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Abstract

Hydrogen sulfide (H,S) 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 H,S. However, knowledge
about the regulation of H,S production by shear stress and the role of H,S in
shear-induced signal transduction is still limited. In the present study, efforts
were made to investigate the effect of shear, stress on H,S production.

Furthermore, the role of H,S in'shear-induced eell signaling is also discussed.

In cardiovascular systemy.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, H,S production rate is
enhanced by 5 fold in BAECs. Three enzymes possibly involved in H,S
production—cystathionine-y-lyase (CSE), cystathionine-B-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 H,S production rate by increasing CSE, CBS, and 3-MST enzyme
activities. In order to study the role of H,S 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 H,S concentration in ECs. Futrther, shear stress induces Akt

phosphorylation in a H,S-dependent way.

Keywords : shear stress, hydrogen sulfide, endothelial cells, cardioprotective, Akt.
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1.1. % RS %Em

1.1.1. Rk Ak AR/t (Atherosclerosis)

)Wk 4k A2 /b (atherosclerosis ) 73 4F NIk E TR ° X2 4% B Hid
o BB SHER KRR AT AR ERAR B2 EHF
R % & sz (Lloyd-Jones et aly, 1999)3t T2 M k& 41 i, (endothelial cells)z) 4E
EHERIFET  RE&FESHRA T R ,2007) o By Ak 51 KL B9 7T AE B
Ptk 0 £ R L9735 dRosse i 3E g 41993821999 F F £l 5 iE (Ross,
1993, 1999) » H + 15 & & Ak 3% iR AGB AR — 4 1% M 45 X 7= 7% (Libby, 2001) -

@A AR R BE AR R D RGBT AR M SRR
AL & B 89 5 T #% 22 (Smithies and Maeda; 1995) » B A7 X gk . (Faxon et al.,

2004; Ross, 1999)4 B KX 24 & va B B (Fig. 1.1) :

<>k PiB % e IREE &G (low-density lipoprotein, LDL) i% 18 P9 &
tafniz B R (EC junction) iAW & 4858 T & (subendothelium) 3f B 44
HeAE 0 H % B % 4a e (Macrophage) 3, -F /g ILém is (VSMC) S4B A
AL REIR T B i & & (oxidized low-density lipoprotein, oxLDL)4% > B 45
B R e B & 3R, % B4R B X R F(proinflammatory molecules) B4 & Fit
# T (adhesion molecules) (Collins et al., 2000) » 5|4 VCAM-1 24 &
PCAM-1> 7T 3% 5 & 3R do /[N AR 84 7h 55 i M 5] A48 % RE 5 38 PR —
AL R A Bg (eNOS) #9754 - 4l — AL R AR R0 )E EF

1



(Knowles et al., 2000) o
<IPHERCKHREEEREOARTELINBYT > HE L5 "E
(Marathe et al., 1999) > i M & & BF 9 BE (intima) T 7 8 ag /8 K 4a B
(foam cell) = @ JbB5-T 7 HL o B, (VSMC) 72 B 2% fo i 1 B T 4 B8 P70 i
&4 4m fi i & (cytokine ) BA B 4 & B F (growth factor) &4 f]:5%TF B 45
HYREBHEZNE > HEHAEEE 0 N ERSEY R

(plaque) °

<> bBFMN K e ~ s RFfn B dm i & ot — 4 8 » 4 : platelet
derive growth factor' (PDGF) - insulin-like growth factor-1 (IGF-1) -
interleukin-1 (IL-1) ~ tumor necrosis faetor o ~ B.( TNFo. ~ B) % ] o
% P J& (tunica media) &y F F M tafle BT ENE > L HH LK BRA
(phenotype) &5 W %z & (Contracé-t-di-le phenotype) # & % 4 it A (synthetic
phenotype)- 4% #-Toif Mlte e @B E RKER R E G B %G
R &G % BERER G -3 pibd %4 Kk &AL E F(Mazzone et al.,
1983) > i& A B3 R MBAETL - R R E &9k M H 3R

i%i?;%é@?mﬂ@ﬁ%ﬂgg ’ ﬁﬁ{iiﬁliﬁ?}_}%@%}é .

<IV>E Bk 305 4K A8 AL i, 2R - 4 4 M B S0 Pl B Ak 45 R B2 R 0 MR ERE BE R R4S
Ak 3 5] 4o %t o & & B2 & (thrombin) ~ X H 4 8 & G # % (matrix
metalloprotease, MMP ) » {# & 4 4> (thrombosis) &% % 4§ K g3

Jma e

Bk K AR AL AL B 691842 F 0 48 X R (inflammation response ) 4 /&
+ £ 28 A & (Hansson, 2005; Libby, 2002) » i B b % 5& o 2K 4m i LA B H A

bty tmip % (Cytokine ) ~ #84big% % (chemokine) %4 4 ¥R JE » it B
2



45 %k B, % # 1 % 5 F(adhesion molecule) A &% % (receptor) e %45 4 > &
R PHERERE LA & RN R @ pi@iE % X (Hennig and
Boissonneault, 1987) » 3t &5 X & %= e & — 3B P Bl 46 & 3/, P-selectin > 1 B "%
B T Ak B3k i (T-lymphocyte) b5 N Rm@mi L BIrMN &
ta @ s E-selectin ' (EHEFL RS - HFN Kool REXR A LT
4m i Mt % 4 F (vascular cell adhesion molecule-1, VCAM-1) 2k 4= s fu] it & 5
+F (intercellular adhesion molecule-1, ICAM-1) » 75 & & Bk 82 N AR B 5 5
AN R Lo ML A E R R S NERE LB EMELG
M3k Ik G (monocyte chemotactic protein-1 » MCP-1) » {24 & 3k F i
B RN & e B 2 BAKk £ B (Nelken et al,, 1991; Takeya et al., 1993;
Yla-Herttuala et al., 1991) - 5B'9ho\5% 1~ & & Cinterleukin-8, [L-8) fvit § & &

(osteopontin » OPN) e85 2k &) 3B F5 LA R % X R JE (Bruemmer et al.,
2003) o PLBF 4L B) Bk 588 AR ARAL BE SR ( s dtous plaque) /2 &9 P9 R %m Bt S P
B 4a B @ 4 ik B v 48 AR A & R % B - ( macrophage colony-stimulating
factor, M-CSF ) (Rosenfeld; 1992).> & 3@ P & 40 B bl $4% G 3K Rl € 2 2 B
o4 4a JOLBF 35 R R F 8935 T oAbk A B i (Qiao et al., 1997) - 7E4tb &y
E " 4a fi, (macrophage) € &% A 1L 891K % E fs & & (oxidized low-density

lipoprotein, LDL) 175 sk, #6L K 4= Bz (Lusis, 2000) » SE3gHARBE T F o

BB EE IR ARARILE B2 RERNE F@EE hR TER B IRE
% B, 8y E1b38 35 (oxidative stress) BA R 2 ¥ R FE(Faxon et al., 2004b) o 1
RA BT HANSIER B0 RT > BRI AL 7T LA R BEIR 69 K
(Wuetal., 1998) » 3880 T 4L 8 ALE| A By oL B AR AR AR AL & A 89 T 3K © f£ AR
ok > o RFUAACHE 4 & FERE T T Ay AR NLDLAY AL > 0 O AR #Y
B =A% 5 0 B W oxLDL & 2 ARMK » & 4 S ALK K 89 #% & wE A%/ (Stephens et al.,

1996) ; £ B ARG KARALTS BB > ER AR B ALK E ERE &K G #%
3
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3t BALFT % A, 0 MLDLAALS £ &R AR & 5o P & 4o 0 SR R B o fm B0 P
A A ey E M R % B (reactive oxygen species © ff # ROS ) (Berliner and
Heinecke, 1996) - # & kikibe & AfrgEm s > HN ke — a8t &
& B (eNOS) eE T » R — R AR (NO) £ RERD 5 A& AT
E 4% 89 NO #% #2 2, [2 3 F (superoxide anion) & & # sk i@ 22 A BR 4R
(Peroxynitrite) > £ ROS&) E 48 #4215 > 5 mx AL i# 35 (Lahera et al., 2007) - M
R RIEAA AR RARAC R B T - KBS BERAIL AR BRI BN
BHEE R M EEZNA L RILERIUE X B~ RF 8%
XA B 69 &£ A% e (biological marker) 34 o, A 76 B 2 35 B 8y k315 IR A AL ) B
F9#54Z(Libby et al., 2002) o

AR IR BE R 3B IF BT éﬁﬁf&%ﬁﬁk&ﬁk%%&‘i%%ﬁqﬁm%ﬁéa\ffp B4 AL E
Jo s 75 5 % & (Malek et'al \1999) » Zedtk ik sy 9 2 4 %48 (disturbed
flow)  £Z2H @RAIER T EREHH ER - MGH N RBABKRA DA
Ak IR ARAL B9 35 & o L RIF S EEREAH 2 5] (microarray ) 7 X 5 #7
W AHN R @i R kB a3 % (Brooks etral., 2002; McCormick et al.,
2003) RS T A TR R @ie ¥ 3% Ab At ~ fukkd ~ Hidde ~ LB X F
A AR R RA MART R GERFLEMER F AR X
i AT EMMAR G RREW 0 B AESIRIKRBRIL T > SRR EHE
THSEWAE  BEAR IO TAHNRNChELRLA BIEOIRESER -



NOMANCLATURE AND SEQUENCES IN PROGRESSION  gapuest  mamcrowm  cumcaL
TOLOGY OF ATHEROSCLEROSIS ONSET MECHANISM COLLERLATION

Fig. 1.1 Four stages of w ‘OSiS.
subendothelium and is oxidized by "' 'ae 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 I1I: The formation of fibrotic/calcific
layers. Stage I'V: Thrombosis.
(http://en.wikipedia.org/wiki/Image:Endo_dysfunction Athero.PNG)



1.1.2. & @& (Hypertension)

= o —fEAREFRGCRTER BELBR  WRERIPRELA M

K|
]
b

RBHGER > EEEN 1999 F2 A - RigA a8k > 4o Table 1.1 -
S BRARNFREZHNAEAZ— RERAREEE  H4HH BAEFLY
ZHE L+ EARNGoBABMERCRR: ¥ ERRTHEEEE) °

% o B T 4 & B 35 M 5 fo B (primary hypertension) $2 4% 5 M & o B
(secondary hypertension) > 90-95%#4 2 fn J& Ji A 2 R %5+ 5 4o B (Carretero and
Oparil, 2000) > A8.% & & RS 0 BR A ABORERE > 2 8 AT T4o
H A~ B A~ BB~ AR B S R 2 4k F D G VT AR v B A% & (Djoussé
and Mukamal , 2009 ; Haslam and/James, 2005 ; Kyrou-et al., 2006 ; Lackland and
Egan, 2007 ; Lee et al., 2008 Tuohiméaj'-zow | Wofford'and Hall, 2004) > g4
# 1t (aging) A B F & B % bt & R 89 JE B -F =~ (Dickson and Sigmund,
2006 ; Kosugi et al., 2009) * 452 SR A5 & ¥ 80 # 0 4 5-10% > £ &
B BB AT RE AR 0 P il R S T Y B R L T AR 1 AR B S B R o



Table 1.1 Definition of hypertension. Normal blood pressure and different
stages of hypertension are defined by systolic pressure and diastolic pressure. (&

R R B S R E)

il B (BAR) FE(EARE)
FEMmE EFmE ERERS
<120EX KM <130 T 130-139 X FH
R <80 EKEHE B <85TKEiE 5(85-89 BAEKME
S maE
il BB (BARE) FE(EXRRE)
E £ F=H
140-159 KA 160-179 ZHFHE >=180 EXFKE
290-99 KK 5,100-109 ZEHEKHE = >=110 ZARFH




1.2. &%E W K sapedla /)

1.2.1. o W K ta i

0% Mk do Fig. 1.2 % (Lusis, 2000) < 5 4} & % s & (adventitia) -
R EZRGBRE GRS RES TR BN M N aE
B ¥ S &G R i % (vasa vasorum ) BA B % o % by /b 48 (nervi
vascularis ) 5 £ 0 BN A S4B sa g (fibroblast) & &k - H =R A+
B (media) > =/ FREE—F > BE & X DHEF] 4% B4 5158 M 45
4z (elastic lamella) gk 280k 40 Gk 3 T 9B WL 4 B, 04 2 BUR 7 5 B A
MR BN AT AME 8 bidle R 9B ANRE (intima) £
bk HEEE AR N KR (endothelium) > b2 2] R HE > Bt
FHE AT R THT WS éfﬂ.ﬁé'z il 2A tight junction (zonula adherens )
#u gap junction (nexus) 8% » AT LA ARG A B A B o N
& F & (subendothelial layer )22 S&4-F iF A% i, ( smooth muscle cell ) ¢
5 44 (34, 2007 5 28, 2010) = 2L &) A E "% 8@ (macrophage ) 4T %% 4F
Fl oMb PN R aflr AREBXEEAENH L -

NE @k ELH A 25 ~50um > BELHA 10 ~ 15um > PO EE
2 3um o> BERER A 0.1 ~ lum > 48 60 % P9 3FA7A5 2 48 & B Ak A T i 2]
250m’ s W EMEFRATES | AF 23 - AR FARAREAREL
TE RALFHAL - BAAEZRNE—BT - NALBIAERETE
% e, Fd) 33 A% 407 ] (contact inhibition) #9342 kL R IK LG B A A F
M40 /% fm i, (monolayer) o 19 A fa iR KK AR EMS > AAL
RV — R HAB B Z A ARG+ DM T AR R 2 M R o H TR T S

EAEFER MR T 2BRARA R B (turnover time) R &L /A 47
8



% 23,000 X A % (Hobson and Denekamp, 1984) -

M R 4 i, 2 Rk B AR 0 Hooh Al T AR B oo ik 2 H b 4 4k de iR 2Rl 89 —
BAEFEFEMGFR AR A EBREBOEALT > N wioFg <2 442
) ey #ARJE /1 (mechanical force) » &,35A © 3 JE /1 (shear stress) ~ L7k &
71 (tensile stress) B iEv) & /7 (normal stress) » 4oFig. 1.3 A7 s~ (Busse and
Fleming, 2003) o & ok Ri@ M & 40 B 0% > dn iR 6925 B @ H W & e 0 & 2 3505
% /1 (viscous drag) > sbBP A d /R Z W J1 0 R AR IR N K B P
REEZBMBIES b mRABEAGER N LGB ERE N K 0l
J& &4 3@ 3% M (permeability) » BEPY f 4 B A B P ag 4 g L) B 0 ERFIR
NG B PR e BT Uk A e el EL R 1 03 #1170 R % (Ishida et
al., 1997) » B st N B 8 R %%ﬁi%&ﬂ)&%ﬁﬁkﬁﬂbfﬁ,%&%%ﬁ ' AR B = Ea A
ey 79 4 B T 51 B A R R

AU ELZ > hE RN Rl EEhits AT %A
1. Frx— &kt d ki e
2. Wk —E@E EerRgERIEF RS FEEN L a2 o @E
(celljunction) HAeriaf (vesicle) #ik FAAN g tmfonyig &
3. BPFEALEmEEAR ZAER 0 SRS B KR ~ AR B S KD
4, s oEZPBEEF  EANEGRKBEARHEINKEBTEY

A e



«— Blood

<« Endothelial
cells

Collagenand!proteoglycans

«— [ntima

<« Internal
elastic lamina

e artery consists of three

Fig. 1.2 Structure of a i
ermost layer, is bounded by a

morphologically distinz;t,-la
monolayer of endotheliaFCélf&fgﬁ' 2 stgje a'nd- a sheet of elastic fibres,
the internal elastic lamina,! on fhe E&ipherhifside.‘ﬂfle 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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PT& DTJ\_¥

Time Time

Pressure Diameter
pulsation pulsation

Shear

stress —
Cytoskeleton

/

Tensegrity architecture

Basal Integrins
membrane

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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122. T ¥ BN minz B8

HBRRRATER  CHARMS ORI E R AESMELANT N
TR N R e R AR RE > AR B E N K@i i5R G
G AR B R AR H N R ta e 8 %5 % (Davies et al., 2001; Gimbrone et al.,
2000); % sh4n A Bt 46 36 B 20 B Ak 4o SAF AT 89 7 X3 & ligation
G B ER Il EREREREEYERCEALN L aieF
(Langille and O'Donnell, 1986) - £ 4 C.3E T N & 4a i & R AR5 /1 69 A9 A6 ~
AP EMELARRRRERORE EFRBYRBETE TEAE WA
1t (oxidation ) (Harrison etal., 2003) ~ S-nitrosylation (Hess et al., 2005) ~ # &
fb(Park et al., 2006) % 3 » it M 208 7 A fm BN &) 30 QAT IR BEAE - T B 45 1% &Y
RE R 6,45 75 {b LB ®) F (promoter) %] P B shear stress response
element (SSRE)&y 2 B ¥+ M4 284k 232058 & % 342 (Chien et al., 1998 ; 3F,
2010) -

MEARYQEMEAORE "N R el B RRAREATAER AT
PR LA 0 N & m e g B i — B3R & B 48 S14T TR 69 40 'E (Cines
etal., 1998) » v i g % -1 (endothelin-1, ET-1) (Morawietz et al., 2000) ~ g AT 7]
Bt % (prostacyclin) (Frangos et al., 1985)#Fw — & 41t & (nitric oxide, NO)
(Kuchan et al., 1994)% » LA B AL w2 (thrombosis) Fudn ik b 4k 4% G I8 4R
(fibrinolysis) &4 '8 - 4w 48 8% A 48 75 B R 3 7& | (tissue plasminogen activator,
tPA) (Diamond et al., 1989) ~ 45 4 & & /5 &5 7 3%7E | 49 4] %] -1 (plasminogen
activator inhibitor-1, PAI-1) - 224k & F(tissue factor) % o yb#h - #4m 32 4 48
M 89 A o RFTAE A KB T (platelet-derived growth factor, PDGF)~ ##21t 4 &
F (transforming growth factor, TGF) % - % 4 #1 &G @ 3K 3k % (leukocyte

adhesion) # B &9 A B 4% & w34 /L& & (monocyte chemoattractant protein-1,
12



MCP-1) ~ zm g Fa] fit 2 4+ (intercellular adhesion molecule-1, ICAM-1) L&

o > %a B it 2 4 F (vascular cell adhesion molecule-1, VCAM-1) ~ I & a1 s
1 G ¢ 3k 3k # 5 F(endothelial-leukocyte adhesion molecule-1, ELAM-1) % &4
]2 LI e R R IRE 6 8 b A P8 2 (Brach et al., 1992; Tzima et al.,
2005) -

BARRMEZ O ENEARARLZT AN RNER4E > o Fig 1.4
(Ishida et al., 1997)ff 5% » £ 32k » $$0k 8 69 5 A K& % 1~6 dyn/cm® > $)
B 4 B 10 ~ 70 dyn/em® » bt E{r BRI @ A AW A B -4 ~ 4 dyn/om’
AR EHR R # R (flow reversal) #43k % iA %y (oscillatory flow) o i 4 3 B 2% oo
ERMEEER > sy EE RG] 0 Bl R ik R 0 AR 70
dyn/em® 6945 % 3 71 o o1 $T 4l 537'7[‘:&%% FIRRALE Y R B > H KN
EZRAMIETR BN }S‘iétﬂﬂﬁﬁﬁ‘i’@l-éﬁ MR R A0 Bk AR AL A B 0 KRR
IEBERE F IR A DRI IR AT IRAAL IR PO EME » LEZ A0 E
o R 0 B RATAREI B IR BRI T AR 2 o A R AR o B B SMAL AR,
4L B (stream separation ) 3t HA¥KE — 2L 53R (eddy) 89 & 4 > B LR 89

3 /1 FEAK 0 4o Fig. 1.5 A7~ (Stone et al., 2003) - Fig. 1.6 Bp & M & 48 i ¢ B R
) A RE BT A7 35 %% 64 R FB) R JE (Resnick et al., 2003) = 4£ — #% 37 /7 /& /i (laminar
flow)sy B3k ¥ > W A 42 bR N TR &N & 48 i 69384 (migragion) A&
177 (surival ) 5 M HA 69 RE R A $18 X A R 3 4a i 8 (anti-apoptosis )
B he > BB @S RE T @B Hoh B BAREGER - AL Ak
# (distrubed flow ) AAKE A B3k - f£LERFR N @15 N L o i B AE H &
%K (Langille, 1996) - & 05 R 8354535 % 51 A2 X ~ 1 R AR IR
b~ Btk iRk Bt 9L G I EH AR LI > o VCAM-1 -~ PDGF-A -

connexin 43 (Gabriels and Paul, 1998)#2 Egrl # ® (McCaffrey et al., 2000) -

13



Normal Vein

Normmal Artery

Atherosclerosis-

Prone Arterial

Regions

High-Shear
Thrombosis
(Complex Plaque,
Cardiac Valves, Stents)

Fig. 1.4 The range d"i:llwzlll
low-shear or hlgh-sh‘%l‘;pa

4

10 70

4
1 §
70 >100
i
| | | | |
-50 50 100

e, 2
. oo
LorogeIene"

Shear Stress, dyne/cm?

&

e

14



High shear
region

Cross-section of
carotid sinus

Fig. 1.5 Flow pattern in a detailed model of human carotid artery. (Stone et
al., 2003)
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Acute (changes)

1. lnduction of Endotbhelial
aclivation genes,

1, Endoibelial aciivaiion,
survival, Migration,

FiOM synihesis

Vascular
remodeling,
Arteriogenesi

Chronic

1. Suppression of endothelial

Adtivation genes

1. Endothelial guiescence,

anfi-apopiosis, anti-

inflammatory fatherogenic

3. Cytoskeleton/morphology
daptation to fow

I

Athempmtectinnl

Disturbed shear stress

<B-<p-

Acute and Chronic

1. Induction of

inflnmmatery! atherogenic
Cienes,

2. Activadion, migralion,
pnllifrruliim,l pnptuﬂi:h, leukpeyie
hincing.

Atherogenesis

Fig. 1.6 The heterogencous respense of the .'.e:ndothelium 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. it a4 h4E

1.3.1. Mt s /e A& 22 ey 451k

HmAba A —fE e~ BARREZREAMN  BA RAFERIEMEQR0
CF1 gL B THEN242 mLAKP)ET A & Fib ol > fo L% 4 T2 o) Bk
2 TF(pH 7.4)» K35 LABR SR8 F(HS )8y X 4742 (Li and Moore, 2008)
R &R E H R RA] AL QAN RE BATERA T 3o Xkkds &
At S 4L B2 P9 69 R B 49 410-100 uM(Hongfang et al., 2006 ; Hyspler et al.,
2002 ; Olson, 2009) > 18 4, 5 F Ak, STREKZA 2 HJE . #Enanomolar % %% (Furne et al.,
2008 ; Whitfield et al., 2008) ¢

RAUR » HACE = BARH R AR A AL E 1694 | > £ 100 ppm £
& e RFHCRE kS R% > 1000 ppm A LR T A EBE WA F R
(Beauchamp et al., 1984) & 2|31 o MM Z 09 557 35 H HAL A& AP %
BRyPETELALEA S PGB ET » Abe v Kimura (1996)45 & 571t
ST A B iy NMDA £ B 6B U RGRT AN T HES K
% 354 A (hippocampal long-term potentiation) ; f£ 7N ik % &7 & » M m R
.8 H B E &, (over expression)Fiib S A B E R R B B e
(insulinoma) &4 B & % # % (Yang et al., 2005) > Yusuf et al. (2005)+4, 2835, » & 1%

Sc‘\'

HAL W EE £ AR A BRI R ELIE % RIS BB AT T A
ACEARTRESLIE B BRI S B AR - Av B H i BALR A I L ahini
YER > LI AT \oN B FEL o

17



1.3.2. &1k «’«inﬁk

I Amie T o it & &R B F BB Bk (cysteine) & B B AF A
(desulthydration) » H + A =4 £ £ &91F A B2 % » # 4 & cystathionine-y-lyase
(CSE) ~ cystathionine-B-synthase (CBS)#2 3-mercapto-sulfurtransferase (3-MST)
(Qu et al., 2008 ; Stipanuk et al., 1982) - CSE #2 CBS ## X%+ % £ &
& Fr #2316 4X 3t R JE (transsulfuration pathway) 7 & &9 5 % » #5740 X4 R JE
35 84 5 % B B (methionine) ¥ - B A% 8% 2 #4% (Fig. 1.7) > & — th £ R 89 514LHh
K818 > A b @48 T Bl BAz B (homocysteine) B9 X4 » #A %45 th » CBS #&
[ 5T % g 3B A% P ) B Rk B4 i@ 3 % (homocysteinemia) g9 = B (Kraus, 1998) > CSE
AR S8 T BB EER 09 A3 (Chiku et al32009) o i i & &4 5] B ik 88 & 52
fu FB B B kAR AL 91 H A S s % 5 R 89 L (Eikelboom et al., 1999 ; Hofmann et
al., 2001) » B st » CSE #1 CBS /ﬁ—_lu:fn. BT @Iy E T — AL -

CBS#CSE £ F ik AR L HAER I8 F - CSE-TH 8 ¥ Bl it 5
B & &AL 8818 & 4 R BRABE (pyruvate) $1 2y 0 4 VT i o B ) B A B A R,
#iAb & » (Chiku et al., 2009) » CBSA| =T LA 4~ A2 - Bt Bz B2 & A Fi AL 5 92 45 3% B
(serine)(Fig. 1.8) o 3-MST — B 4644 32 A 42 £ F2 AR fE 2 T 3 JFARib &L & Bk
(Stipanuk et al., 1982) > {2Shibuya et al. (2009a ; 2009b)%§ 37, » & P & 48 iR
SR R S 3-MSTey £ R, 3 B maifb ey £ > ARHBETLEdH
cysteine aminotransferase (CAT) B iz B #% 3% p, 3-mercaptopyruvate (3MP) >

3-MST# #43MP#% 3% pg 57 AL £, & 7 BA B (Fig. 1.8) -

=LA B F AR AR LR AR LAZEGEFIERE
4B o CSE &£ 85 ~ AF » S Ek >~ MR B R BL P A A k& B (Diwakar and

Ravindranath, 2007 ; Hosoki et al., 1997 ; Kaneko et al., 2006 ; Patel et al., 2009 ;
18



Vitvitsky et al.,, 2006) > f2.5 o A& E T L X B &) FAL &4 R EEF (Wang,
2002) > H &M % 3] 4E 45 % (calmodulin) LA & 45 3 T2 B 69 38 4E > Yang et al.
(2008)45 > e 4hibi@ey CSE P A58 AR IES5 % > &35 CSE 897%
P (Fig. 1.9) » 2R i & ¥ ¥ tm Mk 5l o 4 3 — H A 50 ° CBS B4R AR B B
B B B s #% % A & 3, (Enokido et al., 2005; Ichinohe et al. 2005) » £& % LA &
WEZHETRAEIZOMRCALRE R 22 S-SREAE AR
(S-adenosylmethionine) &y £ 43 /& 1t (allosteric activation)(Singh et al., 2009) - ¢t
9h » CBS g 2|dE45 586 mEIL CBS £ CmA 746G ik
& R R X 1E45 T & 4 AT g r1g CBS #4918 /b & 3k (catalytic domain) » & CBS
MG FELR S ERCEBM TR EEE S - £ CBS FHHF -
4o Fig. 1.10 (Kimura, 2002).¢ 3-MST & B& 3} 24 B B N & & (vascular
endothelium) % #% % 3 A % ¥1 4 ﬁi@;"{’! b g(Billaut-Laden et al., 2006 ; Shibuya et
al., 2009a ; Shibuya et al., 2009b) » 42 %ém 2 e A ] KIBA o

T AR fm B A A A S 0 AR AL Sl AE A iR P A% A Ak, © Benavides et al.
(2007)38PA » KA AE B2 79 P & A& 89 % it (polysulfide) & #% 4T dn 3K 42 34 5% A1
AL & > sbsb > Bearden et al. (2010)% 38, > o8 P9 & % i 91 BT 4m i (hepatocyte)

@ ik CBS XA & CSE 2| ik ¥ » % F) B ik B dd 3% s siAL & -
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Senna

Glycine Methicnine
E. 3 Mﬂlhlﬂﬁll"ﬂe
syntnasa Mothioni
- 2LMorurneg
Methylene-THF Folate e
cycle
Acceplor
Reductase 55"”*
Methyl-THF SAH
CBS
[ Mathylated
= H0 acceptor
L .
Hom teine
Cystathioning =
Cysteing
|
e CSE N_, o-Ketobutyrate + NH,’
GCS Y H
HN-G=COOH
CH,
+Glutamyl cysteine CBS or CSE éH
Glycine GS MH,, -q_A_,.- Pyruvate
il
CHy=C=COOH

Y

®

CBS: Cystathioning [i-syn

GCS: p-Glutamyl cysleine

C3E: Cystathionine y-lyase

3G5: Glutathionine synthase

thase SAM: S-adenosylmethicnine
SAH: S-adenosylhomocysteine

synthase THF: Methyl-tatrahydrofolate

Fig. 1.7 Transsulfuration pathway.
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 by methionine synthase or b
(Wang, 2009)

methionine cycle by being converted to
e converted to cysteine by CBS and CSE.
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In methionine cycle, methionine is



Homocysteine

l Cystathionine-B-synthase| (CBS)

Cystathionine

l Cystathionine-y-lyase | (CSE)

L-Cysteine

Cystathionine-y-lyase Cystathionine-[3-synthase
(CSE) (CBS)

Pyruvate + NH; + H,S L-Serine + H,S

3-mercaptopyruvate

3-mercapto-sulfurtransferase] (3-MST)

Pyruvate + H,S

Fig. 1.8 Formation of hydrogeli sulfide. In ' mammalian cells, homocysteine is
converted to cysteine by cystathionine-y-lyase (CSE) and
cystathionine-f-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)
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Fig. 1.9 CSE is activated in the presence of calcium and calmodulin. Calcium
(1 mM) and calmodulin (5 uM) 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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PLP Ca/CaM

Heme II Catalytic domain SAM
396 415

low activity

Ca/CaM

active

D 1-396

active

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 (Ca*"/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. &4k «’&%ﬂ"uﬁu_” éﬁ é:}t_zi’ 48R

At 8, B & & $% o % (vasorelaxation) &9 4F Al > K %5 Bk (aorta) ~ P9 %% Bk
(portal vein) ~ AT #n % Jk (hepatic vascular bed) % 4 % # % 2| 5L &4F A Mk 5%
(Ali et al., 2006 ; Fiorucci et al., 2005 ; Hosoki et al., 1997 ; Zhao et al., 2001) »
HAb ) BB e AL SRR A Bldo CSE B HIF 1 B B K
347 CSE 7& MEdp ] # 409 K R o B 8% 41 88 48 5 (Yang et al., 2008 ; Zhao et al.,
2003) > M 647 B AR (ARAL & donor) Al & i s B T FE(AlL et al., 2006 ;
Zhao et al., 2001)  &ifb BTk B94F A A 4] & 3 847 B o B T I8 Il de i
(smooth muscle cells)#) Kpp 38 18 (ATP-sensitive K' channel, Krp channel) > %=
BB & 4 @45 /b 38, & (hyperpolatization) » 1 WL 48 i 7% % (Wang, 2009) - &5
16 8 ¥ & 8 6 MERVE R & B P R S5 14 #) (endothelium-dependent) » & 52 B8~
5 R BRI P RSB ARG SUARAIRR AR B AR O HOR R
(50% effective concentration, ECsp) 2136 uM F#+ %273 uM(Zhao and Wang,
2002) » ££ K &5 % B Bk (mesentericartery) F 24 J&E £ 5 BA 88 > ECso &9 25 uM
& 4 £ 4EE 161 uM(Cheng et al.;2004) -

AL & F s f B 4% 3 (cardioprotection) 89 4 A 0 I R AR S fo B AR B o
(ischemia)dk BE T o915 £ - £ s &) T 5 P » 78 2t & ¥ (preconditioning)
AL &, 77 LA 1875 4L extracellular signal-regulated kinase(ERK1/2) 24 & Akt &
RV B P 3 R 045 E 0 FEAR S BLAR ST & A& (myocardial infarct size) » & 4% &2
Ao P ¥ A% B9 BRAL &4 A & F [ (Bian et al., 2006 ; Hu et al., 2008) o 4 &k fn -

B #7215 £ (ischemia-reperfusion injury, I/R injury) &9 & B P » 7 B 057 41
FAL S AT PR LR S8 d A 0 3B AR 3 A 47 A8 69 o fiE 1 45 45 (Elrod et al.,
2007) © 5 9k » 420 BkiZ 1k (cardiac arrest) &y )y & 7E 4 BR AL 49 (B AL & donor)

T 32 5 /)N B A2 B 48 #4247 (cardiopulmonary resuscitation, CPR)& 48 & B 2 #E
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1B 7 EF > AR ARG BAF Ak AT 1 AR, 89K 42 8% (mitochondria) 5 £ > F B2

AT AR AL EY ) RAE S BRIF AL ~ AR B 1R 69 ARt B ER L R R R H R A
% » eNOS & AMP-activated protein kinase (AMPK) 2= & &% 1t &4 £2 B R 4% 8%
4% > BaomARAL & 5T 4B 1B 18 bR B AR 94 48 % 2 O £ % 48 2k (Minamishima et

al., 2009) -

7 B3 S s AL 8,698 B 0 4m e N 4 (endogenous)FiAL &, 77 @ 89 A K
.88 AL 8 8947 % 4 A - Bliksoen et al. (2008)45 & » 78 s&5& v CSE 3 4]
Bl SRR s T BRI AT A A 0 SHLE L B AE IS Ao T 38% > Sivarajah et al.
(2006)4 81 52 B AL 69 &8 R o EAF — R A9 » B A S 4o by B 8L A AR B3 ]
Bl IE B E e FE— M 0 L7 EERE R KRS R(Calvert et al., 2010)
st > Calvert et al. (2010) XA & Elrod efal. (2007)2 A €SE AR GRS AEBE K
H.(overexpression) &4 /]s B, RER 25 A A b EL BY1ER - & FIpH Bl AT E A GIBRE ©
# R o B FA#A » CSE A& B 5 FR /1y B e B i P 4 50 d 5 K 695 ALAE JE & 4
B &R, CSE A A 2% [F 15k Ajddak 4942 5t 0 A& (Calvert et al., 2010 ;
Elrod et al., 2007) o

B AT A 3F % A 4R & 3R AL 800 o B AR AR A a9 4] 0 o Fig. 1.11 A
o ARIEFFR 4 R Bk 8, & 75 1k Karp i@ 38 (Calvert et al., 2010; Wang, 2009)>
3t B3 38 e AR 2 B - R 15 F AT 1 AR 89 0 BL(myocardium) & 48 (Geng
etal., 2004)° 2Kk M &AL & 4o 477 AL Karp 18 18 38 4% 3% & oo B 69 35 4a 4 T 175
SRRk Fu o T A B AAL R 89 E R ) B4 @ AR R W 7% 4B (Tang et al., 2005 ;
Wang, 2003) > it H i# — 3 /&E4b%& & %8s C(protein kinase C, PKC) (Bian et al.,
2006)-Pan et al. (2008)45 i » £i4t & & 7% 1t = 4% PKC £ # 4 (isoform)> PKCo.
PKCe tA & PKCS > # % PKCe 2 & PKCS #97E /b ¥ Kurp iBE A M > 2 T HE

&y 1% F 348 - PKCe 7F1bhf% > e #) i —F &1L Ras » £ 8B F #%49 ERK i 3|
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%% s B 09 V8 A 3 PKC 78 7T 2435 1k sarco-endoplasmic reticulum Ca**-ATPase
(SERCA) > 14K %= By 19 458 F 78 £ » #p 4] mitochondrial permeability transition
pore (MPTP) 24 B 45% & B&(calpain) » 4% 3% K 42 B2 iE % 24 #E 3L 0 4] 48 o #2 X Ab
J8 < (apoptosis)( Aon et al., 2006 ; Sharma et al., 2004 ; Usachev et al., 2006) °

A & 4 % 1% 7EF b reperfusion injury salvage kinase pathway (RISK
pathway) 2k & 4 % i 1% 2% 4F A (Bliksoen et al., 2008 ; Hu et al., 2008 ; Yong et al.,
2008)°RISK pathway &8 4% B 3% 14kt F 3 (¥ 45 £ W14 5 t70 35 89 & PI3K-Akt ~
PKC ~ Erk1/2 F4% i tm 077 75 0930 S48 F 3612 > SUBRIE ) > B2 e 2
i BEEGEFRE AT > B iEF2 18 —(Yellon et al., 1999) o
RISK pathway &) F #5% F 32428 K T 24K T#F: B AT 402 sifb SLa9 1A T o
Erk1/2 & /&1t signal transducers| and activators of transcription-3 (STAT-3) ~
p90RSK ~Bcl-2 ~ Bel-xL v#4k 57, & & g (heat shock proteins, HSP)(Calvert et al.,
2010) » PKCe fr 4 B 1k 274 Rl € 7% 1L STAT-3 » 3E34%e HSP9O ~ HSP70 ~ Bcl-2
A Bel-xL &9k & 0 [F) B54pHl i b fnF2 A, 168 < &9 Bad(Calvert et al.,
2009) - toh > RISK pathway 4% 3 3 4t 39 15 @40 H1] MPTP R K5 i 5 8
JE P 5] 55 8 4 B A2 X A 8 < (Churchill et al., 2007) »

BER % %P AL 87T Ae A S B AL w9 4E A - Bearden et al. (2010)45 H
d % F CBS 2A B CSE #% & % 5 % A F B F ) Bt iR BR 88 3% s ARAb & 0 7T %
3 o B KL AAL B R 3% 3g (redox stress) o B4k &Y 0 AL S A 4a iR T Lty B 2
I A/t i# 35 (oxidative stress) 9 A &, (Geng et al., 2004 ; Kimura et al., 2004 ;
Yan et al., 2000) - &r b BIEEH TR T > FALA G FIR L TRER
(mitochondrial respiration) » & 2V 7& M 8 #% B# (reactive oxygen species, ROS)&)
& % (Chen et al., 2006) - $b$b > #i1L & @4 & 7F P (scavenge)ROS 24 32 41

A B 69 7 X R HILAALEIE - Geng et al. (2004)45 & > FAL K& H IR
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(scavenge)i £ 1t ¥ (peroxide) LA & i £.1t & (hydrogen peroxide) » MK s ALER
145 & (myocardial ischemic injury) ; % — 7 @& * Kimura et al. (2004) R 48 37,42
A 4% (neuron) ¥ AL &, € 34 vt AL B 22 BE B Ak (glutathione) @ J K2 & BL 35
%% (glutamate-induced) &9 A /b 3% 35 & 4 i 42 X AL B = o B Ab & € 3% fv fm B A%
¥ nuclear factor erythroid 2-related factor 2(Nrf2)&) & » Fibit ALK
(antioxidant responsive element, ARE) > 3% & F #% 3t &1t & & & 4» heme
oxygenase-1(HO-1) ~ thioredoxin(Trx) % &9 4 sk ° 4% 3% 4= e 4 L &1L i 35

(Calvert et al., 2009) -

KA @AF R LI T B4 SR AR B3R o IR K AR A BI Y
5 R4 & B % 8 %70 (Banerjee et al., 2002) » Benavides et al.
(2007)% 31, > K FE B8 NPT 2 & 8 B EAEd(polysulfide) € 44 4x o 3R 32 4% pR A7
IR EACHEIREER -

FALAHM o hE RS T ERY AR AL FZ T T —AILRBEHA KRB
FRAAAPE AR AL AN R bR - AL R e AL B A
% B% (nitrosothiol) » T AE L AT ale N AL A8 — AL AR EZFRAMNEEZR
J&(Whiteman et al., 2006) > #& > B AT ¥4tk H117 RoA#E > £ 2 A F & At
%4 2 4 3, o 4540 Whiteman et al.(2006)% 3, » %= 8 78 % & 32 (pre-treating) &5
At &, & #p 4] sodium nitroprusside (— #.1t & donor)fr & 4 &4 fo B K FEAE A 12
HRemisRparsaRGER  BHFIL B — AL RATIE T
B FAAF F (Zhao et al., 2002) » gbsh - 2R 5HF 245 i AL 2L & 40 6] 9 & e e —
A b R4 AR B (endothelial nitric oxide synthase, eNOS)&y 7 E M -~-EK B E LA =
A mRNA %k 3H,F > I HFAH % — A4 RATF 69 £ % Bk 8% (L-arginine) 49

#y3%(Geng et al., 2007; Kubo et al., 2007)° # Minamishima et al. (2009) & Yong
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et al. (2008)57p 4 FLERAL 8T BA ik 18 75 46 3,3 #p 5] H B B 1L eNOS i 547 3%

AR -

B—FE —ALR @B EACh T M ERE T AR A
% - 75 Bl 4a B (vascular smooth muscle cells) ¥ CSE 9% @ '8 tA & mRNA % 33,
& (Zhao et al., 2001) - Kk #946 F — 84L& & &k B&(nitric oxide synthase, NOS)ip
HIBRE > EBRASLTHILAME ~ CSE 8973 - H8 4 24K mRNA
& R [ 1K (Lowicka and Beltowski, 2007) - B A3 s R L& R A E R Y

R — AR RARE > AL QM — RALR ZARIENRF LSRR -
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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 Karp 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 Ca**-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 B4R

1.4.1. At ™o B 2 EZ B 6

Akt X % % & % 85 B(protein kinase B, PKB)# 1991 4% Bellacosa et al.
(1991)% 38, - H A serine/threonine kinase » B A] .40 A =4 & # 4 (isoform) :
Akt1/PKBo. ~ Akt2/PKB ~ Akt3/PKBy (Downward, 1998) » iff 4& 4 64 5F 5545 )
Akt $ 4 fp A& 77 (cell survival) & % v7 &9 Bl 44 H =T 3 &1 4 g £2 X 1L 8 ©
(apoptosis) LA & 3% i 4m fits, 4 & (proliferation)(Cross et al., 2000) o Akt &89 44 &
H sy se4o Fig. 1.12 pfw(shiojimaset al.; 2002) 2 €,35 —18 N 3% &) pleckstrin
homology(PH) & 3% ~ 2 ] 44 S B E 35 oA & € 3% 8 38 B B2 3%, © & 4o L K <2 R %
B Akt f7 42 7 %m i 8 % B threonine(308)#u serine(473) je 7> R #i B 4L 64 4k A& >
— B w2 B Rl ke kR B E E0F 2 PI3K &84 5 fa o iR T
AL o B4R $ A B b8 WL EZ (inositol) &k BEAL Ak B AL 6 MUEE B AF B b
&9 phosphoinositide-dependent kinase 1 (PDK1)$z PDK?2 /&1t > 7&1tay PDKI1
A PDK2 %3] Akt E#afg ittt » 3 55]3E i Akt threonine (308)Fo
serine(473)Z #i B 1t > i M &1t Akt(Alessi et al., 1996 ; Alessi et al., 1997 ;
Cohen etal., 1997) > — B Akt &/FE/Lx2 1% » @ e iEmioE - e g R
AT EAR E 2 AE A (3R, 2010) ©

Akt 7T LA 35 d #pH| caspase-9 8975 1L 0 [k 4 B2 A, 16 )8 < (apoptosis) &)
#2 FZ (Cardone, 1998) > sk #% & % B /& FOXO3a(Forkhead transcription factor
3a) 51k 4m B A2 X AL JE 48 B B F &9 8 4k(Brunet, 1999)- gt 4 Akt =T LA#: EE 1L
eNOS » ¥ ho— &4t 589 & A (Dimmeler, 1999 : Fulton, 1999) » i 3| {3 3% & fo
% & 2 & (Hafezi-Moghadam, 2002) - K gkt » Akt f£.& 0B & 4 P38 Z 4%

&9/ A > Fujio et al.(2000)35 & » /N RS hg 2 /& 1689 Akt =T LA (K2 d -
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# 7% 15 £ (Ischemia-reperfusion injury, I/R injury)fr i mx 84 4 i f2 X AL A © >
Matsui et al. (1999)4,#7 %% 2| Akt /&1L AE 59 A 2830 #] -8 WL 4 i (cardiomyocytes)
1 #1 A (hypoxia) ik B8 T A ik a0 fe o f2 AL A © o

PR T Ipdl b B B U S 0 Akt R R ER BT AEUR BT ERNOER -
Ht % 45 H » sphingosine-1-phosphate(SP-1) XA & vascular endothelial growth
factor(VEGF) % & & &5 PI3K-Akt 693 /& R o B304 KN K 0B
(migration)( Dimmeler, 2000 ; Kureishi, 2000 ; Lee, 1999 ; Morales-Ruiz, 2000 ;
Panetti, 2000) - M E B4 KA 0384 8 8480 > HL Akt LWL ET £
B0y AiE A & > Cho et al. (2001)35 8 » Akt JK BB 4 &9 /s B AL RS LA BT &
BRARRE R T EEHI R - Fig 1.13 &5 Akt &R AT F oy ohse - L 518
ETHEaE T PR Akt %}*@B@iﬁl%%ﬁﬁ R HEZMRET

ai=
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Pr[?.l Hﬁﬂ]"’:

PDK1PDK2
¥ ¥

® ®
T308 S473

KD HRD

Cell Survival Cell Cycle Glucose Protein
Bad E2F Metabolism Synthesis
Forkhead p21 GSRKJ mTOR
IKKa MDM2 GLUT4 S6K1
FLIP hTERT 4E-BP1

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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Glucose
/' Uptake

Growth
Angiogenesis

Metabolism

Fig. 1.13 Cellular functions @of rl;'t,en kt = substrates. Akt-mediated
phosphorylation of these pljptelns] ads to their activation (arrows) or inhibition
(blocking arrows). Regulation ﬂf these substrates:by Akt contributes to activation
of the various cellular processes shown (iie., 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. 37 77 4 Akt R 842 H > 2Fpr

FRFAE N R m B AR B @ik Akt X BERILIE A NEFIE G
B 2 B G EHBRALT IR ERRKE - Akt X EALHEBE L
PI3-K 23R8 EMmER > §N Ll H1ER MG Akt 2 4% > =T ¥
) % B A T AR K 4m B 37 (turnover) Z ik % (Dimmeler, 1998) » sb4h 0 %
RERAT A R Z N R e ® 3k BB L Akte AH{E eNOS 4 serine 1179 z
i BB AL MR S B R E M 0 F4be) eNOS TH i NO - F2|R#E ob

% % %,z B 8y (Dimmeler, 1999)
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1.5. — &4t (Nitric Oxide)zn & 1% &

1.5.1. —EALE N h T AL A RN EZ ARG

— S AL B E e 4E 1980 4% Furchgoot 1 Zawadzki 4 37, 0 12 % 7% sk 42
N e g ik — RO E T RAD B EHETR H—HBP LA
M R 4o %3 B F (endothelium-dependent relaxing factor, EDFR ) (Furchgott
and Zawadzki, 1980) ; %4 RE@% 20 £ ey A HRBAF 45— /LA
(nitric oxide ) (Behrendt and Ganz, 2002) ; &% — AL 8B A8 5 F » &7
Frtmpp k] B ki SES TFRTR IR > FlloEn T BETA
—e B ALy FE A K NO £l NELE th > F 2 F ey X ZRIET &
# Fig. 1.14 (Mocellin et al.,2007) ; NO &4 5 — B4 M P A RE X5 F 0 F
RZHEAR T 4 HEem —’J‘%‘J)ﬁ NO| $hi 42 B 477k » BB IF R
NO &% 5 - =T 1F % — 42 Bp & RUE &40 (35, 2010)°%

R e i A A e NOo 56 i i dm B AR 32 6 W & 4o il — AL RS
B (endothelial nitric oxide synthase, eNOS) % #|/&Fibmm & £ - eNOS T 4%
A B AF g (L-arginine) 24 A NO & Nz B (L-citrulline)> st —B 2 F & A
# #48) B -+ - FMNH2 ~ FADH ~ NADPH - calmodulin ~ & tetrahydrobiopterin ;
R BT Ca’ "Fe™ R 43518 % 49 eNOS 751+ (Michel and Feron, 1997)e
A A8 NO € s FiFALmbe (vascular smooth muscle cell, VSMC) »
# & 7Z 1t soluble guanylate cyclase (sGC) 3% hu cGMP  {# fn % 47 7k 2% A

& % 9 &Y A& 22 P47 (Gow, 2005) °

NO M 7 A8 B 8947 3R 5D » H W R mia b B A R R - k4G B

NO 4R X ehmin i & ~ ML F i ankmE N T ERR > Flie
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ICAM-1 ~ VCAM-1(Kinlay et al., 2001)#Z E-Seletin(Kosonen et al., 2000) ; 3%
Au HO-1 g2 HSP70(Marshall et al., 2000) ; 4, €38 4% 3 79 & 40 0 4 K &9 R F 91
BHREARRER o 520 B LAz 85 E % (adrenomedullin )(Drake et al., 2001) ;
Hp#) VSMC &9 4 &k~ fo R B & (platelet aggregation)~NO 75 A #p 41 tissue
factor & ZLAg R » B F AR B9 AR ©

RTARERGAEZI > NO &TEBHZE G E EITHFREAH

( post-translational modification ) > HE:X S E GG aFH > FEL T H ML
133 > e & A R RIE - — M RANO ik G 8 24 B Sa1ER 6
TiERE A MAE T K —FEBIA S-nitrosylation » & A A& & H £ Cys 893%
A 4 kK R E #4-SH group i NO 7T $2 Z RJE, sz -SNO > % 7T 3# R J& (Hess
et al., 2005) ; % —#&Bp &5 16 R JE ‘(nitration ) » AR AR & &8 L Tyr 895%
A4 F 5k R JE -OH group Nd-?"r';ﬁ\iz}iﬂé 7 . Tyr-NO, (Ji et al., 2006)
7 — 48 R 52 35 18 Fa) B 09 R0 40 B e mh BB 09 5 M 0 B B H ey e B IL A2
B o 3 T 53R SR R 69 R B) oflke SHP2 (‘Sre homology 2-containing
tyrosine phosphatase ) #1 PTEN 3 #%3R & 4E4% S-nitrosylation % B3 4]
(transient inhibition) H k#hekageyF M o Fig. 1.15 Bp A NO #4%& &g 4 4T

8 3F 142 1586 T 3R &) 4a B2 ) AE 849 T & B (Mocellin et al., 2007) e
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CYTOKINES, LPS
CYTOKINES, LPS _ OXIDANTS, PATHOGENS
& ALLERGENS, HYPOXIA

CEeLL
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T TyrosINE
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CAT Tca®
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GUANILYL CYCLASE
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CALMODULIN EAmrioRe \L
L-ARGININE fe.g. NFy8)
TPKG 4) HEME-CONTAINING
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ARGIHASE’ (Ccmsmuwa NOS / INpuciBLE NOS (09 SOLUBLE
GUANILYL CYCLASE)
UREA CITRULLINE
B} TRANSCRIPTION
GSH ownoae REACTION WITH FACTORS
ORNITHINE GSNO | NO S TRANSITIONMETAL-  ——>  CONTAINING ZING
ORNITHINE-DEGARBOXYLASE | ENOS™NOS) T GONTAINING MOLECULES FINGER DNA-
SPERMIDINE SYNTHASE ) _pose [INOS) BINDING DOMAINS
SPERMINE SYNTHASE
POLYAMINES A) 2NO+0;7 2NO;, — NO;7+NO 7 N0, NO;™ (i)
(e.9. PUTRESCINE, (nitrogen {dmitrogen
SPERMIDINE, SPERMINE) dide)} noxida) »
NQ” (wrrasonium)
u R-SH
y B NO + 07 ? ONOO™-> ‘OH + NO;
? CELL PROLIFERATION painade)” oammim, - ERR 4GsNoR
2 INNATE IMMUNITY — {nﬁfyngm
? NOS TRANSLATION Tyr ol
DISMUTASE MPO.EPO  TvR NITROSYLATION)

HO #1420, «—— HJL0, G4 TYR-NO; (TvrosinE
F (hydrogen HITRATICH)
CATALASE  peraxide) NOy NO,

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 (N,Os), 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 protem functlons hy dlfferent post-translational
modifications. (Mocellin et al., 2007) « 9
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1.52. T h¥#— A LR 1R E > e

LRI HERZT > B R i ¥ ) eNOS @48 F b 3f 4 — Ak
7,89 & A (Kuchan et al., 1994 ; Rubanyi et al., 1986) » H & 44 4% #] 48 % #8 5¢
HLmppH A E— S AR MU EF - BRI I H 2 — A heat
shock protein 90 (Hsp90) > P # 4a fits 2 3] ) k| # 2 4% > & 3% hv Hsp90 #1 eNOS
&y 4 A > 4& eNOS &1t » 3 v — & 1t & 4 A& & (Brouetet al., 2001 ;
Garcia-Cardena et al., 1998 ; Pritchard et al., 2001) - st oM & B fb o & B — 18 A
PeMEH] L 2B A Rk =% > eNOS _E &) serine 635 #v serine 1177 % &%
Hi# 1L 3 E 22 eNOS 7&/b(Boo etal.; 2003) = Booet al. (2002)35 & > M & 4a fig
L AVER 214 0 810 9% & % Bs A(proteinkinase A, PKA)4a ff &4 #4548 »

A B AL Serl177 » JL¥&4R ¥ & & % Es B(protein kinase B, PKB) & ff » 12— &4t
Ry & R 407 E PKB 64 ta i 94— 71 % % — F @ AMP-activated
protein kinase (AMPK) #1 PKA | &% 4 T A €& 81t Ser635 (Chen et al.,
2009 ; Michell et al., 2002) " b —jx 9868 (L% € 7F 46 eNOS » 3% v — A/L R
6 4 B (Boo et al., 2003) - M T &8 b9 Hsp90' 2 5k » ®hAL & JE (acylation) s
5 4 (translocation) % % F+ 7 eNOS £ % /1 Fay¥4E (Liu et al, 1994 ;

Prabhakar et al., 1998 ; Venema et al., 1996)
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1.6. ERK zf.6.1% &

1.6.1. ERK Aot A4y B2 A &

Extracellular signal-regulated kinase (ERK) & Mitogen-activated protein
kinase (MAPK) &G H ¢ & uy—3% - MAPK HEAMEE Lo €28
MEEHIIT > AR ) A 548 MAPK pathways > & fa g % 2] 7
B 8 o A k] istde ¢ A KB F (growth factor) ~ #7 @ % (hormone) ~ %54 Fo &
MR A1 (mechanical forces) % - 4mfif € 4% 35 ob b /2 F1R3E > £ MAPK
pathways EFAL#F % T #5888k F F4v : bZIP (&% A c-Jun & JunD) - fos
(c-fos) ~ Elk ~ myc ~ NE-kB ~ ATE2 % > &2 £ &k (cell growth) ~ 3% 78
(proliferation) -~ %41t (differentiation) - & #% (migration) 77 £ W% X ~ B
(apoptosis) ~ % fi 4L (cancer) (Wagﬁer and Nebreda, 2009 ; 3}, 2010) - AFAH
45 MAPK pathways & L2 =48 £ Z49% & %88 - MEK kinases (MAP3K) -
MAPK/extracellular signal-regulated kinase -kinases (MEKs) o MAPKs - i3 8t
FONMES -2 b XML BRAELEMN > ¥ L5 MAP3Ks fo
MEKs #84%7&41L1% > #&#16 MAPK 2 #idgfbis L B/ Z M > 40 Fig. 11.6

(Kyriakis and Avruch, 2001) o

ERK & MAPK family 2 5% B > &2 7 ERK 2 4h 0 34 340 INK1-3 ~ p38
ek aY > »H%AKRE MEK 4t > RE MAPKs & % B 79 B 40 % 69
A& F P £ 0 o Fig. 1.17 (Johnson and Lapadat, 2002) - Xia et al. (1995)
f6 4 - ERK #1 JNK ~ p38 #9384 a4 p % » ERK X 2# fimint k
i XALA TR E > ™ INK-~p3S Bl ¢ Esktaf e SR — 5
BRAZEAL 0 A — R e AR 0 DORYE da o B R BB R o At iR Y

ERKI1 # ERK2 &2k % » —H AT 748 ME 5% 85% * ERK2 A
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1B s B A & - Tyrl85 & Thrl83 > wfEfk B %4k shEE1bi% > i B Glul84
MREIEZ TEY motif» it 24 ERK2 z ## (conformation) fmf ERK2 &
1t (Payne et al., 1991) - ERK1 & buy sl K248 F - ERK1/2 % 2] L%
MEK1/2 z3# » MEK1/2 % E#% Raf ~ Mos #v MEKKI1-4 Z 3% » # &
% %84 ERK1/2 cascade » 7&4b#y ERKI1/2 & A4afiin N it 75 Lisg B F o

- Y Y H w2z AR R -

ERKfEAEmi s kgt o E T EZWAE KR T X @k
(cytokine) Fn % & B F(growth factor)&i&4L LA sM(He et al., 1999 ; Johnson et
al., 1994) » ERK b, &4k /M fe 0938 55 PR 546> Al mlo 775 - MR35 4 > Adb
3% 3% (oxidative stress) & & s ERK#Y 7% fb(Aikawa ct.al., 1997) » B8y » &%)
WA AC a4 s E F ) BRK o & R FLE 8 % B4 78 16(Hu et al., 2000) > Yue
etal. (2000) % 45 & > #P%GERK@iJvli'ji;k injury fii & 4+ 69 %a e B o £RA M L
SURK > 7T 4% 4o ERK R 47 3849 45 2 35 9 A °
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EMAPSK]

[MAP:JK]
inactive)

(active)

Fig. 1.16 The mitogen-activated ) p;'Otéili 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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Growth Oxidative

Stimulus Sactor Integrin stress IL-1

P T Y o e, Y <. W . WP 7 T
[ | r w \ [ TRAFB-
| jﬂ.-::'tivatur_f. .k_FtasGTPr. ) \_ Rac1 ) |  Src ) _taBi2 J

N DT G

MKKK H c-Raf1 MEI{K1 MEKHER TAI-('I
SR S S S
MKK | MKK1 | MKK4 | | MKKS5 | . MKKG
v - . l :
MAPK ERK1 JNK1 ~ ERKS5 p38
v . v . }
Substrate p90RSK c-Jun MEF2 MNK1

| ii

Fig. 1.17 MAPK phosphoryllation syst'ein_s. The modules shown are
representative of pathway connections for,the fespective MAPK phosphorelay
systems. There are multiple component MKKKs, MKKs, and MAPKs for each
system.For example, there are three Raf proteins (c-Rafl, B-Raf, A-Raf), two
MKKs (MKK1 and MKK?2), and two ERKs (ERK1 and ERK?2) 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 ; TAKI, transforming growth factor-activated protein kinase 1 ; MNK1,
MAPK-interacting kinase 1. (Johnson and Lapadat, 2002)
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1.6.2. 37 /74 ERK %R 818 E % 7

EA Y SMES H MAPK family ¥ ERKI1/2 -~ JNK #u p38 €% 3|

AP EmEIL KB

U

BEMAEMAEE S TSNS ELRER B4
B P9 R 4m B B 45 SRR eE 0 ERK1/2 #97&1b 48 10 54832 3] 4% (Bao
etal., 2001) » INK #o p38 A]Z 4 30 4285 & K&/ & (Chien, 1998 ;
Lietal., 2005) - INK #Fv p38 7E/bi ey ryhitt ERK1/2 8f—ub - {2 =%
[ B P} i 7B AL e DURR A kRl 0 R T VR R e s i > M R e e R AR X EBR
%) > R ERI N ERK1/2 ~ INK #u p38 #8554t > M2 h s k5
1~2 /NBF Rk P9 R 4 A 1R 30 JBAR R Q9B R 8 = A bt & i AL

3 /17541t MAPK pathways #igF % E 5 e9sRE2 S TAHM » T8%EH G
protein A %8 HE & d G,y €54t BRKs &9 Gy, RIEAL INK (Joet
al.,, 1997) - PKCe fa% ERKI1/R2 J—_,z? » i ERK1/2 Z 7E/bA M o sboh -

ERKs #v JNK &4t %2 focal adhesion kinase (FAK) A % Ras Z &g/t
# B (Lietal., 2005) o

44



R EN A% S B BY

8 AT & F 8 64 STER =R °T BB 3, 0 & i (laminar flow) A7 & 4 69 57 77
N min g RE/ER > £ Akt~ eNOS~ERK #HiE2 e T2 AL -
MAAL AE OB BBRARN K el A IREER > F LRI E > #idt
BT E A IREAER 0 ETAE A 1B Akt ~ eNOS ~ ERK #3842 % -

AR BAHNFALRAT R EERTHREDY BB THN Kk
B 3T 4R 2 T AL B e & BT - ST — 35 T A2 3T ) 7 & 4 0 a6 4%
EAER H b ey VE A ] sbIh B AT HAN AR B L A A E A 6 T A5 AR
e AIER S R R B AR B A RN T 6 1R R AT
%%%%%@%%ﬂﬁ%T%T%%E@%%%E’ﬁ%%%%iﬁi%ﬁ
R FAL B 6915 A BEAE T R

AARZBHEEAE B 40 Fig LIS Prw - H— A K F T 1A
THACAAERRFERTXBAE £ = AT ) o TR N K ba i 5 1L &
AR FZAARFACRAET I TR BT I EMEAS - Th
ML Himln S A REER > B TR EEEMN Bk A THE
BB AL B e A R AR R R ey B R BT AR TR & @ik
IERARE > TUEZL—5F; sboh > REFTHGERLHEM > RTHELP
BTHER ZARAIE G ES > B A RRBILAMEH EZH THEE S
F Akt~ eNOS ~ ERK &9 %% » TRARB W XA £ -
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I It so

How? What?
Regulationof endogenous H,S Theroles of H,S 1 shear-induced cell
by shear stress signaling

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 H,S production.
Second, to elucidate the methanism by whichishear stress affects H,S production.
Third, to study the roles of H,S-in shear-induced cell signaling.
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B2 FwAH - REB -~ RIZIROK

2.1. F Btk

2.1.1. tmpaIt R R RS E R

BB % & (Collagen) : #08-115, Millipore (MA, U.S.A.)

Dulbecco’s modified eagles medium (DMEM) : # 12100-046, Gibco, Invitrogen
Co. (NY, USA)

P54 s E (Fetal bovine serum ° ff4% FBS) @ #.10437-028, Gibco BRL (NY,
USA)

“ 4k & & (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 BRE(NY, USA)

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

Phosphate Buffered Saline (PBS buffer) : 137 mM Nacl, 2.7 mM KCI, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4

P/S # 4 % (Penicillin/Streptomycin antibiotic) : # 15140122, Gibco BRL (NY,
USA)

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

& aBg (Trypsin 10X) - # 15400-054, Gibco BRL (NY, USA)

47



2.1.2. BF BELSRER L

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 (Serd73) : # 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-HCI, 10% SDS, 50% glycerol, 25%
B-mercaptoethanol, 0.05% bromophenol blue, pH 6.8

SDS-PAGE running buffer : 25 mM Tris-HCI, 192 mM Glycine, 0.1% SDS
SuperSignal® west femto maximum sensitivity substrate : #34096 Thermo
Scientific (IL, USA)

Transfer buffer : 25 mM Tris-HCI, 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)

JE 4K ¢ #1001-110,Whatman (England)
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2.1.3. siRNA #% 2

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)/7 3% 3t 2 57| > &3 &£ T F F&/» 8] (Taiwan)
WL E S

Sense 5’-GGUUAUUUAUCCUGGGCUGATAT-3’

Anti-sense 5’-CAGCCCAGGAUAAAUAACCITAT-3"

2.1.4. BRAb &8l E

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

i 4% #1001070, Whatman (England)

2.1.5. R#sk

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. Bpir 2 & F 4851245 R JE (Real-time quantitative

PCR)

DyNAmo™ Flash SYBR" Green qPCR Kit:#F-415L, Finnzymes (02150 Espoo,
Finland)

TagMan® Gene Expression ‘Assay : Bovine ¢ystathionine gamma lyase (CSE)
(bt03220298 g1): Bovine GAPDH (bt03210913 gl), Applied Biosystems (CA,
USA)

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

2.1.7. % 9% st#E(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. TE4eHt

MicroAmp® optical 96-well reaction plate : #N8011-0506, Applied Biosystems
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(CA, USA)

MicroAmp® optical adhesive film : #4311971, Applied Biosystems (CA, USA)
Parafilm M® : #PM996, Pechiney Plastic Packaging (IL, USA)

=m# (Three-way stopcock) : Top Co. (Tokyo, Japan)

F#7F & (Surgeon’s gloves) : CSDC Co. (Taipei, Taiwan)

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

415 (Syringe ; 25 ml) @ Terumo Co. (Tokyo, Japan)

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

32 & m (Petri-Dish) : # 3003, Falcon (NJ, USA)

TREAMERE (P100 ~ P200 ~ P1000 ~ P5000) * Gilson (Middleton, WI, USA)
B T #430791 (15mL) ; #430829 (50mL), €orning (NY, USA)
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22. TEIER

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)

m#k % (Heat Gun) : Master Appliance (Racine; WI, U.S.A.)

Z R #y %% H (Rollerpump) i Flex, Cole-ParmerInstrument (IL, U.S.A.)

i A %M % % (Vacuutm Blotting System) : Pharmatia LKB Biotechnology

(Uppsale, Sweden)

15 7% 7Kk 4% @ model 850-S2, Hotech Instruments (Taipei; Taiwan)

18 8 3% % 48 (Water-Jacketed Incubator) =" Forma Scientific (Marietta, OH,

U.S.A)

£ H & BREES (Biocare Hood) : Baker (ME, U.S.A))

.ot (Centrifuge) : model 2420 ; model 1700 ; model 3500, Kubota (Japan)
35 &4k % % (Ultrasonic Homogenizer) : model UP50H, Hielscher (Germany)

A 4% (Microscope) : Microphot-FX, model TMS and model Diaphot, Nikon

(Japan)

BB K AR @A B - model TM-326, Tomin Medical Instrument CO.

% & # S48 R]4% Nano Drop® : # ND-1000, Nanodrop Technology (DE, U.S.A.)

T L5 BRI % % (Camera Image System) : LAS-3000, Fuji Film (Japan)
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23. BWBRIEEM I L

2.3.1. B NIERE TR K e B3 &

ERARBRBRFESNEMBEOABET (£ 4CTHRFH 24~48hrs; &
Bt &2 %% > Taiwan Adventist Hospital ; % 57 2% > Maunicipal Wan Fang
Hospital) AEAR P > 3 AvA 100 mL PBS ;256 o {2 B 4= 45 Bk F 95 3T % — )
Bi% o A= (three-way stop cock) » LA REEFEE 5 HE—3 =19
B 0 & 7 b — o = ) B FE B &2 481k (cord buffer) > EM& TR 7 — 3w =
6 ¥ > 4% cord buffer i th - 2 ob 75 ZRHE 7 A 21 60 Sl > 3 A B A BAEAR o
2 M —m ="k 2 B A b3 =@ REAE S 0.01% (W/v) B R &G B
(collagenase) &9FE & 1R - MR SR A » AN B AR (A0C 5 %
an+%%mﬂw%8%ﬁ&’géﬁ%ﬁﬁém’%ﬁ%%’&m&@
MR o Mtk A RS B AER 8 B ik (Medium199 + 1 % PS) > 571 &
R e 2 o 0 = 18 B AT AR @R 4010, R0 B S IR A e LA 34T A
WEIKN AR e i 2 3 R RS s R S0mL &% 0 24 1000 rpm - 84
Bk B (model C-150 5 #FFMath) » BB w6 548 S RIR LFR > YT ER
T Z ta e 0 lmNeA 20 % (v/v) Ba4 4 (Fetal Bovine Serum » FBS) #9
AL BURERDRIE Y XITH b > o EMH H BT miB ey
B R F RN 10em A3 Hm b o RAEBIZEFAN & 12~24 | \BFay
BB AGL  AETEERAR 12 R AERRGH LK EMWAH
gagsn ik A (4 20 %FBS+H10 %EGM)» #5 1 ~2 X144 > AFEAE 450k P9 & 4
A& (human umbilical vein endothelial cells, HUVEC){& #£ 10 cm #a#§3zHm b

WA R EeE R (monolayer) -
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232, NFEREGERIRN & e B 484K 38 &

Fehm—REERON K et ko ¢ 6y R A 3EHKER > A PBS
BRI e AN 2 mL A& G Bk (Trypsin) 14 » MA 37T CIREIZ R
FAER 2 o483 eR AT 0 BB IF 0 o NS 20 % FBS #9338k 0 AP
Aok & GERIER R R T ATA G935 AR KA 0 21000 rpm X B3k A
s 10 548 B EFR O BT UBRE R @i > AN SR AL ENY

HFmpp o

233, FEXHIN K KRB A

Hekhk— % %EERGF E2EHIKANE %R (bovine aortic endothelial
cells, BAECs) 3% &m ¥ 648 A 3 HA%KIR 1 A PBS ifk ¢ /w2 mL %
G &gk (1X Trypsin)-44 1 AN 370 B s 541 | ndd iE mB i s
a4 10 % FBS wy3gd- AP il & Qg iEm » B A m ¥ A7 A &
¥ &A% 0 s 1000 rpm X EREES 5 4 R EER 0 G T UBNE R
WyimBe  mABEAH 10 % FBS WM s A S 33 9 K iftmpe > 24 113
R 1:28plyERE 10cm Hhm

234, W& o R3EEN A

R & B KGR AR AR SR BAE P A3k A (75 mm x 38 mm (Lx W))
BIEKVRE ~ Atk > B Em (100mmx20mm (DxH)) > #%h EE &
3 mL &y fibronectin (50 g/mL) - # & W/ N654% 0 4§ LR &Y RAERIR o
ChA—REERON K @BRIBEn T o) R AIBAEKRR © A PBS &k
Wik s heA 2 mL BRE Gk (1X Trypsin) 4 @ M 37CHEBILEME T
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YER 2 p4E b egiudkdT 0 i > mA S FBS g9t 53 > APk
aieER I EIRAm P ATA 6938 K H1% > 2L 1000 rpm 2 #ig B0 10 5o
R LEFR YT RBAETRGEIE > AR AERTNYYH BT

Be o B tm B R R SAB R 1.5 mL 34 4 1 4838 fibronectin & Z 893k R L o

23.5. AEETH

2351 mEEXRE

3w A E E (flow chamber) 89+ £ H ook 4 RAK A Eohta itk
ZHEARGHRERGNER 2K TR A TR — FAARERAEE
(parallel plate laminar flow/chamber) > 4o Fig. 2.1'¢(f7m 5 A& E X & A hés @

3

A#% (chamber)~ 3% 89 % B4R (polyca_l?b_gnate plate)s # R (gasket) 3% h (glass
slide) Fo 84 (rubber) Af#h A - #ER 5 BRI ¢

I fesa H AN BNERABEAR T EAAREIKERS -

IL pOEHIEMRIR @ RHER Sty RE X @ -

L SREBFEAN Rt Rk Dmpama T A EAN L BB E 4 R
e e

IV. B3R LREBRBE UBSGEACLEEEF AT RRAHTZIHE R -
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v ¥ L L 7 Screws
B ¥ T
=~ .
G s - § — == ;
o= - S
“d rubber
™~ . —— Glassslide
T - N
Entrance ISlit Exit Siit Gasket
Chamber == — — ==i'
’ 13 >3 S Fl tlet
Flow Inlet = = = = 5 ow outle
\‘\
Flow Deck

Fig. 2.1 Parallel plate laminar flow .:_('I:;hamber. The rubber, glass slide, gasket,
and polycarbonate plate are held [together in|a metal chamber by screws on the
periphery. A channel of uniform heightis 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.
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B % 2-F4 (momentum balance) » 7] MiAE st & B2 28 ) Ao o K
4o Fig. 2.2 49 7h82:@ & (fluid channel)’ XA y 7 ) 89 Navier-Stokes /&, ] LAk
HTHER»HE R (slide) LegBEmaT 71 4 -

_641Q
wh’

Tw

#¥ Ty =@\ A (dyne/cm®)

=% (dyne.sec/ cm®)

=

Q=% (cm’/sec)

W =K ZE (cm)
h :/}L 'F{}g; (Cl’l’l)
M I 4% 38 18 &Y VR B2 5 2% 2 (Reynolds.number, Re ), 4

Ry L 2000 1200
A e

e
_E.
k)
I
e
B
il
N
B
i

U=s3%

FRW0TFBEHAT LBERTAN (Ty) BAE (Q &9 14 K

N=E%Lﬁu% ARG ERE R AR AT E N BT A -
\%%

UAREBRTHRA Y A 12 dyne/om’ ) weh Bop 5 Bl4% & B 3R (gasket) A
R egBERE (2.6 cm)~ &5 (0.025 cm) A idA (M199+420 % (v/v) FBS)
9% (0.0084 g.sec /em) R BI4A Rt AR P F A1 4 12 dyne/em’
BER > ZBIRELEAA 039 ml/sec o AR My LAEE 69 B & ATAF R
BRERAN T EH TS 35T RAABRG AR EEL R R -
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Flow Inlet \ Flow Outlet

—p . —

= A

& Z=h/2
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J& R iRE E PRE@ A /7 (wall shear stress) & Re Z 3t B @24 FAiow -

Assume V, =0V, =0V =V (2) - steady state - constant 0 and

M > Newtonian fluid, g, mnegligible. Equation of motion in rectangular

coordinates (X,y, z) becomes :

=4+ —=+V +V + + -
a e T o aZZJ 5y

o, ev, oV, _oav.\ op (oW, oW, oW,
P p el i
Ot ox 7 0Oy Oz

o'V, op
8z> oy

=

oP AP BLR |
B T| copmeeadit

assume - 8y = Ay 0~/

2
:aVy:P/_Po

oz’ 7y

with boundary conditions :

1. ~=0 4 z=0
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_ B 3
So, V) = h=h (h —4z ) and :2f/V wd (PO Pl)h
’ 8u 12p-1
av, PR-Ph
T =T dz / ‘
j— Tl z'yz at z = % = (Po P )%
ou-Q
— =
wall th
(4AJU_ ( Awh J
Yo
2lw+ h 20hU.
and Re= 5 ( ) & (ifw>>h)
H H
H A © cross section area

P : perimeter

2352 /nLéﬁ,E %‘Zma -E’ﬁi/ﬁ%i

MENERRE o Fig. 2.3 Aiow - B At 2 R ENKIBRNE -
I BB R BBIEZ S 5% CO, Shhnfafa R AR ER » ARIFI/ELZ
pHAE % 7.4 3B ENEB AR T - I8 LB AKRE  RITFHALBAE
i e 37C - PAE L2 E X H 5 (roller pump) » 3t 45 7% 38 & 2% (pulse
dampener, ; Masterflex, U.S. AN M A4 0 ARSI R Z IR MEHE

60



B B EMT SRR e kS 0 353 AT E R A B A A
REE S AL BE R BB REMRTY 0 MRS —BIEKE - BN HEE
HRERERESR  BAGKMEE 30 242 EBTKREL MBS H M
Bl ARSI EEANADARGHABLETER AL LA THBETRRALER
FERIFKTASHEN MREEZTHGLABHEL > ARlhTmih  EFREE

PRSPl 4E R 4T 0 URD IE— B R YA @Ik 2 B o

. :{-:' L] Iﬁ%
i L
LogsgeIenor

g
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Water Bath (37 C)

Flow Chamber PU'se/’Djiener
—_— ————————————
5% CO, T
+
95% Air
—
- 1[ i —r
/
| Medium
Peristaltic
Pump

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. e & G H R

BERRIZGB @Bl PBS &8RRG > KL AmAKE L LR G
Z R B hu NS & G Bedp ] & (Protease inhibitor : NaF - PMSF ~ Aprotinin »
Na3VO4) )5 pe 4 %75 7% (Lysis buffer : RIPA buffer with protease inhibitors
and 0.1% SDS) 4% > B H THE 1S mL TP BEABTRE
BEGmms (FEERAELADR ) S TREACTERAMERECH
24 12000 rpm &9 2235 3.0 30 4% 0 sbBF 2 E AR B A total cell lysate » 3T

SRR AT Ry e o 2 8% G E 4 & - #4T Western Blot 2 H 4§ B -

23.7. B E 5 aRx

EAERT  EZAMLER Bradford method 7% G E 22X R X
(Bradford, 1976) ° 2 uL & Jafo A 8 ul-%hK » 38 Bhe A 200 uL &9% & 4 &
& &% (BCA protein detection kit, reagent A _:.reagent B=50 : 1) » ;2534 4
BB 60C e IEBAIGRA 30 548 B UL EAE (kinetic
microplate reader) Rtk sm K KA 530 nm B9RKAE - B4 RARREF A
AR E % S 000501030507 ug/ml & BSA 2% %4 > 10
uL e9AR ik mA 200 UL o9& 8 g R Z € /& (BCAreagent, A:B=50:1) >
Db & G E R R A a2 E dh 4 (standard curve) s By pEAZ HE g 4Rk
THEtkuZaERE -

238 ™ R

BERRIEA @B UAR X F RN EE G 450 T it 4875

40 BRFRIEZE G sk B AR FRE > SRR E (5X

o
:x\
}ﬂ\m
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Laennli sample buffer » 22 1 : 4 g9 B LB FE) - N 95 C oo+ 048 » A1k
# 47 SDS-PAGE & 7k (SDS-polyacrylamide gel electrophoresis) » 2L &) 90 4K
AT 2-3 0B BRI BB A X BARER (transfer) F Rk BAAANMIEE T
18|\ transfer buffer > LA 280mA #EP R 2| =B/ N0F > BPe 4% G H #4# 3|
PVDF B R L BZ 4 5% 4 @ik G% a(Bovine serum albumin, BSA) &
0.1 % Tween-20 &9 TBS %% (TBS-T) i#47 blocking » #)Z/BE R — /NEF »
R A —a&ya (1:1000~1 5000 HEEEFE) Zig > NER 2 N
B b 4CTFH# RiB&R > B TBS-T Bk =%k > BR+o4  RikE
% BhPiRE - f2]47 TBS-T 4% > /mw AN HRP AZ 2289 — & 4ige (1:30000~1: 10000
MFE) 24 5 % BSA 6y TBS-T /%80 7Tl F4£ 3% 1~2 /1 8F > 2844 1
TBS-T k=% &R+ 54E 0 &2 1B E e chemiluminescence substrate »

g A RBESV R SRR B E HRP 21618 E Hdg o878 E -

2.3.9. @B total RNA = F&ER

&K B e 32 1815 0 iRl PBS, S R R 0 TERILKE G IR
/A TRIreagent » N E R TR S #48M% » HERER 1.5mL #EsE P »
H e 0.1 mL bromochloropropane » 5| Z13% &394 » REB TR 2~15 &
s H SR > N ACTHERMER K ~ 12000 rpm #-S 15~25 548 5 4%
EFER (kKB) #BEELFW B —EESE T 0 jua 0.5mL isopropanol » 4% %34
g REBTERS~10 5481% > 7 4CTF 12000rpm #8548 #H L
7F%& » Au 1 mL 70 % ethanol #2 RNA pellet ;2434 4 4% > # 4°C F 7500 rpm
BES S b o 3R LR 0 Aedh BB P 4R RNA pellet 321 # 5~ 10 542 >
# RNA pellet 2582 % % 80 & .14 0 Ao A il ¥ B2 5% 69 DEPC K =% % B-80

CHtz -
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2.3.10. R#%k

A Nano Drop”i] & total RNA 4 %2 E > $5 B AT 5 P S48 Sk
DEPC K # #2 £ 48 ) LA #1488 F B bb 82 © 18 R 3545 R & 24 20 uL A B A3
# 1~5 pg &9 total RNA #> PCR #-o % ¥ M8 2] 11 pL > Ao 1 ul K431
- (random primer; 200 ng/puL)$2 1 uL. 10 mM dNTP- £A Biometra Thermocycler
T3000 Auzh 2 65CEHm4E S RBEBFHRLBRE KB 74 - mA 4 uL
First-Strand Buffer » 1 pL 0.1M —#&% & #% &% ( Dithiothreitol, DTT) » 1 uL RNase
OUT™ 5 1 uL SuperScript™ III Reverse Transcriptase ° 434 £ 1% * Aok 25
Cayst > HEMHE SOCK +o4% ik mBAE T0C+ EnsE - Tak

¥ L BP & cDNA » T f&457-20C -

23.11. Bpesi & R 484 R E (Real-time
quantitative PCR)

2.3.11.1.  DyNAmo™ Flash SYBR® Green qPCR

B 5 ¢ A Finnzymes(Espoo, Finland) F-415 #7244 > A RAEZ TR
48 91 %} B8 48 % F4] cystathionine beta synthase (CBS) mRNA #98#t £xHE ° A7
A &3] F 5740
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’
M AT R 3R 4% 7 AR, 69 4R 7R BLiE 2 (CBS:20 ng; GAPDH:5 ng)4& Finnzymes
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B2 05 B e AR JE 2B (2x Master Mix, 50x ROX reference dye, DEPC
water)  JRA R RIE HE 20 uL sw A F A 96-well plate F 5 #F B 0 #ao(E
Bk R A BN well K 0 37E Applied Biosystem 7500 Real-Time PCR
System # % B L BRAZ M E  RTEAZEHEZR REEKMFH -
(1)95C 7 44%:(2)95C 104 (3)58C 15 #:(4)72C 15 # - ¥ ¥
BR(2)2|(4)i4T 50 1B4E3R > > L EAFEM B AR PCR Z g% RIEHE iy
Bl FARIEE RA% > 2R REAT o4 EIGE F &) threshold » Bp =T 4%

B EHE—EEMHE Cr &> L& BT HEIF2 mRNA &8 LF R -

2.3.11.2. TagMan® Gene Expression Assay

AE B A TagMan”/(Applied.Biosystems) % ¥ &4 > F 2k ] & B 4o s
¥ 88 41 % Fd] cystathionine gamma lya_s_éz___(CSE) mRNA &8 #H &R RE - HFLaT
R385 5 A 64 e 5h B3 2 (CSE:100ng 5l GAPDH:40ng) R 441 £ 4.5 A 3L #A
232 )W F B e AR JEFR S (20x TagMan® Gene Expression Assay, 2x
TagMan® Gene Expression Master Mix, DERC water) > %45 s 14 2 20 uL Ao
ANE A 96-well plate # - 3 EIBE » #ESE R T2 BN well K3 0 4T
Applied Biosystem 7500 Real-Time PCR System # %5 » 3§ 4% 5 A2 A 45 AL
BT EAZ BN REEMFS(1)95C 10 2485 (2)95C 158
(3)60°C 14542 H 435 BR(2)3k(3) AT 40 B/ 28 > 3L B B i 4k 55128 PCR &
MEE RER e FED > FRIELE RG> HERLERET oM EREGTH
threshold » B =T 4% 2|4 — 18 £ 8y Cr 14 > & &3+ 543 2] mRNA 89 #4b1%

oL e
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2.3.12. siRNA %%

AR ER B4 AT — B R AENBY 0 A AR R TR X e B RT B3R R R o S sk
2 SiRNA AR emFZ ik LA ARBA LB ERE TR
ABEFE+ 52— o 32w A TurboFect™4a fity # 7 X %] (Fermentas) » tb15] &
1 pg siRNA 2 uL 23X E] o #34% 20 5548 » A RAERIBASE L ¢ tafi
B oo

23.13. R IUE

R B R TR A% ) da iR LART Ty TR We & B8 B Ak st 14 0 A1 A Bradford
method #E/TE G H 2R & - BB X &0 0t HAKFE R RE  [E
AR e N BRI RZ & & H ey fuil o 4C T LB - AR A MATRR
X PBS buffer /8 2 1820 & A & 5% BSA 2 PBS 7 47 blocking 1% &9 protein
G beads (Thermo Scientific) » 7 41C T 4% % 1 v]v0F 1 45 5k 1% 4% beads 3.0 Z 8

E ko 2 1% B A IP washing buffer/E 2t » 2k TS bk EFk > £4 2-3

» AuA 2X Laemmli sample buffer» 7 95C push+ 04 - AT R G Y

WL 64 ¥R 5 7T B A 14T Western Blot 3% 2 4t 8 B o

2.3.14. )u_’fb & /E'J/E

RNE B E F 4 F Yang et al. (2006) 24 & Zhao et al. (2001)&4 F i% 3t Ao 25

iE o &8 F BRI ) e i o AN B & & Bk (Trypsin) > A 37C B A
P AVER 2 sE s BT R 0 JuAd FBS sk b A
BB GBI > ERA AL > 22000 rpm 2 R EEG 3 4 BB
LER G T RBNE RGO EE B REEE T e 2K LR R
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FEWCE T R ey mBem A 1 mL reaction mixture (100 mM potassium phosphate
buffer, pH7.4 ; 10 mM L-cysteine ; 2 mM pyridoxal 5’-phosphate) > LA#Z & /&
E R BITHmAE - 55K e s J§ 69 reaction mixture ABLE R E R E 25 mL
AR P 0 BN KL o #H— 2 cryogenic vial (Corning) » &A% 1.5 cm &,
7 &y i 4 (Whatman) 24 & 0.5 mL 1% zinc acetate LA %% i & 3% i R ey 2R L &, °
J#& cryogenic vial A LAT B K EOYSETLHR 0 RARAL 30 £ AH#ERE
Parafilm®3t o > 37°C RJE ° 1.5 /N5 244 Aw A 0.5 mL 50% trichloroacetic acid
UL RE > L4 Parafilm® 3 E o 37°C — 1 A AL SR o B
cryogenic vial P 898 R BLIE 4K > fu A 3.5 mL 4K o ju 0.5 mL 20 mM
N,N-dimethyl-p-phenylenediamine sulfate G&# 7.2 M HCI) » 3 % ik fw A 0.5
mL FeCly (&7 1.2 M HC) > RJ& 20 548 © i e 15 00 75 R 3 s £ TR IR 40T
A A W5 0 FIA » k8 H(VERSA max)tunable microplate reader)a] € H
7 670 nm t R LA o 45 ATAF 64 PR SRR RO AR ST O A4 BUR R ©

HAbaRIEdsE P BB 00020408 >112-14~18~2~4~6~
8~10 uM #y NaHS 7Kg /& 4 mLe &R & 254F =& 48 » %) su A 0.5 mL 20 mM
N,N-dimethyl-p-phenylenediamine sulfate ;&% 7.2 M HCI) » 3 % B & fjw A 0.5
mL FeCl; (&7 1.2 M HCI) » RJE 20 4% » 45 REAL 6975 A 6 6 L 3t
(VERSA max tunable microplate reader)’8] & H 7 670 nm &R YL E - 4F P13 8

BB B NaHS i % 4 i K iE b 42 4w Fig. 2.4 o
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Fig. 2.4 Hydrogen sulfide assay calibration curve.
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2.3.15. E=A4bsL &I Ak
WP A REEATIFZE 2% L £ B National Institute of Health

(NIH)#r B %2 Image ] #5247 81t MR EXA TR I B2/t ®

HRER%IE - # BB K % A meantS.E. > if # 4T Student’s t-test > LAAT

F2 P value AT o S BaAEA it L2 £ £ &L ANOVA 547

ik LAFRATE) Fofﬁ%]k%#ii&@ﬁi

&V

S 1] o L

w

l'.F;.-
;? .
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3.1. B AHBILa A Rk B2

HAHN R ep & EEH 5REER  BUCATR - KM BATHNT A
BEBAL B A RO MM RIEFTAR Bt ARG AFITTHHN & o
B ¥ AL B A R B E A4 EHIKA K 40 (BAECs)& @ 12 dyne/cm’ &4 3]
AR #3042 15 W e B 30 B E b B I ARAL B — R RINeY A AE
4 2 4o Fig. 3.1

Fig. 3.1 #8o~ » 4237 /) R 30 54812 - mBg AL S A RR R LA T H
EAE > TR 1 & Rle 38 A s SURILE ARy L P 69 B T AE R R 183 e e i
NEALRAERBE RN ERE R wEFN ) BERENZEH T BoalFETE
AR T Ak ] -
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(0))
—

N
1

Relative production rate (v.s. Static)
N

0 ; ;
Static Shear

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/cm?)7and hydrogen sulfide production rate was measured.
(n=3, mean£S.E., # P value < 0:05 w:s, Static)
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32, WhHBALAERERZDE

3.2.1. B A ¥Eib &4 R B 4E mRNA 2 3

B 31 GeER TaTHEHMANRemsibat sy L

fERI B X — R A B WAL QA REFNE MR FELEEGEHNE

% B, 7T AE A 1838 hw mRNA a9 4k > Bk > £ AH PR T A #l#4% CSE
#1 CBS mRNA & & -

Fig. 3.2 $1 Fig. 3.3 %] % BAECs &8 30 5048 s & 2 /N5 3] /7 iz
#% CBS & CSE mRNA tha# & 3.8 o AN4lF 5r 051 258 30 485 2 /)
B EHANRE T S 'J’fji.%&%iﬂ‘r]aaﬁ LR B89 %8 8 R B AE - Fig. 3.2
825~ 'CBS mRNA &3, & R i’;z’vﬁﬁi’ 2B ) Rk 30 g R 2 e
mRNA & % 82 9= )| 44 (static) & & ;| %—7 @ Fig. 3.3 #>~ CSE mRNA £ 3
7 RIBK 2 R AR B R BREAE > JF AR 30 S s vl BB s 3 RT3 A T B4
20% > 2k % i ANOVA 4 o S35 HFo4E & 1.958 0 /{2 48 7K % 0.05
Z Fey FAE 1933 7B ARk 30 n44 2 FHEABETHERLIES
FLEE - GREAATRER TUHRFTHERBFILAA RFE F ey LA
3t R E SN AR AL A R B2 E ) mRNA &3 o
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1.2

1.0 - - T

0.8 -

0.6 -

0.4

0.2 1

Relative mRNA expression level (v.s. Static)

0.0 ; ;
Static 30 min 2 hr

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/cm?) 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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1.6

1.4 1

1.0 1

0.8 - T

0.6 -

0.4 1

0.2 -

Relative mRNA expression level (v.s. Static)

0.0 . . .
Static 30 min 2 hr

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/cm?®). for’ 30 minutessor 2:hours, CSE mRNA expression
levels were measured by quantitative real-time PCR. (n=3, mean+S.E.)
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322, AHBALA A REEEGE AR A

WRAF 3.2.1 B ey & R 7T 403 /) 3t IF F @3 e aifb 84 A B K 69 mRNA
F R ERAIEFAC QA R R MR T 38 hogift 4 A B % 69 mRNA & 35,2 >
B Rl BB AL A REEF R RN E T AR mmia B0 =
Rt BRBTHAERE@INFILRERBEZNRRE TUREFLE
H AT AR BA PTEAL R A RAYE I X 69 7T 48

BAECs f£ s3] /) Rl 30 5482 4% - B aflo N E @ E LA BN 25
MW EGEASE 0 Rk Fig. 34 - 8887 » &% CBS %% CSE £ 30
AT N R H I RO HAES B 3-MST A EF4) 10% « # K
3-MST £ A B *ﬁéﬁ,%idi%éﬁ%ﬁﬁ {8 B F ey EAE 10% 0 2 3.1 & P
BAC R A iR R EF B ERE wmmé%%ﬁﬁxm%%ﬁé {3 g
RARKE B AT Y BRAL A IR E L BAAH > B UbS g H A ] 6 7T 5

MRS FABETHEEIRT
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(A) Static  Shear (B) Static  Shear

| — — .
Tubulin ﬁ—__,{
Tubulin | — —

o

1.4

+*

1.2 - -

1.0 A T L

0.8 -

0.6 -

0.4 -

0.2

0.0 ; ; : :
Static CBS CSE 3-MST

Relative protein expression level (v.s. Static)

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/cm?) 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, meantS.E., # P
value <0.05 v.s. Static).
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3.3. Calmodulin ¥} 571t “"Liﬁk@%%z}ﬁia:

RAE 32 HagsE R > KRIAIT AF 40 W A 3 wailb 84 R 204 - B IE
F@E bR ERBEEFOZEEE 2 0 karHtds 0 CBS A& CSE &

# % 3|44 45 % (calmodulin) 89 3832 (Kimura, 2002 ; Yang et al., 2008) » B 4t
A ERESHEATNAT R BES T RAZFIC A A mBEF 55 ES
L E| b B M5BT R AL > B io N45EE TR E T & 0% 0 458k F & 913845
TS EMFEESETRACBREILES ARG AELBTH TN
(Means et al., 1980) o #&3E X Bk > 5] /] & 38 hosa i 458 TR > KM > sb—
HA R TR T AR SBRTF R E LA R B ey R - F AT
558k T 69 ROR K P REHR 5 R A4 3k (Yamamote et al., 2000 ; Yamamoto et al.,
2003 ; Mo etal., 1991 ; Ando et al., 1988 j Shen et'al;1992) » E st » KA F By
Bt b B 5 ) S5 AR RUE AR R R S oSSR T AT R
(calcium ionophore)A23 187 4 i g, 4m P 4% Bk -FIR BE L - 4 %48 A %R it
B ER ik MBARS AL HEATE ¢

%% Yang et al.(2008) 9 & B > #% BAECs B4 1 uM &) A23187 22 10 4
S8 2 1% (H R4 L A23187 w975/ DMSO R 32) » i aia 2k a d » LAl
55 PURE AT BRI 0 RN R R& 3K E G G (mouse 1gG)EATE BB1E A
& M4 ¥ B8 (negative control) » FxZ A B F BEEB R ERMER - T 2RI
(IP)ey &R sh > N E Ty BE R T FR R min 2% a d(WCL) ¥ 4545 % ~ CSE
UA CBS g UWHEEZEREAH BB T IL=REFa LA ELEA
BRE R DA R o 4 Fdo Fig. 3.5 » WCL 694 25T 505 S ok 20 B &
32 DMSO s# A23187 A€ HEBRZOEAARE [P B RETLE
CBS #3845 %46 6915W - CSE 7@ > £ 7T At 3L CSE 3RIRHY BRI -

AR Rk ati ey e R R REKRES G I RBRabL R
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A8 B &3R5 o 7T BAH) R Sb IR JE % B I & — P (non-specific) &g & R - 474 A
EERER  BMTUHERLEATHR T CBS 2 CSE £ BAECs ¥ £ R &%
B 4 o, P9 45 3 TR L 38 Ao T $L3E 45 K 45 S MARME AL B IR R A 1E
AT LS AL LN EREZEHR -

79



WCL IP

Ab used - - migG  CaM CaM
Treatment DMSO A23187 DMSO DMSO A23187
CBS | — —

CaM . — —— ———

Tubulin ——— —

—
——

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 pM>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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34, BALEH N ez %

12 3.4 AR 3.5 WO NER P 0 BRI AE A HEUL R E £ 0 AR
FBE - REFEATAGHRIEL > W miEE 60 UM &7 S1tsn (5L &
donor)#f A = T » Akt #2 ERK #i#tfbey 2 E £ 30 »4 N %A Lot
(Papapetropoulos et al., 2009) » B Akt #2 ERK f£2i/t &.A7 & 4 898 fo B 4% 38
EREBF T ETHEEENA S HHELAY NER T HEEAL 869 K4
{B4F313% o B2 T Akt 82 ERK 24 > eNOS JF & 33y 2 0 3 dy 7 NO =&
HHFERATRE@E—BREERNARESE ST mXpkiEEsLas 2
F & A NO & eNOS 7 #3842 > [ WBi1b & T Re, &0 /1 4 eNOS ey 4k A
BAFFEANGFEE 0 sboh 0 B A Akt 9 At %5 & eNOS.- 42 serine 1177 pb— 7% K 69 73k
Bz fb(Dimmeler et al.; 1999)s eNOS #4 B2 16 7 @ oA peNOS s1177 & £ &334
B LRE - Bk AT TR P wE B8 Akt - ERK 2L & eNOS &%
&) B AR -

AR AR A EAT B AR FAAL SR S 1t b R SR
BOVER o RE B AN FER SRR LA R B R R 0 BRARKAR FR A HLE A
BFf] TSR G ey it o A T H KBk —3% > BAECs £4 2% fetal
bovine serum & DMEM ¥ starvation [37% * & LA&L & 1b4n 4T B © Fig. 3.6
% BAECs 2 60 uM i S4b4n1E R 0 2 120 4815 2948 % > G B T A &
peNOS s1177 25 £4L4u1E B 30 548719 23 F ey 5045 48 B 46 = 9t -
AR XFE 60 42 T4 > B2 120 44 XEAZERERATHARE - X
i 2R —EABEMETRE LA RE TR REBREE AER AT 30
248 eNOS 55 55 AL T M2 48 % 9 88 - Akt 5 BE A6 ¥ 85 4] 89 B 14 2 3% A& (transient)
Ay > pAkt B BALAE AR A A 45 e R G i

Jr 3b1% Wi T & o ERK g shBkfbd 2 2B ER - p B 584 30 4
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PP BiFZ2AS 8B A RBTHE- b X8AE 3.1 G RRE
B AAER 30 414 s AL feh A A R T AE ik R peNOS s1177 T &~ pAkt

# pERK L2 &% -

P T A BAECs /F A RAEA 2 9 » REEBRTFAIA 7 HUVECs # % 574t
SeER > AR AL T @35 & F45 M siRNA Hilr oA A8 4a B tF AR
¥ 2 Bk o BEAR R L A4 2% fetal bovine serum &9 M199 & starvation g &
2 4% B OB B ACAN AT IR B oS3R8 B B 05 R BE R 30 48 A & 60 54k
30 4454 3.1 HYBREITAFFHLAA RGHFREE > 60 5458 A R
R 30 pharr BB ER AT IR S e AL AR N RE T A
10-100 uM(Olson, 2009 ; Hyspler et al., 2002 ;»Hongfang et al., 2006) > & 20 ~
60 ~ 100 uM 4F & TR EE - BB i& %4 Fig. 3.7 #5 » peNOS s1177 £
BAGHE I 30 4485 ¢ Bk RS AR X T A L BT R
2R VB 60 448 2444 720 UM B4 5 EUAb 49 A %5 ik, peNOS s1177 L+ 5560 uM
MAER AT KERRKREZE S 100 pM AT &6 1FD - Akt 955 ER 14 20
uM Z 3t f& B BE 44k 0 60 UM 23R FE4E 89 L0 100 uM R A 5k E -4 T IE
B9 o pERK & > 20 uM 23R4 F > 60 uM & 100 pM B 2 348

g AT AR T Ay Bt -

¥ 83 Fig. 3.7 2 Fig. 3.6 a4 R T LU 3R, » — % 4 60 pM 55 f4b4m a1k
AT &BABE FaM » 30 4z 8 60 48 R B85 2549 pAkt #2 pERK % 23,
BAAA bR e gkl R B R R 69 E a9 A2 R 4R £ R K peNOS s1177 4k A
30 4-4E85% BAECs $1 HUVECs W& #R 2R T EagHBER » B 60 44285
HUVECs &) peNOS s1177 #1222 & F+ &4 15 7 T BAECs &9 peNOS s1177 17 &

T FEE AR -
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BRAE U LR > KRATT A BAAL & &35 < ¥ BAECs 2% HUVECs »
MBIREZT EANIER ZIEFAAME  hEREIN AR A A LT 24
o &— > RBLILERTURRY AR 30 435 Taib 84 itk > TH
% A peNOS s1177 T ~ pAkt #2 pERK F A2 4% > § = » 3T UL
# HUVECs $2 BAECs ¥ A3 69 B B 46 R A — T o480 > A B th ik i {8
AP P4 e B B dE R o

5 e ; i'
& 2\
Ly ] |_I:_"_,.-' :i“:-{
o ]
I, e R
& Qo K
r‘-.:;,-'j % £¥
} J
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Time (min) 0 15 30 45 60 120

peNOS

— ——
(S1177)
eNOS T ——— N  — —  —
pAkt —— e —— —
Akt | — ————-‘_
ERK [ s e e daas S

=21

Fig. 3.6 Effect of hydrogén‘l sulfide do_nm.";" on Akt, ERK, and eNOS
phosphorylation in BAECs. BAECs were serum starved in DMEM, 2% fetal
bovine serum overnight before 60 uM NaHS treatment for various times as
indicated. After NaHS treatment, whole cell lysate was collected for western blot.
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NaHS conc. 20 upM 60 pM 100 pM

Time (min) 0 30 60 30 60 30 60

peNOS

TR A G e e o mm -
(s1177)
eNOS ... F T E_
pAkt T T SSN——
Akt - - e e e SR S
PERK R Jp—_—
ERK --—"'-—-_
Actin --- y  — N —

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. Bl A3 E 2 B4R B i it 8.2 Bl 14

35.1. AL & FREIHT HEE SEE % L

£ 34 8P FHiBEBEWAG AL F R 0 1F B M ERAL & 3 e B P
GEYREHMT BTN AI3SHEY  BATH—%E > EFT A4k
A TFaALaHmparm gL e/ER o

A8 A A AL 8UF TR B (scavenger) &85 fn 4z % & (methemoglobin) » #%3
AR X F AL S AYRE B - K E B ARIR Yang et al. (2004)89 B B ik 4
%3t » BAECs 42 24 10 upM méﬁﬁzéf_ﬁ-é ROEE — NBFAS 0 AT Ay ik 30 4E
(12 dyne/cm®) 3t Wi & 4n i B & 4 ﬁ&ﬁgﬁi\ﬁ Bi & 4o Fig. 3.8 A
o o S BLERAL AR PR B Akt eNOS AR ERK 237 77 18 Fi 2 T 65
BiAb > ¥188 3.4 Hiag 4 R o Akt ¥ BRR B R B 2 A TA Y T IR 0 &
f eNOS £ sh ozt S.69 B B P 23, F [EM 5 £ KT &R aib 869k
2T SR ER AL 6 A2 B A0 bh B AR A B A1 VF PSR Ao A AL 8 PR B 60 AR B K
AL & E K eNOS s BRI R B b9 R 7% » SRR H B B > A & B A 5w
BiAb S F P da i Y AR AL SUAT I AR B R JE T AR R B 0 AT & B Sh TR
(exogenous) &y 2 & » M4 & & M JRPE(endogenous) » BT e R Hb R B o

&% Akt #1 ERK 69 R JE4v F) TA 80 » /7R R Fig. 3.8 » @B ATRA
R EBRARTNERGFERLT FHREIAS Hmpitm T Akt-eNOS
U ERK eyshfiib EFF - Bt > £AFREAGHE T AL BT aATRZ
ToBURETAAHRBANLBRAFACER > B FREGOBZRUK

86



B HBUET > IR TRERERI®SS AT -0 b HERE—
MR ey sIRNA By - SABASE AT 45 2 9 B35 -

87



Static Shear

Scavenger - + - +
peNOS (s1177) — — =
eNOS | — — e G |
pAkt | —— | ——
Akt NS RS U C—

pERK — - =

ERK — . < —
=]
| .J'[l

- T,

|
Fig. 3.8 Effect of hydrogen".'éu_lﬁLL scavengtj,lr\ on shear-induced cell signaling.
BAECs were treated with 10 uM methemogloﬁ"in (H,S scavenger) for 1 hour
before shear stimulation. After 30 minutes shear stimulation (12 dyne/cm?),
whole cell lysate was collected for western blot.
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3.5.2. AL &4 B sSIRNA #3758 > 2 B (R

f£ 351 BHEERY > TUF LT NER B AEROFILR » TREE R
eNOS ~ Akt sA & ERK #4882 E EF > KM > B B F R B R G i &
AR ELLERGTREERITHto Rtk A EFERAE—ERES
4y siRNA Bty RIRF AL QA RBEIPH O FATH T N FE 2 RLETA

o 25 & o

HUVECs 4t 2 # 54t &, A 2R #5(CBS ~ CSE 34 & 3-MST)siRNA 72 /|85 2
BEATH AR BB BEERFLALME T EAE & R4 Fig. 39 %
Fig. 3.14 - ®@ 7 B 267k F ;m@.@g%;ﬁig. 3.9~ Fig.3.11 ~ Fig. 3.13 > # % %
F s R AT EILRSIT 24 T 48] Fig. 3.10%Fig. 3.12 ~ Fig. 3.14 - &
O BERETU, AKERE O ETHR B RABREBREOE 2% 1L>
ALK E O T ERL— R TH ) Rt Esisitey & a g
Actin 2, Tubulin 4% # {t(normalize) > 4o Fig. 3.10 ~ Fig. 3.12 ~ Fig. 3.14 ¥ &)
(A)~(B)#(C) ;s £ R E T Fastmk i daiBib2E a1 > £
AR G 8 0 R & G 1% & 1b(normalize) > RIFFFF I EIEAE G Y
BiEE AL ey o) s B N RE 243 sIRNA g91E A > 342 th 8t siRNA
Ve R 443 /135 S uhBi it Lo ey /2 £ Rt Fig. 3.10 ~ Fig. 3.12 ~ Fig. 3.14 ¢
1(D)E - RAFAZ R e EEERILE G AT A ER T 69 2k A4 B (static)
THE » G AER T H T a B E -

BB EEHdm  CBS AR CSE siRNA R AT H5E ey a2 d

FEmitR R EABRABRN KRR - E— A AR E E4) & 3-MST siRNA 4 A 14 >
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eNOS &2 &35 3 7 VE R 915 48 4 ¥ ho ey 5 A5 (Fig. 3.14 (A)) > &7 siRNA 4
R B ik 72 0 o B gb e i3 B OR R Y 4a BB A AR F0 76 04 B Rl #F 3-MST &
THREARE BEAMEGEOERR  AmE AR L& # eNOS 4
FIEH KA F RO LS BREINVERNAE—FTARERER TR
Z % o 2T eNOS 2 4 > 3-MST siRNA 4k Bl 7% ERK # 8 fb oy 42 B & K 1842
T HEATATEAHZHL 2.54Fig 3.14 (0) > sbBR¥ 34§33 %
RAEMEL > £ 34 8 ¥ > Sl QAN S pERK 89 & B, - £ART BRI
siRNA #p#] 3-MST R 8 FREAE SLAE ROFEILT @ AP E R &EXR -
H P 7T e S o sidb S e AR AL S R BE R A9 RIERABR] 3628 B &9 %
B e S B ¥ AL R e R 0 AT H A AR S AL SR 0 R H R R TE
& 3-MST 2B BAFH > MEKI-MST RAZ e HaB Lt RTELE 4
AW X E S Pt BIAINEMERE 0 WL siRNA B oy an L Hwimm
e z%i%ﬁvﬁ%iiﬁiﬁéiﬂf@:"”%ﬁ v b RGR IR SR AR R IR 0 it
WHrTHHER  HWHLFEREF -

AHiEE IR B b o =48 siRNA #F eNOS #fs /b % & A E A% ;
i ERK #9a4 85 iL R % 2] 3-MST siRNA 49 %% > S AHRERET A T %+
S AHRE 254 £ pAkt T & > B A SIRNAHETEEE > ™ siRNA
BRI AR THEBLOEERHRAT ) THABLeEZE ZIK Bt &)
£t Fig. 3.10 ~ Fig. 3.12 ~ Fig. 3.14 ¥ 64(D)[@] » =T SO 33 ) Fieh S 09 Akt 24
B AL T+ % 4% b = 42 sIRNA prap ] £ CBS 4414 50%89 5 /1 3% %> 3-MST
Ip#l# 60% > LA CSE & % » 3] 70% - 20 L BEH G LR Tk
WA A A R e Akt BhER 1L R 3 3B ARAL 84 AR AT B e T peNOS s1177 1

PERK 2 2|3 71 A 3% G 69 A2 B2 3t R A% sIRNA p 4 -
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(A)

Shear

Scramble CBS siRNA

- + - +

CBS

R

Actin

(B)

Shear
peNOS s1177
eNOS

pAkt

Akt

pERK

ERK

Actin

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/cm?). Western blot were employed to determine
the relative level of (A) CBS after transfection and (B) signaling proteins.

Scramble CBS siRNA
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(C) ERK PERK
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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

pAkt pERK
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material and method for 72 hours before the cells were subjected to shear stress
stimulation (30 minutes, 12 dyne/cmz). 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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(A)

Scramble CSE siRNA
Shear - + - +
CSE T . Y T |
Tubulin —_— e __‘
(B)

Scramble CSE siRNA

Shear - + : +
peNOS s1177 —— e s
eNOS ' - —
pAkt e pr—
Akt T T i =
PERK - -—
ERK T— — — —
Actin T NN m——

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/cm?). 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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Relative protein level

Relative induction level (shear/static)

ERK PERK

- + - + - -+ - +

Scramble siCSE Scramble siCSE

Scramble siCSE Scramble siCSE Scramble siCSE

peNOS s1177 pAkt pERK

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/cmz). 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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(A) Scramble 3-MST siRNA

Shear - + - +
3-MST ——— el
Tubulin e S ——
(B)

Scramble 3-MST siRNA
Shear - + - +
peNOS s1177 — — | S—
eNOS T — — a—
pAkt _— e —
Akt | — —
PERK — = == ===
ERK T — —— —
Tubulin T — — —

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/cm?). Western blot were employed
to determine the relative level of (A) 3-MST after transfection and (B) signaling
proteins.
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(C) ERK pPERK

N
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—+

Relative protein level

Scramble siMST Scramble siMST

Relative induction level (shear/static)

Scramble siMST Scramble siMST Scramble siMST

peNOS s1177 pAkt pERK

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/cmz). 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).

o 12

) _..{? R
- ,,.l':‘__ _!:_}-.I_: :i—‘ :_._]-:.:

s

102



3.6. &bt

o B XBR DA BAL R S hE AR EAMT L AOREER KW
BEDREXBRET A EFACEMELN COEREFERATHAE AT
BRI T HHBNG T EHENIBTHER  ZL2FETHRILaL
AR EEAREAERGF RS AIREREAT AL HEOAE - B

b ABXEEZHF=_EMA F—AMALTAERHRIba Lt mikF e
B B AR T A TRAERAL A RRE R B AL T h1E

AT TAMEDY

BRiAL 8T I F R AR AV % fe N R REAR 4 F(gasotransmitter) 2 —
it B #EA A NO SR8 EFE A1 > WA G @ iR B8 EBCRIER > LA G E
A0S o B AR AF A (Wang, 2009) ¢ B ltt Avw i AR AE T ) # AL S
ARG AEE  CRRETAER ZTFLE AR ERTHEIRNO — 4k £
It o AR 3.1 Be & REBT o B AR 30 48 1% el BRAL B ARk R ek G
AT oy A R & RSBk —HERIA 5 LRy o R 0 Bih ey i B EE
BR %P RIER 30 AL ER LENEEEMEH 0 SEATT
AR 2 /NEF ~ 4 N EE 24 ) B F R R AL S ik R ey 8L
TURBESHTENE R &M TRTHAF TR ERRE LARZYE
(transient) 3, #F 4§ (sustained) 89 3, % - A3 — R ey & > B AT H &L &7 @t
REHRER > B m Rk BB F kg ErE (L et al., 2008) » K % #8508 £ 5
fb S8 75 R A A BB S AL S B R R & KRR R AL
& & (Stipanuk et al., 1982 ; Siegel, 1965) » &k > sb—F k@ A A F SR £ >
15 4o B B 4% PR OO B R L R B e (sulfide) > R IFE — st LR S B
AL A B RIEG Y E A ta i 79 7T AE 142 2 B & HK(superoxide radical)

2.i8 £t &, (hydrogen peroxide) % 47 & K & (Mitsuhashi et al., 2005 ; Geng et al.,
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2004) > £ ERH B TR > BRI TR THIL K ENE -
31 B ERER G TAH A RRFNGLLE » RbBARALRAT T ERS &
REMRFRH AWM HIALAAWBNBEMNET £ REHMBNYAH
10-100 uM(Olson, 2009 ; Hyspler et al., 2002 ; Hongfang et al., 2006) > £ 8] &
T EFERERE@E R T N TRFTEREAS R BT RE #E A
B ERPTH BB o

£ 31 GFYFT AR 30 pEeF TRt aE RREHZEZ BT
Ry 32 AR 33 HEARATARGAEES - 32 HHERTUE S >
3 /1% CBS s & CSE & mRNA 332 £ 4188 69 %% > M 3-MST & mRNA R
RAZHEREREAEN L&Y A KB BmARHE mRNA ¢y %4 &
BuARR £EGE &KBHEH @1 CBS WA CSE £ /1 T % K8 T1E
fT8 AL RA 3-MST RAE LI A= i Bl B4 ik % % 30 54
ARG EF4 S TABEEAU—RGEGE T LI ko sb B 2l 8 i
% > Bk RTAEA LB IF ARG ESRE I 114 9L B A AR © 474 3.1 &
B TUHERTAER 30 98T ~ BH AL B i 84 RBE R

B BOTRA BB AL R RBE R B Y X B 33 6 PR
— T -

w7 CBS A& CSE %44k & & #4 46 45 % (calmodulin) 38 4% 2 75 4
(Kimura, 2002 ; Yang et al., 2008) > £ 3&45 5 L& 5% FWE G > M A
X &35 e i 9 45 8 T8 32 5 (Yamamoto et al.,, 2000 ; Yamamoto et al.,
2003 ; Mo etal., 1991 ; Ando et al., 1988 ; Shen et al., 1992) » & st 3 /7] £ &
% 38k — A R 3G o CBS 2 CSE #y 75t o i3] /1 # it b i M 458 TR
3 o o) REES R A BOR Bt KA B3k > A2 33 B P A A 45T T R

(calcium ionophore)A23187 A #n &3tk » B F3% - 33 L RBET
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A23187 3t 7% A ¥ sx, CBS #2 CSE 23845 % 44 > AR > Wang (2009)4p45 ¢
fe A23187 t9/E A T M & da B b BRAL B4 AR E A8 LS+ > B CBS (Eto et al,
2002)#1 CSE (Yang et al., 2008)/£ 44 1-2 mM Ca’ #1345 £y TR IB B+ &
HMBREPHESEALLS > BRABX33HHFHNERERTE @ EER
CTTRARATRTUE@EEGENSTRY TRt it
NE TR M E L 85ET AN & THBINRENEREIRATHFE Bk R
A E] A23187 %4 M F+ % 6945 BE T R L SL B AL FEAK T AE 3% AR A1 4%
45 % 454549 CBS AR CSE B @ £ XK ¥ A R B FAMEH - a3
By ey CBS #2445 5 R BAIE £ A B &40 2 &5 1 mM Ca’ Bl & ki1
R3|E455 8 CBS &4 RZ AT ES| fk 4 6 (Etoetal., 2002) A it
— e IRARAE S - 5 obdksm AR 0 R CBS 2CSE 5] 71 1F A 12 #1248 45 % &4
AR AR R — A% Rk JUBK 6 Tk R B B AR B & 8 BT A e e
L RY I AR A RIT X R F A 2% plo A FRET
(fluorescence resonance energy transfer)ay AR HAF A 121645 5 A 5
CSE s# CBS A& 683 % ~

MWE 32 BAR 33 B PR TERE R TR T WERZ I AL &
Ve R LB T AE A AL B A R BREM Y 5 0 AR RN B AT HE LA A
AR B IE M) 0 o RO R KRR R AT R R

£ 34RR3S5H T EEHRBICAHT A S FMEETHBE -
#SURK E1RR VT BA4F 40 0 BRAL R & 15 875 1L eNOS ~ Akt ;A & ERK i 3] o &
FREZR > CHTAERAT MR EOETEHECALRAEATHEL
&Y % 1% 3% 7 B 8 848 B (Dimmeler et al., 1998 ; Dimmeler et al., 1999 ; Bao
et al., 2001) > B4k > #E & eNOS ~ Akt s & ERK 4E 343t &2 - 4 3.4 &

&R P T &4 BAECs &% HUVECs 89 2 %% > 60 uM &4 5% &,
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AL494E B 30 548 % € 3% A peNOS s1177 F % pAkt 2 & pERK EH a1
MRk B8 Fig. 3.6 & & > pAkt 22 & pERK &) _k F+7T 4 & /& 7 % A& (transient) &9 5
0 42 120 548 2 4% 3% 59785 64K peNOS s1177 B & ik #8128 5| 7 RAZ e A %
JE R R 65 8 /b4 A F (Fig. 3.7) » pAkt ££ 60 uM 24 & 100 pM F 235,
1 45 (sustained) £ /) 60 44889 £+ > M 20 M K~ B BHAE % R ; pERK F @ »
20 uM IR AR BB BEL R 0 60 uM 4 4% E ey K-F 0 100 uM A2 60 448 B 44
M H IR 80K ; peNOS s1177 @ > REEEA 30 548 S T -
M 60 54885 20 UM 23, EF > 60 uM F = 8B 4akF > @ 100 uM Bl45 2
RTHEGHER - 546U LB T BB 5L fif£ BAECs &% HUVECs #
P 3% A, 89 RO FT Ae A FAA Y 0 B Bb A W B A 4 P PR AF 60 BIR A H b ey k3R
Fig. 3.6 Ar#i % 2| pAkt 2 & pERK ¥ 8. F 7+ 89 45 71 ¥ SURK R 55 48
(Papapetropolous et al., 2009) > 2K » B & A 32 b a4t Q698 & KA AR
SETTRRESY SEF TEE © = S RS Y
HEayE R RAB

4 3.5 & 42 A AL SUE IR Bl (scavenger) sk AiAL & £ R B2 K 69 sSIRNA
I HI AL R AR T ABEFALATRAET AERGMAE T FHES
B, o 3.5.1 PrAFehsEsh gt 3.4 B R 0 Bpaiib & 7T 42 i pAkt 2L & pERK
gy B B 351 3R RS E M 0 R N T HE B ho s 8 R 38 o
pAkt A& pERK - & 3.5.1 fieh FRAEM SE - RE AN R FRE A
GHERT@BRMEBELHRE Rt £ % TI—FELE R 2% FF
HFeIERA ELTHRZIR

B35l PRI FERBI A ANPAA A3S528PREAE—MHS
&) SiRNA FipHlaiie &4 R Bge) &3, > A8 R Bait a7t &k & B84

A T RJE - 12 b3 BB P 4+ CSE~CBS A & 3-MST % % 4 siRNA
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B E B > BPAESURRIE S CSE TTHRER CHE AHK T E R ML AL REF
(Wang, 2002) 175 7= feHEFR CBS T A6 B RK > By 4274 3.2 8 ¥ e &5 R B~ -
N & e ey CBS &% mRNA &% a4 § 4T RAFKEN > @ 3-MST
PR XERIEETARAR T CSE 4N Kk 4afe £ & 6957/t & R JR(Shibuya et
al., 2009a)° 4£ 2 & CSE~CBS 2 & 3-MST Z £ #n#iib 8 A R B S &
ZAREA SiRNA dp#l 2 AR T HAILARARREN TR RFAREBEREA
BOFTX  EEERARET@E  HERBEEERS

352 8 F £ Z o9 AN =48 SIRNA % 35 3 /1 Arsh F oy Akt 25 8%
e E LSt > —F e 7 3.4 8% AT E 21 BAL 2L @ 3 v pAkt YR -
Akt tmfe P E % SR AE AL T F % =i 7iE (survival) 7y @ ey 12 5
el 0 B b RIFEL—ERE ?ILA# W S e BT R A G IREAER 0 3
kBRI A4 AR A A R %émmm% Akt B4 EEALFT 3R

% — 7% @ ERK #1 eNOS 4& 3] /14835 S AL A2 E Aoy i 3 K % 8
SiRNA a9 %4 - {45 — #2895k > 3-MST siRNA K & @& s pERK L - #2
4 BAFFBE R Mo L A e R AR 5 o 0 eNOS A E W EN X F
3-MST siRNA &% % Lt > Bb3F 5 & R B UK — 2k 0 SURk3E B Sh AL &
& 1% ik, eNOS mRNA L &R %& & % %3 2 T B (Kubo et al., 2007 ; Geng et al.,
2007) - tmm H R B - A TAE R @ Be B T 417 3-MST T AT E 89 RIE > 35 5
LR e g A H R REFR RARBFTER R ELTAGBE -
A pbif @3 &5 pERK LA B eNOS R ZE A Z8 5 ey 4R AE A > M s e it &7 i
A b9 eNOS T 5 - R 7T fE & 4 B 4% 4] 288 1% 4 - (gasotransmitter) 49 & &) =
£% (negative feedback)Ff 2% °

1230 5483 H4E A 2T > siRNA % pERK 2L & peNOS s1177 3 % F #
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RS RABROTE - BE pERK £ 7] /1 RSk 69 #4B(52 F 2, 2002) > =T
553, pERK % A5 S WS B 4410 > 8 30 n4EnfE s 5% » 2
Y Wb T [ o B b 0 R B R R B ATER R B 9T 135§ pERK LY 15 T 48

Fl > £Z TR ET pERK 9K & B > Rn X FPHRIABRRE T AERA
# siRNA #} pERK 22 % peNOS s1177 & FAREMEE » 24 b—H %
8 T ARZ LR 30 4 — BRG] 86 0 FAEAF R RIS FSE T8 - T A
B R FI AL S E RAET IER T RENTE -
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3

4.1. %

WX EEFHREAEA(DFAFER TR R@BFLaERERERT
R QEHHMER TR R @BFibat ke L BT HE e E1E
BAABE -

£ 31 HHERY > BIERT AR 30 5882 1% 6h ok &% RALE
AARBRE AL S 32 AR 33 Bi¥ T A5 63R I M B4R B
ARG HE CBS thA.CSE#) mRNA 2 » 5 R & 58 2% 2% CBS - CSE %
# 3-MST &% > &b?ﬁ’ﬂ]"*ﬁé‘)’];‘i’emﬁéﬁuzﬁk S R EEF BT Ty 3 Ao
HFALR B A o KT BRFBCBS 5, CSE SIE 45 L At G IR LR R B B R
PRI 0 ELBR UEK > "T‘ﬁ%x&l#ﬂiﬂxé\ﬂﬂ@éﬁ @R TRETHRERE
FBRRINESHA L - R ARSI R e Enm T2 L ERBE

=N °
E#F

£ 3.4 8 sh B EALNE BB P 0 T AR B4 60 uM &Y B 81L& 1E A
F »BAECs tA & HUVECs Ffr & 31, 89 R E S840 0 $2 it d AE 4% A1) bb s oy A mid
g > 60 pM A B 100 uM 84 &R S Ab4n % 1 4a Bl pAkt A & pERK 45 A 30

PR L A PRLE S

LA siRNA #p %] CBS~CSE A & 3-MST £ 3.3t 9 o 3T 4 b ke BB @
AR 23] 7 =48 siRNA % A 54 pAKt AT AR TH E SR E &
% 24 CSE siRNA % % B 88 303 T 4 70%89 5 /125 53% 5> CBS A & 3-MST
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SiIRNA R &34 4 50% K 60%-° sb4E R R A ¥ & ta B Py & £ 69 1% %E4E
o TR R BN s /b8 EE » MmiESE pAkt EFF > EmESH)
MMM EIEE FA CAIREMER Fig. 41 ARAXEELHFER -

Laminar Shear Stress

Plasma

Membrane

|
% \4 4
CSE CBS 3-MST
S : 7
all3 A
H.S 1
|

Anti-apoptosis Cell survival

Fig. 4.1 Laminar shear stress enhances H,S production in endothelial cells
and results in Akt phosphorylation in a H,S-dependent way. In endothelial
cells, laminar shear stress enhances H,S production possibly by promoting
activities of H,S 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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RRFET T &)

WXHTAMERZTARLAH N R aee B 84E T b eigst AR
BRHFSABORL AR S HFEFORA  EFRREIEANGH

A

1. BARBXEHRLE R T4 > CSE ~ CBS #1 3-MST #§ siRNA % €345 /1 3%
2y pAkt L5t > # peNOS s1177 % pERK 4p% K ARG 1ER © 2K f >
RAHX R THAER 0 2 A ANTE > AR L0 E N K af i
RN AR 0 IKAE S BREAF AR BT B 4 A T siRNA 8930 & >
RFFAEH Bh E F AL B AR e sE e

EX“

2. AW GTRE ¥ T AEACBS | CSE 8 FMST 6 siRNA $1
M E B E RTEZEE AN RSt R AR ERAF AR A
B AT ¥ R ] 4a il P BRAL SR RIR 5 48 55 2 00 53R 0 A L SIRNA Jp 41
EaH AR X BE CBS~CSE #2 3-MST #3p #4274 $ W & ta fiey
FALRARBERK > A THFZNZ @0 E Fo) 5l 84 RBE K AT
;:f} o

3. @I XK %0 » CBS #2 CSE f£3] /1 F 64978 AR T A ¢ B 458 T 9146 45 % &Y
3A 4% (Kimura, 2002 ; Yang et al., 2008) » 2k AE R X 3.3 TR T » 47
BRI —BR O HRERBETRES RZ LB T RSBTY > T4

B e 5 B s R A5 BEFIRE T FEFRE - Bk > 22 A FRET (fluorescence
resonance energy transfer)&) 4%ty - AT N 1E A 1% ta B P 4845 F 8L
CBS & CSE &40 » &8 4Tt — S b Ry g
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R T A CBS 42 CSE £ 3] /) T R 21458 T 813845 5 A e Bk

. SUEKAE B AL S B A Bh ta e ¥ HL A 4L i 35 (oxidative stress)&gtE A 0 R
£ K5 €#R ROS » & & 734 o & 4 HL AL 9 4% 4] (Geng et al., 2004 ;
Kimura et al., 2004)- f ROS # 7 KR & B A7 2L 69 3 645 5 & & 4 pERK -
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