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Effect of Angiotensin II on Gene Expression of cGMP-Specific Phosphodiesterases
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ABSTRACT

Background and Objectives : Angiotensin II (Ang II) opposes the actions of nitric oxide (NO). A balance
between Ang II and NO is critical for the maintenance of normal vessel tone, and is dependent on the
intracellular cGMP level. We examined the effect of Ang II treatment on ¢cGMP-hydrolyzing phospho-
diesterases (PDEs), such as PDEI and PDES5, the two major cGMP-hydrolyzing PDEs present in rat aortic
vascular smooth muscle cells (VSMCs). We also investigated whether the Ang II signaling pathway affects
the expression of the cGMP-hydrolyzing PDEs gene. Materials and Methods : VSMCs from Sprague-
Dawley rats were incubated. Relative quantitative RT-PCR was performed for quantitation of PDEIAL,
PDESA1 mRNA expression a following in vitro Ang II treatment, and also done after pretreatment with
inhibitors of the Ang II typel (AT1) receptor, protein kinase C (PKC), mitogen activated protein kinase
kinase (MEK) 1/2 and janus kinase 2 (JAK2) to investigate the effect of the Ang II signaling pathway on
PDE1A1, PDE5A1 gene expression. Western blot analyses were performed to evaluate the changes of
PDEI1A1 and PDE5SA1 protein level following treatment with Ang II. Results : Ang II (400 nM) increased
the PDEIA1 and the PDE5SA1 mRNA expression by 2.4 and 2.3-fold, respectively, 1 hour after treatment.
Ang 1II also increased the protein level 2 hours after treatment. Inductions of PDE1A1 and PDESA1 mRNA
were blocked by the AT1 receptor inhibitors, PKC, MEK 1/2 and JAK2. Conclusion : In vitro Ang II
treatment upregulates the PDE1A1, PDESA1 gene expressions and the protein levels. The PKC, MEK1/2 and
JAK?2 signaling pathways were essential for the Ang II-mediated PDEs gene regulation. These findings may
suggest that Ang II antagonizes NO actions through the upregulation of ¢cGMP-hydrolyzing PDEs gene
expressions. (Korean Circulation J 2003533(2):130-138)

KEY WORDS : Angiotensin II ; 3', 5'-cyclic-GMP phosphodiesterase ; Muscle, smooth, vascular ; Gene
expression.
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T3] gk ol B9 WeE A ehs nd Yt
519 A T2 s g da ol e &

o] #FX wl- T3kt o] o] 7oA uf o
WAl $Ao] op)dct dyt PELY] FHS HE
U f8) Ca®t el dal 2Eu= S 5 24
(Ang 1I, endothelin—1, norepinephrine &)< A3
Ca’" ¥=5 S7F A7IM Ca®’ %7k 571 =W my-
osin QLA gl &) Fuke &AL wh G
ol¢hs wiAlek: diaEd 710 NO/cGMPO] A=
3 75 249 LS A He=d 1 gE 7
AL v tekeitk? e 5% B4 F Ang I+ A
W renin—angiotensin system(RAS) 9] F2 AHEZ A
AR 7 Y 7 Fel g Fed g vk &=
§ Ang I G99 F82 Al Age FAx719,0Y
A% kS-S mi7l8R= phospholipase A2, NAD (P)H
oxidase 4ol #eiati”® MAPK, PKC, JAK2 %
o A5 A AAZ A=31A” cfos, cjundt S pr-
oto—oncogene®] WS FIAILEY olglolw Ang
I+ phosphoinositide hydrolysis, ion influxs %
o] TRkt Aeld 7)eg asim A ek
sk P3| ojgks xR 71 F NO/cGMP2] <]
o] w9 F8 stk A oln] & dEA Stk v
et A, Al EZel &l #HlE NOF soluble
guanylyl cyclase(sGC) & &3} AlAH cGMP A&
=7 34| sekV? olelA AE cGMPE sarcop-
lasmic reticulum®® FE]9] Ca®" #48E oAletn
AE @R Ca™t TS wojrmy] Axy) Ca®' F
TE Ao R gk gAY o] e g
# o]ghel] FAskE cGMP FA& dehs E4E &

Table 1. Major PDE isoforms present in rat VSMC

gl Bofsl= sGCO w3llE Bdshe PDEsY
ke wf$- £ 231t} Second messanger?] &8k &
= cyclic nucleotides@! cAMP, cGMPZS Ealjah=
PDEs+ ©Ju] 3055 ©1d9 isoformso] Hil o
om] AA7kA 9709] families® E-HF oIl o]
Z 471¢] PDE families7} 72 d3of] E¥E3IT}ar
oFe A 9l=d)|, Ca®* /CaM—stimulated PDE (PDE1),
cGMP—inhibited PDE preferentially hydrolyzing
cAMP (PDE3), cAMP—specific PDE hydrolyzing
cAMP (PDE4), c¢GMP-specific PDE hydrolyzing
cGMP(PDE5) 5o]th(Table 1).""'% o]% PDE1&
AlE Ca®" 557k 57 wl(P3hl Ang I, NE,
KCl 59 % 7)) 2 G5 S710] cGMP
= Fjale] oS $EA)7)E 2 PDE o] V190
HkAe] PDES+ oMY Al cGMPE #3l5l= PDEZA]
PDE52] A& A9l sildenafil (viagra)> 2] $459]
AnAzA g2l A ek 447) PDE1¥ PDES
7} A 55 d3te] B¥E3H= PDE families3 ek
T5 AAsk= T isofroms ¢ olv] Kl # u}
ATk A} 52 oln] NOGMP A& £1N7)=
nitrate AE % 1 535 A7) U (tolerance)
WAl PDE1AL f34F o] S7hdths Baus 3
p QIk!® o] e Hyk o]gkxbge] Tolsk= NO/
cGMP Zzel tjsixe olv] B2 Bart glont d
FEEH 53] RASO| AHERA FHHS 28-S L)
U= Ang 119} NO/cGMP A= Atoe] Aol sl
= &Exl vt 58] =5k

upeha] 2 AT, ARF T2 WA gz dit 3
g2 MEA Ang T2 97} cGMP—hydrolyzing
PDEs(PDE1A13¥} PDESAL) ol v]x]= 4k 2 proto—
oncogene "/l Bosh=Ang 12 A% AZAA7}
PDE1A1¥} PDESAL 34} &&e) wx|= 3k
ojsl gobE A} s3Ik

Families Isoforms Substrates Regulators
PDE1 PDETA1 cGMP>>CcAMP Ca™2 stimulated
PDE3 PDE3AT1, PDE3BI1 CAMP cGMP inhibited
PDE4 Multiple isoforms CAMP
PDES PDESAI1 cGMP cGMP binding

= . PDETA1 hydrolyzes cGMP at much higher affinity than cAMP. PDE : phosphodiesterase, cGMP : cyclic gua-
nosin-3',.5'monophosphate, cAMP : cyclic adenosine-3',5’'monophosphate’®
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7} Het A= Sprague—Dawley WA (BW 250
~350 g, Charles Liver Lab. Wilmington, MA, US) ¢
sWoR HE] F5310] 10% fetal bovine serum
/Dulbecco’s Modified Eagle’s Medium (DM-EM) |
A BjeFatol Atk Passage 7—112] WA tizw 33
g2 AIEE 100 mm dishesel] #iFsl] 70% 2] U%
of =& & 48A]7F -5t serum—starvationd}o] A3
AAS oA A1 F Ang O 400 nM(Sigma St.
Louis, MO, US) & Azt tiE 2 (302, 1AIRE, 2A17L 4
AlZE 8AIZE 12A13F, 24417 Fofsit), B3 Ang 119]
A5 A AAZF PDEs 37k ddlel] vX|= J3s
Shotr 7] Qlsto], A4 AAlE FEE M2 AT1
23 AIAA losartan 10 uM(gift from Me-rck,
Whitehouse Station, NJ, US)& 30%3F Z*|%| 3l
3 O JE M¥ell= PKC, JAK2, MEK1/2 A
5 A A7 Z42+e] 4ddAQ calphostin C, AG490,
PD098059 (Calbiochem, San Diego, CA, US)2 &5
H oA Ag 5 skl Z42F 100 nM 1AIRE 50 uM
30, 10 uM o2 30427 A A st & Ang TE 1A
7t B9t FoI8k H relative quantitative RT—PCRE
Alejsto] PDE1A1% PDESAT mRNA% -5 8
QIsto g Ang M9 2 Als e A|A7} PDEIAL
¥} PDESAL#3A} glol] vx)= @&kl disf dotu
ek

Western blot analysis

AR WA ol s P L HEZRE lysis buffer
600 ul. (50 mM beta—glycerophosphate, pH7.3, 1.5
mM EGTA, 0.1 mM Na3VO4, 1 mM DTT, 10 ug/
mL aprotinin, 5 ug/mL pepstatin, 20 ug/mL leupep-
tin, 1 mM benzamidine) & %3} dounce homo-
genizationdt ¥ 6x sample bufferg® 411 5%¥3F
boilingste] TES %% & SDS—polyacrylami-
de gel(8% acrylamide/0.2% bisacrylamid) ] &3}
o] 7] sl FeE W F3E nitrocellulo-
se ol o]FA1Z1 ¥ PDE1A1Y} PDESAL1 5o] a4
Z Z}7Z} immunostaining 3t} A9¥Re-2 HRP—co-

njugated goat anti—rabbit IgG¥} HRP—luminescent
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substrate mixtureE AR5}y enhanced chemilumi-
nescence® ERIslo] Ang I F¢] & PDE1-A1%
PDESA19] AIZkd sl S ajolghe) 9202

A|E ShlA e Bradford W) F8) 2482

Relative quantitative reverse transcription-polym-
erase chain reaction(RT-PCR)

wjekE WA e HEE AEZHE RNeasy
Mini Kit (Quiagen, US)-& ©]-83}] total RNAE 5%
3lt}. SuperScript Preamplification System (GIBCO
BRL, Rockville, MD, US)< ©]g3s}4] first strand
cDNAE wh=t) eokebd FE% RNA 5 ug® kit
9] random hexamer (50 ng/mL), 10 mM dNTP,
DEPC—treated waterE &33to] 65CelA 5%, 0T
oA 1483} 7tk 1% 2 ul RT buffer, 25 mM
MgCle 4 ul, 0.1 M DTT 2 ul, ribonu—clease
inhibitor 1 uL& mix $ § 25CelA] 2% 7 B3t &
SuperScript RT 1uL (50 units)2 41 % 25T 10
I, 42°CR 504, 70°CeollA 523t Bk 5 Yz IRtk
1 uL® RNase HE #7} ¥ internal control@A]
18S ribosomal RNA(18S rRNA, Ambion, Austin,
TX, US)& c¢]83dt] PCRE Atk PDE1A1L
specific primer(sense ; 5'—AAG ATG ACT GGA
GGG ATC TTC G-3/, antisense ; 5'—~GAA AAT
GGA AGC CCT AAT TCA GC-3") ¢ PDE5AIL
specific primer(sense ; 5'—GAG CAG CAG TCA
TTG CAA GTA ATT CTG-3', antisense ; 5'—
GCA AAG CAA ACT TCT GAT GCA GTG CGT-
3)E ol&3to] 717} 281-bpet 335—bp PCR 1S
A2}k PCR cycles 319 PCR productsZ cycles
F T T 07 FE319] densitometric analysis
T A3 B U KA Sl e ARSIt
mRNAS] oAl g% 245 Aste] ARE-g 18S
rRNA®] primer : competimer?] 7% v]&L A 2
3 & A3Hor AAsit) olglA dojzl PCR AHE
< 2% agarose geloll 843t 7] JF3kaL ethi-
dium bromide® @4 & UV. 34l stellA 7H3d3}]
densitometry software (NIH image 1.60)% o]&-&}
o] 18S rRNA°] tj3t PDE1A13} PDE5SA1 band

density 2] Ai#Q] ratios Ak A3t
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A3l 2= meantSEMOZ EA|3}aL Student’ s
t—test® 773I3tE p<0.055 BAFHOZE Fo5th
3L ekt
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Ang I 90l 2[$t PDE1A12t PDESAT TR 28 9
vyl Wi o HE Ao Ang 1T (400 nM)
Fo] & PDE1A1% PDESA]1 mRNA @de zhzh |

185 rRNA = 185 rRNA = (B
e PDE5SAT =
t
250 - 250 i
il :
200 A 2004 = {
[% [
3 K] 7
<3 150 1 % <2 150
z g % z 3 2
E g E g Z 77
T 100 / N < 100 / /4
5 7 B n
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a o 7
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%
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Fig. 1. Time courses of PDETA1 & PDE5SAT mRNA induction by Ang Il (400 nM) treatment in rat aortic VSMC (8
experiments respectively, representative figures). mRNA levels of PDETA1 (A) and PDE5AT (B) were measured
by relative quantitative RT-PCR. 18S rRNA was used as an internal control. Summary data were normalized to
control (freatment with vehicle), which was arbitrarily set at 100% for each experiment. * : p<0.05, T : p<0.01
compared with time 0. Ang Il : angiotensin Il, VSMCs : vascular smooth muscle cells, PDE : phosphodiesterase,
RT-PCR : reverse tfranscription polymerase chain reaction, 18S rRNA : 18S ribosomal ribonucleic acid.
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Fig. 2. Time courses of PDE1A1 and PDE5AT protein expressions by Ang Il (400 nM) treatment in rat aortic VSMC
(5.4 experiments respectively, representative figures). Protein levels of PDETAT (A) and PDE5AT (B) were mea-
sured by western blot analysis. Summary data were normalized to time 0, which was arbitrarily set at 100% for
each experiment. * : p<0.05, T : p<0.01 compared with time 0.
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A Hd) oF 24w, 2.3ue] F7F A Holrt
7} PDE1A19] 725 8A17HAl 6] X5 4w} 93]
g e He e HoltHFig. 1A) 24A3Mlele
Ag A AR g & F 2dler PDESALS]
3= AR Aol il FEE s 23 Qo] 4AzE

Al A& A e SREAH(Fig. 1B).

Western blot analysis

PDE1A1%} PDESAL 34 &dle] S7p7) v
W0 S7kel AREEAE gohy] st Alds
western blot analysisel4] PDE1A1¥} PDE5SA1
W We-E 2 2AIRE Al Ad ST &S Hol
T} 2441 A7 Folli= XE A R 3EE9]

t}. PDE1A13} PDESA1wH#Z 0] uk
Hlatlom Ao whild el ZyRs Ao Ak i
Ha} FASE A7 Bol 7k 4~1E
AATHFig. 24, B).
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AT1 &M SRR T NMA] 3o JNA HH Y
AT1 F8A HAAR] losartan, irbesartan(data
not shown) < %] & A3} Ang 1l 23 PDE1-
Al3} PDESAL #2302 B&S57F frolshAl oAl ¥
EHl(Fig. 3A, B) ©l:= WA tie® 33 BE< A
9] PDE1A1%} PDESAL f3 Wado] AT1 4
Aol <J3f w7 BE& AlAEIT
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Fig. 3. Roles of ATl recepfor and MAPK on Ang ll-induced PDETA1 and PDESAT mRNA expression. Effects of
inhibition of AT1 receptor and MAPK activity by losartan and PD098059 on PDE1A1 (A,C) and PDE5A1 (B,D)
MRNA expression. Growth-arrested rat aortic VSMCs were pretreated with the AT1 receptor blocker lasartan (10
UM) and MEK1/2 kinase inhibitor PD09805% (10 uM) for 30 min followed by 400 nM Ang Il stimulation for 1 hour.
* 1 p<0.05, T : p<0.01 compared with control. AT1 : angiotensin Il type 1, MAPK : mitogen-activated protein

kinase, MEK : mitogen-activated protein kinase kinase.
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Fig. 4. Roles of PKC and JAK2 on Ang Il-induced PDETAT and PDESAT mRNA expression. Effects of inhibition of
PKC and JAK2 activity by calphostin C and AG4%90 on PDE1AT (A,C) and PDE5A1 (B, D) mRNA expression.
Growth-arrested rat aortic VSMCs were pretreated with PKC inhibitor calphostin C (100 nM) for 1 hr and AG49%0

(50 uM) for 30 min followed by 400 nM Ang Il stimulation for 1 hour. = :

control. PKC : protein kinase C, JAK : janus kinase.

Ang 119 {2 ME MHZF MAPK, PKC, JAK2
PDE1A1 & PDESA1STIA 28 DAl 3%

Mitogen—activated protein kinase (MAPK) &4J¢]
Ang T° 9|3t PDE1A13%} PDESAL f#1#k 2&ix}
A J=AE BRls] fal Ak MEK1/2 9A)
Al PD098059+ Ang Mol oJst 44 W S71&
frelapA AAFE ¢ F AL (Fig. 3C, D) PKC,
JAK2 Z+zZte] oA#|#|9] calphostin C, AG490 33|
A& =gt A0S 98 7 UsTHFig. 4). o13e]
A3z MAPK, PKC, JAK2 215 A2A47} PDE1A1
7} PDESAL f3#} whade] o] - & & Qlolth

1 om

Ang 1I¥= RAS 9] 2 AFEEA A% daAe &

K o stk g oA Ang T8 71sE F

p<0.05, T : p<0.01 compared with

2 AT1 &A% AT2 78415 T3l veht oy
Fo] 2 ATISEA] @k Ang 19 A%
AAE= E3k8to] phospholipase C(PLC) 2] &3}
ol 93 PKCH R, MAPK cascade, c-fost c-jun¥}t 2+
2 proto—oncogens EE o8] FF9 tyrosine
kinases ©] 848} So] AtV g3 Ujo] Ang
I8} NO/cGMPZAE= of#] thekst 71l 93 A=
e vA A Hi=d FRE AERE-S 3t Ang 1
ZFest 3 FEAlel d FE AES] s
ZIAZ]1AL cytokined] Ad4S zka Qi) WhH NO=
7] G o] EAREA W] P T o o]
28 ¥ ool Py PE Alxe] AT olF o
TEA2 A oA, daue 4 7 dd 44
Algte] ndRe] s}, T 9 FA T
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- PDE1A & PDE5A promoter-

PLD  PLCy
v
i IP, Ras
v
DAG Ca2+ l
STAT lv
(9181 133) ERK1/2
\ PKC\ /
SIE [ SRE__] W

PDE1A & PDE5SA
MRNA expression

Fig. 5. Supposed effects of Ang Il signaling pathway on PDETAT & PDE5SA1 gene expression. ATIR : angiotensin |l

type 1 receptor, JAK2 : janus kinase 2, STAT :
phospholipase D, DAG : diacyl glycerol, PKC : protein kinase C, PLC y

signal transducer and activator of transcription, PLD :
: phospholipase C gamma, IP3 : inositol

triphosphate 3, ERK1/2 : extracellular signal-regulated kinase 1/2, SIE : sis-inducing factor element, SRE : serum

response element.
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Aol &l JAE=E) o] e AL T F72 cGMPol
of3f) mi7fEkaL SAIRE o}#] 2 w=7ke] of#|7} Hth
Ang 118} NO2| s AF 282 kst A9
Mg A MR ZA, 1A ks mRoEN
opZ|¥t} o= 59| Ang I+ NO synthase?] 23
of %3S ||l Ang M9 28] A% superoxide
(02) & NOSF Agtste] HME =4 =40 peroxyni-
trite (ONOO ) & A/dstAl =o] NO9| o&-& w3list
ok ¥bd NO&= AT148
5]_125) C32+94
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T AR T wAL.
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TZ A6 s 988 @dsith. = Ang 112} NO
Aol e] #8o] A
cGMP+= NO% &)
98k cGMP <=3 7H7F NO2| g3 o]¢h 7158 oA
sk Az A 5

S Wl AEg
oA T = Alo]e] 7]

H-& Al AR o|sEr)
T8 iAol meb Ang el
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IAS77F Ang el gt cGMPA| 7449
FH 7]-olet Aztste] o] A

2 Ao Ang I 545 AT1 &8
PDElAll']' PDE5SA1S] 37} Whedo] &
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7= Ak}
Al 23l
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g2 158 ool etk siiek” i Ang T19]
Ot c-fos FAALS] W] 2HE Ho|& 47) o]3e]
N5 A AA] 9Jetta a1k cfos promoters
cAMP/calcium response element(CRE), serum re-
sponse element(SRE) & X35k Qled o] &2 &
I HET AE Yelld MEK1/29F 22 MAPKe] &
3 zdw 1 glom SREE wEdh PKCOl oJsiAmw
249* Sis—inducing element (SIE) % c—fos
promoter®]l £A8H=4] SIE+= Janus kinase 2(JAK2)
o] sl o8l ¥ HAF AR signal trans-
ducer and activator of transcription(STAT) family
g} 45 WS )% @tk® PDE1AS} PDE5SAS)
22} promoterol= Ang I A% A AA-] 23t
c-fos A} promoter$} FAFSH SIE, SREE ¥&
El=y

2 Aol A Ang 1ol €3 PDE1A1¥} PDE5SAL9]
F3A 9 F7R= PKC, MAPK, JAK2 Z}7}e] &
A2l calphostin C, PD098059, AG490¢°1 2Jal <=
F=d o= Ang ol 23t PDE1A1, PDESAL
Az Bl TR efos HETVHE FARBH PKC,
MAPK 7231 JAK2 9 A5 dg7A9 &/dste]
ojgittal A2 4= QlItkFig. 5). 5% PDEIA %
< PDESA 347} CREE Xgs=A] %3 CRE7}
¥ J2 A 2ol Ang el ©]8 PDE1A¥} PD-
ESA §84F AT el #ojehs g dAst A7 %
ol FQ3 Zlow AYzierck

ojxke]l Ayg Ax} 52 NO/cGMPel th3t Ang I
9] A¥ 282 cGMP—hydrolyzing PDEs?] W&l
7l e cGMPFA| kel Q3tth= ARS & &=
o & o] 3o Ang 119 A8 A% e A
A7y #BATE & 5 AAMTE AR 52 EA| Ang 1T
o] Fo7h dxt HHET AE F70l X 9 Ang
el 2%t PDE1A1%} PDESALS] 314 @kl 57}
°] 714 49 PDE1A1%} PDESA15014 AFAE o]
43 PDE1A1Y} PDESAl &4 S % W30l thst
ATE WY Folrk & A" AAE Ang 7} cGMP—
hydrolyzing PDEs-3AF Whdel] st #A7)
S &9row =% cGMP-hydrolyzing PDEs7} &%
Zslel| nX= P& AT ot g slow A
ZFgt,

ko
Q

oy X =5 :

Ang 118} NO/cGMP& 32| #3838 fAlsk=t
¢ 523 S st BAA R Ang TE NO°J
i3 43 285 sttty deiA] Qe ol cGMPS
A Zrast #AY & Aor AZEe] Ang I7}F
cGMP—hydrolyzing PDEs(PDE1A1 & PDE5SA1)
Wdle) WX 9 Ang 9] 4215 H27|9} PDEs
e Afel] Aol disl Asigitk

%I

oz

W s HEE AEE wjstal Ang 1400
nM) & Foi3t & LS 53 H I2 total RNAZ
relative quantitative RT—PCRS AJ3&lo] Alzkd
PDE1A1 & PDESA1 4k @& s ol
T3k AT14-84), PKC, JAK2, MEK1/2/548415 A
X3 5 e wo® Ang [ A5 AdAe 44
A Wl Afole] #AE #5190 western blot
analysisS Al3J&lo] PDE1A1 & PDESA1 = o]
uE ATE Frlskaih

1} :

Ang T%o] ¥ PDE1Al & PDESA1 -f4x} w&o]
Z71ES #2345 919031 PDE1AL & PDESAT w9
Al oPIE FAREE o 7 Sl e AT1ISE
A, PKC, JAK2, MEK1/2 ZA&AS Ang T Fo &
A8 7% Ang T 23 PDE1A1 & PDE 5A1
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