr185  Thr183  Glu184 

 TEY motif  ERK2  (conformation)  ERK2 

 (Payne et al., 1991) ERK1 ERK1/2  

MEK1/2 MEK1/2  Raf Mos  MEKK1-4 

 ERK1/2 cascade  ERK1/2 

 

 

ERK

(cytokine) (growth factor) (He et al., 1999 Johnson et 

al., 1994) ERK

(oxidative stress) ERK (Aikawa et al., 1997)

ERK (Hu et al., 2000) Yue 

et al. (2000) ERK I/R injury

ERK  
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Fig. 1.16 The mitogen-activated protein kinase (MAPK) core signaling 
module. Divergent inputs feed into core MAPK-kinase-kinase (MAP3K)
MAPK-kinase (MEK) MAPK core pathways which then recruit appropriate 
responses. (Kyriakis and Avruch, 2001) 
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Fig. 1.17 MAPK phosphorylation systems. The modules shown are 
representative of pathway connections for the respective MAPK phosphorelay 
systems. There are multiple component MKKKs, MKKs, and MAPKs for each 
system.For example, there are three Raf proteins (c-Raf1, B-Raf, A-Raf), two 
MKKs (MKK1 and MKK2), and two ERKs (ERK1 and ERK2) that can compose 
MAPK phosphorelay systems responsive to growth factors.The ERK, JNK, and 
p39 pathways in the STKE Connections Map demonstrate the potential 
complexity of these systems.Our understanding of the connections within the 
MAPK systems is incomplete and often controversial and continues to be defined 
in different cell types. GTP, guanosine triphosphate p90RSK, 90-kD ribosomal 
protein S6 kinase, Src, an oncogenic tyrosine kinase MEF2, myocyte enhancer 
factor 2 IL-1, interleukin 1  TRAF6, tumor necrosis factor receptor–associated 
factor 6  TAK1, transforming growth factor-activated protein kinase 1 MNK1, 
MAPK-interacting kinase 1. (Johnson and Lapadat, 2002) 
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1.6.2. ERK  

 MAPK family  ERK1/2 JNK  p38 

ERK1/2 10  (Bao 

et al., 2001) JNK  p38 30  (Chien, 1998

Li et al., 2005) JNK  p38  ERK1/2 

 ERK1/2 JNK  p38 

1~2 

 MAPK pathways G 

protein G�i2  ERKs G�/�  JNK  (Jo et 

al., 1997) PKC�  ERK1/2  ERK1/2 

ERKs  JNK  focal adhesion kinase (FAK)  Ras 

 (Li et al., 2005)  
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1.7.  

 

(laminar flow)

Akt eNOS ERK

Akt eNOS ERK  

     

    

 

 

    Fig. 1.18

Akt eNOS ERK  
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Fig. 1.18 Scheme of current research. There are three main purposes in the 
current study. First, to investigate the effect of shear stress on H2S production. 
Second, to elucidate the mechanism by which shear stress affects H2S production. 
Third, to study the roles of H2S in shear-induced cell signaling. 
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2  

2.1.  

2.1.1.  

 (Collagen) #08-115, Millipore (MA, U.S.A.) 

Dulbecco’s modified eagles medium (DMEM) # 12100-046, Gibco, Invitrogen 

Co. (NY, USA) 

 (Fetal bovine serum FBS) # 10437-028, Gibco BRL (NY, 

USA) 

 (Fibronectin) # 356008, BD Biosciences (MA, USA) 

HEPES (2-[4-(2-Hydroethyl)-1-piperazinyl] ethane-sulfonic Acid) # 1.10110, 

Merck (Darmstadt, Germany) 

Medium 199 #31100-035, Gibco BRL (NY, USA) 

 (Micro slides, plain) # 2947, Corning (NY, USA) 

Phosphate Buffered Saline (PBS buffer) 137 mM Nacl, 2.7 mM KCl, 4.3 mM 

Na2HPO4, 1.4 mM KH2PO4 

P/S  (Penicillin/Streptomycin antibiotic) # 15140122, Gibco BRL (NY, 

USA) 

Sodium hydrogen carbonate (NaHCO3) # 1.06329, Merck (Darmstadt, 

Germany) 

 (Trypsin 10X) # 15400-054, Gibco BRL (NY, USA) 
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2.1.2.  

Anti-Akt #610861, BD Biosiences Pharmingen (NJ, USA) 

Anti-Calmodulin #05-173, Millipore (MA, USA) 

Anti-eNOS #610297, BD Biosiences Pharmingen (NJ, USA) 

Anti-eNOS #610299, BD Biosiences Pharmingen (NJ, USA) 

Anti-ERK #610030, BD Biosiences (NJ, USA)  

Anti-phospho-Akt (Ser473) # 4060S, Cell Signaling (USA) 

Anti-phospho-eNOS (pSer1179) #612393, BD Biosiences Pharmingen (NJ, 

USA) 

Anti-phospho-eNOS (pSer635) # 07-562, Upstate Biotechnology (NY, USA) 

Anti-phospho-Erk (pThr-202 and pTyr-204) # 05-481, Millipore (MA, USA) 

Anti-tubulin mAb MS581P, Neomarkers (CA, USA) 

Immobilon®-P PVDF transfer membrane IPVH00010, Millipore (MA, USA) 

Immobilon™ western chemiluminescent HRP substrate WBKLS0500, Millipore 

(MA, USA) 

Laemmli sample buffer (5X) 0.3M Tris-HCl, 10% SDS, 50% glycerol, 25% 

�-mercaptoethanol, 0.05% bromophenol blue, pH 6.8 

SDS-PAGE running buffer 25 mM Tris-HCl, 192 mM Glycine, 0.1% SDS 

SuperSignal® west femto maximum sensitivity substrate #34096 Thermo 

Scientific (IL, USA) 

Transfer buffer 25 mM Tris-HCl, 192 mM Glycine, 20% Methanol 

Tris Buffered Saline TBS buffer, Tris-HCl 10 mM, NaCl 0.15 M, pH=7.5 

Tween-20 # X251-07, J.T.Baker (NJ, USA) 

# 1001-110,Whatman (England) 
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2.1.3. siRNA  

TurboFect™ in vitro transfection reagent #R0531, Fermentas (IL, USA) 

CBS siRNA Dharmacon® ON-TARGET plus SMART pool human CBS 

#L-008617-00, Thermo Scientific (IL, USA) 

MPST siRNA Dharmacon® ON-TARGET plus SMART pool human MPST 

#L-010119-00, Thermo Scientific (IL, USA) 

CSE siRNA Yang et al. (2006) (Taiwan)

: 

   Sense 5’-GGUUAUUUAUCCUGGGCUGdTdT-3’ 

   Anti-sense 5’-CAGCCCAGGAUAAAUAACCdTdT-3’ 

 

2.1.4.  

Cryogenic vial #430488, Corning (NY, USA) 

L-cysteine Sigma-Aldrich (MO, USA) 

N,N-dimethyl-p-phenylenediamine sulfate: #A14175, Alfa Aesar (MA, USA) 

Pyridoxal 5’-phosphate #P9255, Sigma-Aldrich (MO, USA) 

Reaction mixture 100mM potassium phosphate buffer, pH7.4  10mM 

L-cysteine  2mM pyridoxal 5’-phosphate 

: #1001070, Whatman (England) 

 

2.1.5.  

dNTP Invitrogen (CA, USA) 

0.1M Dithiothreitol (DTT) Invitrogen (CA, USA) 
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5X First-Strand buffer Invitrogen (CA, USA) 

Ramdom primers #58875, Invitrogen (CA, USA) 

RNaseOUT™ recombinant ribonuclease inhibitor #10777-019, Invitrogen (CA, 
USA) 

SuperScript® III reverse transcriptase #18080-044, Invitrogen (CA, USA) 

 

2.1.6.  (Real-time quantitative 

PCR) 

DyNAmo™ Flash SYBR® Green qPCR Kit #F-415L, Finnzymes (02150 Espoo, 

Finland) 

TaqMan® Gene Expression Assay Bovine cystathionine gamma lyase (CSE) 

(bt03220298_g1)  Bovine GAPDH (bt03210913_g1), Applied Biosystems (CA, 

USA) 

TaqMan® 2X PCR Master Mix #4304437, Applied Biosystems (CA, USA) 

 

2.1.7. (Immunoprecipitation) 

Anti-Calmodulin #05-173, Millipore (MA, USA) 

IP washing buffer 10mM Tris pH8.0  400mM NaCl  1% Triton X-100  0.5% 

NP-40 

Protein G UltraLink® resin #53126, Thermo Scientific (IL, USA) 

 

2.1.8.  

MicroAmp® optical 96-well reaction plate #N8011-0506, Applied Biosystems 



51 
 

(CA, USA) 

MicroAmp® optical adhesive film #4311971, Applied Biosystems (CA, USA) 

Parafilm M® #PM996, Pechiney Plastic Packaging (IL, USA) 

 (Three-way stopcock) Top Co. (Tokyo, Japan) 

 (Surgeon’s gloves) CSDC Co. (Taipei, Taiwan) 

 (Pipet) # 7543 (5 ml) # 7551 (10 ml), Falcon (NJ, USA) 

 (Syringe 25 ml) Terumo Co. (Tokyo, Japan) 

 (Glass Slides) # 2947, Corning (NY, USA) 

 (Petri-Dish) # 3003, Falcon (NJ, USA) 

 (P100 P200 P1000 P5000) Gilson (Middleton, WI, USA) 

#430791 (15mL) #430829 (50mL), Corning (NY, USA) 
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2.2.  

Applied Biosystems 7500 Real-Time PCR System Applied Biosystems (CA, 

USA) 

Electrophoresis Unit SE260, Hoefer (MA, USA) 

Kinetic microplate reader Molecular Devices (CA, USA) 

PCR thermocycler T3000, Biometra (Goettingen, Germany) 

Tank transfer unit #GE-80-6204-26, GE Healthcare Bio-Sciences Corp. (NJ, 

USA) 

VERSA max tunable microplate reader Molecular Devices (CA, USA) 

 (Heat Gun) Master Appliance (Racine, WI, U.S.A.) 

 (Roller pump) Flex, Cole-Parmer Instrument (IL, U.S.A.) 

 (Vacuum Blotting System) Pharmacia LKB Biotechnology 

(Uppsale, Sweden) 

model 850-S2, Hotech Instruments (Taipei, Taiwan) 

 (Water-Jacketed Incubator) Forma Scientific (Marietta, OH, 

U.S.A.) 

 (Biocare Hood) Baker (ME, U.S.A.) 

 (Centrifuge) model 2420 model 1700 model 3500, Kubota (Japan) 

 (Ultrasonic Homogenizer) model UP50H, Hielscher (Germany) 

 (Microscope) Microphot-FX, model TMS and model Diaphot, Nikon 

(Japan) 

model TM-326, Tomin Medical Instrument CO. 

Nano Drop® # ND-1000, Nanodrop Technology (DE, U.S.A.) 

 (Camera Image System) LAS-3000, Fuji Film (Japan) 
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2.3.  

2.3.1.  

 ( 4 24~48 hrs

Taiwan Adventist Hospital Maunicipal Wan Fang 

Hospital) 100 mL PBS 

 (three-way stop cock)

 (cord buffer)

cord buffer

0.01% (w/v)  

(collagenase)  (40 5 % 

CO2 + 95 % air) 8 

 (Medium 199 + 1 % PS)

10 

50 mL 1000 rpm 

 (model C-150 ) 6 

20 % (v/v)  (Fetal Bovine Serum FBS) 

10 cm 12 ~ 24 

1~2

 ( 20 % FBS+10 %EGM) 1 ~ 2 

 (human umbilical vein endothelial cells, HUVEC) 10 cm 

 (monolayer)  
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2.3.2.  

PBS

2 mL  (Trypsin) 37

2 20 % FBS 

1000 rpm 

10 

 

 

2.3.3.  

 (bovine aortic endothelial 

cells, BAECs) PBS 2 mL 

 (1X Trypsin) 37 1

10 % FBS 

1000 rpm 5

10 % FBS 1 3

1 2 10 cm  

 

2.3.4.  

75 mm x 38 mm (L x W)

100 mm x 20 mm (D x H)

3 mL fibronectin 50 g/mL

PBS

2 mL  (1X Trypsin) 37
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2 FBS 

1000 rpm 10 

1.5 mL fibronectin  

 

2.3.5.  

2.3.5.1.  

 (flow chamber) 

 

(parallel plate laminar flow chamber) Fig. 2.1

 (chamber)  (polycarbonate plate)  (gasket)  (glass 

slide)  (rubber)  

 

I.  

II.  (slit)  

III. 

 

IV.  
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Fig. 2.1 Parallel plate laminar flow chamber. The rubber, glass slide, gasket, 
and polycarbonate plate are held together in a metal chamber by screws on the 
periphery. A channel of uniform height is formed by the gasket. Culture medium 
flows in the chamber through entrance slit at the inlet, distributes through a slit 
into the channel, and then flows out through exit slit at the outlet. 

 

 

 

 

  



57 
 

 (momentum balance)

Fig. 2.2  (fluid channel) y Navier-Stokes

 (slide)  

2W wh
Q  6 �� �  

    W� dyne / cm2  

        � dyne�sec/ cm2  

        Q cm3 / sec  

        w cm  

        h cm  

Reynolds number, Re  

�
�

�
�

w
QhUe 22R ��  









 �  

        U  

 

 ( W� )  (Q) 

2W wh
Q  6 �� �

 12 dyne/cm2 w h � (gasket) 

 (2.6 cm)  (0.025 cm)  (M199 20 % (v/v) FBS) 

 (0.0084 g�sec /cm)  12 dyne/cm2

 0.39 mL/sec

35.7  
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Fig. 2.2 The geometry of flow chamber. 
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 (wall shear stress) Re  

Assume 0Vx � 0VZ � )(VV yy z� steady state constant � and 

� Newtonian fluid, yg  negligible. Equation of motion in rectangular 

coordinates x, y, z becomes  
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2.3.5.2.  

Fig. 2.3 

 5% CO2

pH 7.4

37  (roller pump) (pulse 

dampener, Masterflex, U.S.A.)
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30
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Fig. 2.3 Flow chamber system. Continuous flow of culture medium through the 
flow chamber is driven by a roller pump. A pulse dampener eliminates pulsation 
in the output flow. 
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2.3.6.  

PBS

Protease inhibitor NaF PMSF Aprotinin

Na3VO4  (Lysis buffer RIPA buffer with protease inhibitors 

and 0.1% SDS) 1.5 mL 

4

12000 rpm 30 total cell lysate

Western Blot  

 

2.3.7.  

Bradford method

(Bradford, 1976) 2 �L 8 �L 200 �L 

 (BCA protein detection kit, reagent A reagent B=50 1)

60 30  (kinetic 

microplate reader) 530 nm

0 0.05 0.1 0.3 0.5 0.7 �g/ml BSA 10 

�L 200 �L  (BCA reagent, A B=50 1)

 (standard curve)

 

 

2.3.8.  

 (5X 
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Laennli sample buffer 1 4 ) 95

SDS-PAGE  (SDS-polyacrylamide gel electrophoresis) 90

2-3  (transfer) 

transfer buffer 280mA

PVDF  5 % (Bovine serum albumin, BSA)

0.1 % Tween-20 TBS  (TBS-T) blocking

 1 1000 1 5000  2

4 TBS-T 

TBS-T HRP  1 30000 1 10000

  5 % BSA TBS-T 1~2  

TBS-T   chemiluminescence substrate

HRP  

 

2.3.9. total RNA  

PBS

TRI reagent 5 1.5 mL

0.1 mL bromochloropropane 2 ~ 15 

4 12000 rpm 15 25 

 ( ) 0.5 mL isopropanol

5 ~ 10 4 12000rpm 8 

1 mL 70 % ethanol RNA pellet 4 7500 rpm 

5 RNA pellet 5 ~ 10 

RNA pellet DEPC -80
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2.3.10.  

Nano Drop® total RNA

DEPC 20 �L

1~5 �g total RNA PCR 11 �L 1 �L

(random primer 200 ng/�L) 1 �L 10 mM dNTP Biometra Thermocycler 

T3000 65 4 �L 

First-Strand Buffer 1 �L 0.1M ( Dithiothreitol, DTT) 1 �L RNase 

OUT™ 1 �L SuperScript™ III Reverse Transcriptase 25

50 70

cDNA -20  

 

2.3.11.  (Real-time 

quantitative PCR) 

2.3.11.1. DyNAmo™ Flash SYBR® Green qPCR 

Finnzymes(Espoo, Finland) F-415

cystathionine beta synthase (CBS) mRNA

: 

Bovine CBS: sense-5’ ATCTT GTCGT TTCCT CGTCT3’ 

           antisense-5’ TCTCC CTACC CTGGT CATT3’ 

Bovine GAPDH: sense-5’ ATGAC CACTG TCCAC GCCAT3’ 

antisense-5’ GCCTG CTTCA CCACC TTCTT3’ 

(CBS:20 ng GAPDH:5 ng) Finnzymes
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(2x Master Mix, 50x ROX reference dye, DEPC 

water) 20 �L 96-well plate 

well Applied Biosystem 7500 Real-Time PCR 

System 

(1) 95  7 (2) 95  10 (3) 58  15 (4) 72  15 

(2) (4) 50 PCR 

threshold

CT mRNA  

 

2.3.11.2. TaqMan® Gene Expression Assay 

TaqMan® (Applied Biosystems)

cystathionine gamma lyase (CSE) mRNA

(CSE:100ng  GAPDH:40ng)

(20x TaqMan® Gene Expression Assay, 2x 

TaqMan® Gene Expression Master Mix, DEPC water) 20 �L 

96-well plate well 

Applied Biosystem 7500 Real-Time PCR System 

(1) 95  10 (2) 95  15

(3) 60  1 (2) (3) 40 PCR 

threshold CT mRNA
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2.3.12. siRNA  

siRNA

TurboFect™ (Fermentas)

1 �g siRNA 2 �L 20

 

 

2.3.13.  

Bradford 

method 

4

PBS buffer 5% BSA PBS blocking protein 

G beads (Thermo Scientific) 4 1 beads

IP washing buffer 2~3

2X Laemmli sample buffer 95

Western Blot  

 

2.3.14.  

Yang et al. (2006) Zhao et al. (2001)

 (Trypsin) 37

2  FBS 

2000 rpm 3 
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1 mL reaction mixture (100 mM potassium phosphate 

buffer, pH7.4  10 mM L-cysteine  2 mM pyridoxal 5’-phosphate)

reaction mixture 25 mL

cryogenic vial (Corning) 1.5 cm

(Whatman) 0.5 mL 1% zinc acetate

cryogenic vial 30

Parafilm® 37 1.5 0.5 mL 50% trichloroacetic acid

Parafilm® 37

cryogenic vial 3.5 mL 0.5 mL 20 mM 

N,N-dimethyl-p-phenylenediamine sulfate ( 7.2 M HCl) 0.5 

mL FeCl3 ( 1.2 M HCl) 20

(VERSA max tunable microplate reader)

670 nm  

 

0 0.2 0.4 0.8 1 1.2 1.4 1.8 2 4 6

8 10 �M NaHS 4 mL 0.5 mL 20 mM 

N,N-dimethyl-p-phenylenediamine sulfate ( 7.2 M HCl) 0.5 

mL FeCl3 ( 1.2 M HCl) 20

(VERSA max tunable microplate reader) 670 nm

NaHS Fig. 2.4  
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Fig. 2.4 Hydrogen sulfide assay calibration curve. 
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2.3.15. �
    National Institute of Health 

(NIH) Image J

mean±S.E. Student’s t-test

P value ANOVA

F0
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3  

3.1.  

    

(BAECs) 12 dyne/cm2

30

Fig. 3.1  

 

    Fig. 3.1 30
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Fig. 3.1 Shear stress stimulates hydrogen sulfide production in endothelial 
cells. Bovine aortic endothelial cells (BAECs) were stimulated with shear stress 
(30 minutes, 12 dyne/cm2) and hydrogen sulfide production rate was measured. 
(n=3, mean±S.E., # P value 0.05 v.s. Static) 
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3.2.  

3.2.1. mRNA  

3.1

mRNA CSE

CBS mRNA  

 

Fig. 3.2 Fig. 3.3 BAECs 30 2

CBS CSE mRNA 30 2

Fig. 3.2

CBS mRNA 30 2

mRNA (static) Fig. 3.3 CSE mRNA

2 30

20% ANOVA F0 1.958 0.05

F 19.33 30

mRNA  
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Fig. 3.2 Shear stress does not affect CBS mRNA expression levels in 
endothelial cells. Bovine aortic endothelial cells (BAECs) were stimulated with 
shear stress (12 dyne/cm2) for 30 minutes or 2 hours, CBS mRNA expression 
levels were measured by quantitative real-time PCR. (n=3, mean±S.E.) 
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Fig. 3.3 Shear stress does not affect CSE mRNA expression levels in 
endothelial cells. Bovine aortic endothelial cells (BAECs) were stimulated with 
shear stress (12 dyne/cm2) for 30 minutes or 2 hours, CSE mRNA expression 
levels were measured by quantitative real-time PCR. (n=3, mean±S.E.) 
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3.2.2.  

3.2.1 mRNA

mRNA

 

 

BAECs 30

Fig. 3.4 CBS CSE 30

3-MST 10%

3-MST 10% 3.1

10%
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Fig. 3.4 Effect of shear stress on expression levels of hydrogen sulfide 
producing proteins in endothelial cells. Bovine aortic endothelial cells (BAECs) 
were stimulated with shear stress (12 dyne/cm2) for 30 minutes. Whole cell lysate 
was collected for western blot to analyze protein expression levels of (A) CBS, 
CSE and (B) 3-MST. (C) Results are plotted in bar graph (n=3, mean±S.E., # P 
value 0.05 v.s. Static). 



78 
 

3.3. Calmodulin  

    3.2

CBS CSE

(calmodulin) (Kimura, 2002 Yang et al., 2008) 

(Means et al., 1980)

(Yamamoto et al., 2000 Yamamoto et al., 

2003 Mo et al., 1991 Ando et al., 1988 Shen et al., 1992)

(calcium ionophore)A23187

 

 

    Yang et al.(2008) BAECs 1 �M A23187 10

( A23187 DMSO )

G (mouse IgG)

(negative control)

(IP) (WCL) CSE

CBS

Fig. 3.5 WCL

DMSO A23187 IP

CBS CSE CSE

G
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(non-specific)

CBS CSE BAECs

 

 

  



80 
 

        

 

          

Fig. 3.5 CSE and CBS are not associated with calmodulin after BAECs were 
treated with calcium ionophore, A23187. WCL, whole cell lysate IP, 
immunoprecipitation Ab used, antibody used in immunoprecipitation CaM, 
calmodulin. BAECs were treated with 1 �M A23187 (or DMSO as control) for 
10 minutes before whole cell lysate was collected for immunoprecipitation. 
Immunoprecipitation were carried out with calmodulin antibody or mouse IgG 
(control). 
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3.4.  

    3.4 3.5

60 �M (

donor) Akt ERK 30

(Papapetropoulos et al., 2009) Akt ERK

Akt ERK eNOS NO

NO eNOS eNOS

Akt eNOS serine 1177

(Dimmeler et al., 1999) eNOS peNOS s1177

Akt ERK eNOS

 

 

    

BAECs 2% fetal 

bovine serum DMEM starvation Fig. 3.6

BAECs 60 �M 0 120

peNOS s1177 30 45

60 120

30

eNOS Akt (transient)

pAkt 45

ERK 30
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45 3.1

30 peNOS s1177 pAkt

pERK  

 

    BAECs HUVECs

3.5 siRNA

2% fetal bovine serum M199 starvation

30 60

30 3.1 60

30

10-100 �M(Olson, 2009 Hyspler et al., 2002 Hongfang et al., 2006) 20

60 100 �M Fig. 3.7  peNOS s1177

30

60 20 �M peNOS s1177 60 �M

100 �M Akt 20 

�M 60 �M 100 �M

pERK 20 �M 60 �M 100 �M

 

 

    Fig. 3.7 Fig. 3.6 60 �M

30 60 pAkt pERK

peNOS s1177

30 BAECs HUVECs 60

HUVECs peNOS s1177 BAECs peNOS s1177
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    BAECs HUVECs

30

peNOS s1177 pAkt pERK

HUVECs BAECs
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Fig. 3.6 Effect of hydrogen sulfide donor on Akt, ERK, and eNOS 
phosphorylation in BAECs. BAECs were serum starved in DMEM, 2% fetal 
bovine serum overnight before 60 �M NaHS treatment for various times as 
indicated. After NaHS treatment, whole cell lysate was collected for western blot. 
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Fig. 3.7 Effect of hydrogen sulfide donor on Akt, ERK, and eNOS 
phosphorylation in HUVECs. HUVECs were serum starved in M199, 2% fetal 
bovine serum overnight before exposure to various concentrations of NaHS for 
times indicated. After NaHS treatment, whole cell lysate was collected for 
western blot. 
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3.5.  

3.5.1.  

     

3.4

3.5

 

     

    (scavenger) (methemoglobin)

Yang et al. (2004)

BAECs 10 �M 30

(12 dyne/cm2) Fig. 3.8

Akt eNOS ERK

3.4 Akt ERK

eNOS

eNOS

(exogenous) (endogenous)  

 

    Akt ERK Fig. 3.8

Akt eNOS

ERK
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siRNA  
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Fig. 3.8 Effect of hydrogen sulfide scavenger on shear-induced cell signaling. 
BAECs were treated with 10 �M methemoglobin (H2S scavenger) for 1 hour 
before shear stimulation. After 30 minutes shear stimulation (12 dyne/cm2), 
whole cell lysate was collected for western blot. 
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3.5.2. siRNA

 

    3.5.1

eNOS Akt ERK

siRNA

 

 

    HUVECs (CBS CSE 3-MST)siRNA 72

Fig. 3.9

Fig. 3.14 Fig. 3.9 Fig. 3.11 Fig. 3.13

Fig. 3.10 Fig. 3.12 Fig. 3.14

Actin Tubulin (normalize) Fig. 3.10 Fig. 3.12 Fig. 3.14

(A) (B) (C)

(normalize)

siRNA siRNA

Fig. 3.10 Fig. 3.12 Fig. 3.14

(D) (static)

 

 

    CBS CSE siRNA

3-MST siRNA
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eNOS (Fig. 3.14 (A)) siRNA

72 3-MST

eNOS

eNOS 3-MST siRNA ERK

2.5 (Fig. 3.14 (C)) 3.4

3.4 pERK

siRNA 3-MST

3-MST 3-MST

siRNA

 

 

    siRNA eNOS

ERK 3-MST siRNA

2.5 pAkt siRNA siRNA

Fig. 3.10 Fig. 3.12 Fig. 3.14 (D) Akt

siRNA CBS 50% 3-MST

60% CSE 70%

Akt peNOS s1177

pERK siRNA  
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�

Fig. 3.9 Effect of CBS siRNA on cell signaling after shear stress stimulation 
(western blot). HUVECs were transfected with CBS siRNA as indicated in 
material and method for 72 hours before the cells were subjected to shear stress 
stimulation (30 minutes, 12 dyne/cm2). Western blot were employed to determine 
the relative level of (A) CBS after transfection and (B) signaling proteins. 
�
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Fig. 3.10 Effect of CBS siRNA on cell signaling after shear stress stimulation 
(statistic figure). HUVECs were transfected with CBS siRNA as indicated in 
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material and method for 72 hours before the cells were subjected to shear stress 
stimulation (30 minutes, 12 dyne/cm2). Western blot signals of (A) eNOS and 
peNOS s1177, (B)Akt and pAkt, (C) ERK and pERK were quantified and plotted 
in bar graph. (D) Induction levels were obtained by dividing phospho state under 
shear stress condition over phospho state at static. (n�3, mean±S.E., # P value
0.05 v.s. Scramble or Static). 
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Fig. 3.11 Effect of CSE siRNA on cell signaling after shear stress stimulation 
(western blot). HUVECs were transfected with CSE siRNA as indicated in 
material and method for 72 hours before the cells were subjected to shear stress 
stimulation (30 minutes, 12 dyne/cm2). Western blot were employed to determine 
the relative level of (A) CSE (indicated by arrow) after transfection and (B) 
signaling proteins. 
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Fig. 3.12 Effect of CSE siRNA on cell signaling after shear stress stimulation 
(statistic figure). HUVECs were transfected with CSE siRNA as indicated in 
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material and method for 72 hours before the cells were subjected to shear stress 
stimulation (30 minutes, 12 dyne/cm2). Western blot signals of (A) eNOS and 
peNOS s1177, (B)Akt and pAkt, (C) ERK and pERK were quantified and plotted 
in bar graph. (D) Induction levels were obtained by dividing phospho state under 
shear stress condition over phospho state at static. (n�3, mean±S.E., # P value
0.05 v.s. Scramble or Static). 
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�

Fig. 3.13 Effect of 3-MST siRNA on cell signaling after shear stress 
stimulation (western blot). HUVECs were transfected with 3-MST siRNA as 
indicated in material and method for 72 hours before the cells were subjected to 
shear stress stimulation (30 minutes, 12 dyne/cm2). Western blot were employed 
to determine the relative level of (A) 3-MST after transfection and (B) signaling 
proteins. 
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Fig. 3.14 Effect of 3-MST siRNA on cell signaling after shear stress 
stimulation (statistic figure). HUVECs were transfected with 3-MST siRNA as 
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indicated in material and method for 72 hours before the cells were subjected to 
shear stress stimulation (30 minutes, 12 dyne/cm2). Western blot signals of (A) 
eNOS and peNOS s1177, (B)Akt and pAkt, (C) ERK and pERK were quantified 
and plotted in bar graph. (D) Induction levels were obtained by dividing phospho 
state under shear stress condition over phospho state at static. (n�3, mean±S.E., # 
P value 0.05 v.s. Scramble/Static). 
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3.6.  

    

 

 

    (gasotransmitter)

NO

(Wang, 2009)

NO

3.1 30

30

2 4 24

(transient) (sustained)

(Li et al., 2008)

(Stipanuk et al., 1982 Siegel, 1965)

(sulfide)

(superoxide radical)

(hydrogen peroxide) (Mitsuhashi et al., 2005 Geng et al., 
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2004)

3.1

10-100 �M(Olson, 2009 Hyspler et al., 2002 Hongfang et al., 2006)

 

 

    3.1 30

3.2 3.3 3.2

CBS CSE mRNA 3-MST mRNA

mRNA

CBS CSE

3-MST 30

5

3.1

30

3.3

 

 

    CBS CSE (calmodulin)

(Kimura, 2002 Yang et al., 2008)

(Yamamoto et al., 2000 Yamamoto et al., 

2003 Mo et al., 1991 Ando et al., 1988 Shen et al., 1992)

CBS CSE

3.3

(calcium ionophore)A23187 3.3
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A23187 CBS CSE Wang (2009)

A23187 CBS (Eto et al., 

2002) CSE (Yang et al., 2008) 1-2 mM Ca2+

3.3

A23187

CBS CSE

CBS 1 mM Ca2+

CBS (Eto et al., 2002)

CBS CSE

FRET 

(fluorescence resonance energy transfer)

CSE CBS  

 

    3.2 3.3

 

 

    3.4 3.5

eNOS Akt ERK

(Dimmeler et al., 1998 Dimmeler et al., 1999 Bao 

et al., 2001) eNOS Akt ERK 3.4

BAECs HUVECs 60 �M
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30 peNOS s1177 pAkt pERK

Fig. 3.6 pAkt pERK (transient)

120 peNOS s1177

(Fig. 3.7) pAkt 60 �M 100 �M

(sustained) 60 20 �M pERK
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Fig. 3.6 pAkt pERK

(Papapetropolous et al., 2009)

 

 

    3.5 (scavenger) siRNA

3.5.1 3.4 pAkt pERK

3.5.1

pAkt pERK 3.5.1

 

 

    3.5.1 3.5.2

siRNA

CSE CBS 3-MST siRNA



107 
 

CSE

(Wang, 2002) CBS 3.2
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CSE (Shibuya et 

al., 2009a) CSE CBS 3-MST
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3.5.2 siRNA Akt

3.4 pAkt

Akt (survival)
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eNOS mRNA (Kubo et al., 2007 Geng et al., 
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4  

4.1.  

(1)

(2)
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CBS CSE mRNA CBS CSE

3-MST

CBS CSE

 

 

3.4 60 �M
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siRNA pAkt
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siRNA 50% 60%

pAkt

Fig. 4.1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Laminar shear stress enhances H2S production in endothelial cells 
and results in Akt phosphorylation in a H2S-dependent way.� In endothelial 
cells, laminar shear stress enhances H2S production possibly by promoting 
activities of H2S producing enzymes. As a result, the level of Akt 
phosphorylation is increased and this event renders various cardioprotective 
effects such as anti-apoptosis and pro-cell survival. 

?? ?
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4.2.  

    

 

 

1. CSE CBS 3-MST siRNA

pAkt peNOS s1177 pERK

30

siRNA

 

 

2. CBS CSE 3-MST siRNA

siRNA

CBS CSE 3-MST

 

 

 

3. CBS CSE

(Kimura, 2002 Yang et al., 2008) 3.3

FRET (fluorescence 

resonance energy transfer)
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4. (oxidative stress)
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