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Abstract : Vascular smooth muscle relaxation is modulated by an increase in cGMP subsequent to nitric oxide
(NO) production by endothelial cells. The effects of cAMP and ¢cGMP phosphodiesterase (PDE) inhibitors
were investigated in phenylephrine-precontracted rat aorta rings by using the specific inhibitors of PDE I,
IIL, IV and V as relaxing agents (calmodulin-activated PDE inhibitors, IBMX and W+, type I; cAMP-specific
PDE inhibitors, milrinone, type IV; Ro 20-1724, type 11l and ¢cGMP-specific PDE inhibitor, zaprinast, type
V). All the PDE inhibitors produced a concentration-dependent relaxation in the ring with intact endothelium
(+E). Except for milrinone, all the PDE inhibitors-induced relaxations were inhibited by removal of
extracellular Ca**, N-nitro-L-arginine, N®-nitro-L-arginine methyl ester, methylene blue (MB) or nifedipine.
The specific PDE 1 and PDE IV inhibitors both produced endothelium-independent relaxations which were
inhibited by MB in -E rings. However, zaprinast had no effect in -E rings. Except for milrinone, sodium
nitroprusside (a NO donor)-induced relaxation was significantly augmented by all PDE inhibitors in +E
rings. The results suggest that 1) the vasorelaxant properties of IBMX, W, Ro 20-1724 and zaprinast are
dependent on endothelium or on interaction with Ca?* regulation, 2) each PDE is differently distributed
in vascular tissues (endothelial and smooth muscle cells), 3) the vasodilations of PDE inhibitors are due
to the increase of cAMP and ¢cGMP formation through inhibition of cAMP- and ¢GMP-PDE and 4) the
vasodilation action of milrinone does not involve in endothelial-cyclic nucleotide system.
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7Rl &, PDE I IL, 1L, IV 2 V2 &7 gdst =
2o B3 5]o] 9t} [2]. Ca’*-calmodulin®l] 2|8t 4
3}5 & PDE I2 cAMP % ¢cGMPZE, cGMP9] 9] 3l
gA43} 2 4 2 PDE I+ cAMP ¥ ¢cGMPZ, cGMP
o] o]&le] oA=]= PDE OIE cAMP ¥ ¢cGMPZ, =L
23 cGMPo B4 B 2|Q] PDE IVE 0] 2.2 cAMP
Z 714581813, PDE VE S5°|82Z GMPE 717
B2t 2], Wb "3 Al EoA cAMP 2 cGMPE
adenylate cyclase (AC) @ GC9] &4l <3 3 &3
& EE, PDE A&F<l Ao 2|3k CN 713l 9]
Z cAMP ¥ cGMP7} S7HE 024 H3E o|¢AZI)
[6, 23, 31]. PDE JAIAEL 474, A, 25, &
78R F Ao} 722 AdAF AW AEE % A
FEA, B o|A, Y -ga1A|, 71HA] o]¢hA|, T
714 2 &-gA FoZ ARS8t ATEHI g
°m (2,20, 21], ©| & PDE JAAEL 7|9} 2+ &
ool w2t EFEo 2zt cAMPS} cGMPe| AE)H,
cAMPe]| A& A 123 cGMPol| AeiF o2 2-g3ho]
S} o2 g A A A8 o]9]o] cGMPE cAMP
o o3 ¥ o]&g ZSIAF)AL (17, 40], PDE 1l &4
AA ) &5 D@ o]k cAMPS cGMPS} FH#o| gl
I PDE A&} F-#Ag v G2ty 28 &, Ca”
8-9] oA ¢t [38], cGMP £7k= PDE I S <A
Sit} [4]. PDE IV YA|Ae] d#& o]a 77T «GMPE
Z7IX7)e 2= 2 PDE I YAl 2is}ed 728} [11]
Hrke By oJshd T CNZHe| F - 7k A9l #dol
RS T UL, G olghzgo] FF UM R 2E
A Ee voEAHYS ¢ F X, PDE JAAIE CN
It BRG] AFFH R HPBS o9 5 USS
olmgitt. elu} d3 o|gg el v e 2+zte] PDE
AAA G FEHF SolA, F, g ol¢Hd, HIAM
T oEA, Nogte] #EA 2 Geopel Iy, 28
Ca** 32| BEAol tigt A7t wFsich, waba] of
AT 3F HBZ AF) 455 =, PDE |, 111,
v, 2@ v7} &A%} (111 P& 28dske] PDE I ¢
A AL IBMX2}F W7, PDE III 2{A|2] milrinone, PDE
IV gAAQ Ro 20-1724 2332 PDE V g AA|2
zaprinast®l] ©]3 3 o|¢hztg o] FEH Eolg
AR 2 s

i

Nz R UH

o He ¥ 5y &3

7 3F (Sprague-Dawley, 250~300 gy T4 €14
glod WEAZ & 2 diFH-g A&t 300Ce] A
x5 9okl (133.0mM NaCl, 5.0mM KCl, 2.5 mM

CaCl,, 1.2 mM MgS0,, 1.0 mM KH,PO,, 11.0 mM glucose
2 12.0mM NaHCO; %} 95% O, 5% CO,, pH 7.3~7.4)
o2 " A|A v Al dujAgstlA] xwk 2 A
& 2B AAslaL o 2~3mme] AolZ kst
A § e 83 1B 7] dYdol BF 405
mL/min)¥ £ tissue chambert]ol] &7 50 pm 2o
TR 5 A7 25um 24 Ad€ gl 4
Z3%t T tension transducer (400A, Cambridge)ell 72 &}
Ack G4 F 250~300pge] Y A FEE £ F
Y EA 544 40~70mM KCl9] H4H-E 20~3027+
1~23] FFAIA Z=HE A AT o] F¥e] HES
recording system (3400, Gould)& ©]-&3}e] 7]1&3514t).

oFEXMX| ¥ LHUIAIA

g7V M9 7ol W=7t ERg oM FEHE
2235 & A& o|%AIZ] F saponin (0.3 mg/mL)yS
Aol Fod 12-1587F BFAIA W E AAS F o
Al A AEE FAT WEAA dele] A8 AAE)
Aok e &2 45+ 0.5 uMe] acetylcholines <
ale] o)gk A RZ RN 0|9} o] FYHo] AR
¥ & tissue chamberjollA] 2 W& A ASH @
ZA A Ue] f-Fol uhE HPHE-S At 40 mM
KCl = phenylephrine (PEyS F-oidte] 9-58o] 4%
g4 " PDE A4l & SNPE Folste 1 o|gkazs
#&Ze9n). & ddolA PDE AAA 9 F ojgha
He Fr F7bl & 7ZF w=o FHy o|¢aIrt =
A ek #AZ s ©E oA (Fig D
eI, 2% Fee] a9 9 52| PDE YA
A& Foste] A7k W ok s et (Fig. 2
©]3}). L-NNA, L-NAME, MB % nifedipine 5~ 304~
A7t e A A2 § PDE GAAE Foste] 1 o)gh
A5 AT WA A, NOS A, GC oA
A, @ Ca® BZ Al 59 A A Alddl= PE|
o3t o] st Ay oFslE7] Wi vld
Z AejollA 7] " o]gt oHEo| WH-g #HEsl] 9
slo] PEY T8 A3l vixgh 5 A7]oA A

AZ %E R SAXE

Phenylephrine, sodium nitroprusside, saponin, N%-nitro-
L-arginine methyl ester (L-NAME), NC-nitro-L-arginine
(L-NNA), 3-isobutyl-1-methylxanthine (IBMX), milrinone,
W7, zaprinast, Ro 20-1724, nifedipine ¥ methylene blue
& Sigma Chemical Co. (St. Louis, MO, USA)2H-E]
Yted AT A/ AL means+SDE LFEHY
3,z A% Ak f2]4de Student's restol] 9ls) 7
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Fig. 1. Concentration response curves of PDE (phospho-diesterase) inhibitors (IBMX, W7, milrinone: MLN, Ro 20-1724:
Ro, or zaprinast: ZPN) on isolated rat aortic single rings with endothelium (+E). A: tracing of typical bioassay curve for
zaprinast. B: each point represents meanstSD expressed as tension (mg) for four to five experiments.
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Fig. 2. Relaxing effects of PDE inhibitors on PE-precontracted isolated rat aortic rings with (+E) or without (-E) endothelium,
A: tracing of typical bioassay response for effects of 10 UM milrinone on +E and -E aortic rings. B: data summary of
the effects of endothelium existence on the relaxation by PDE inhibitors (10 uM IBMX, 50 uM W7, 10 uM milrinone,
50 UM Ro 20-1724, or 10 4M zaprinast). Values are expressed as mean+SD for five to six experiments. *P<0.05 compared
with each control, respectively.
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100 uM IBMX, W7, milrinone, Ro 20-1724 % zaprinast ~ mgd o|AIZTH Z2iuh WS 2| A8 el zhzt

£ Fost 49 X o g g oA F T (Fig. o] PDE 2}#|A Eoll 2)8) 31.614.77, 192+3.77, 420+

1A, B). 453, 238526 % 50+385mgS ©1$A)A milrinone
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& |23 5LE PDE Al Ale] o)3t o|ekgzr} i) =)
7ol elste] ol A A AT (Fig. 2). W7t &
Mohe daoMEt WA A gael PES F2E
H7F S7Vek7] Wi FEAEE vk sl 98t
of 3 WAMEE AAT PRl PEY) vES 7
ABAA GHE FHA)AL o)A o) B e B

Nitric oxide synthase (NOS) {X[&|7} PDE <
MiMel @@ ojgtEziol Olki= A%t
W7t EAdke 38 PECR 24171 ¥ 479

A B
10M IBMX
|
|
i )
E
34M PE =
-~ 8
10 uM IBMX g
S g
____J10mg
_J 5 min
d*amPE  20uML-NNA BMX W7  MLN

& @ B39 IBMX, W7, milrinone, Ro 20-1724 T
< zaprinast & FoI3 & Hd oleka g A3 A7
74z} 4651742, 2741594, 363+6.28, 35.0+4.12 2
3881652 mgd ol&AFt 2 F NOS HAlAQl 20
UM L-NNAE 1A17F 53t AA A5 Aefol A zhzte
PDE 1= A 5ol o)) 33.0£5.21, 17.2:-5.36, 39.8+6.24,
22.6£3.05 2 23.6£6.02 mgg ©|¢A1A milrinoned A
9% 2 PDE 9JAAol 23t o]kR 77} L-NNA9 9|
stod ol A A=A (Fig. 3A, B). I t}2 NOS
JAAL] 100 uM L-NAME®! a4 % L-NNAS} SA}
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Fig. 3. Effects of L-NNA or L-NAME on the relaxation by PDE inhibitors in +E aortic rings. A: the vasodilation of 10 umM
IBMX and the inhibition of 20 UM L-NNA on the relaxation by IBMX. B and C: data summary of the effects of 20 uM
L-NNA (B) or 100uM L-NAME (C) on the relaxation by PDE inhibitors. Values are expressed as means+SD for five
to six experiments. *P<0.05 compared with each control, respectively.
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Fig. 4. Effects of methylene blue (MB) on the relaxation by PDE inhibitors in +E aortic rings. A: the vasodilation of Ro
20-1724 and the inhibition of MB on the relaxation by 50 UM Ro 20-1724. B: data summary of the effects of MB on
the relaxation by PDE inhibitors. Values are expressed as meantSD for five to six experiments. ¥*P<0.001 compared with

each control, respectively.
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g A E37 AFEAT (Fig. 3C). NOS HAA H=]
2 PEY FEEAAE 77 HE) FEHEE
vl 317] 25ked NOS x4 Axjz] ddore
PES] 58 7ZAAA H3e $£EA7I13 oAl &
32 B3

GC 2NM7t PDE Mol iz oltsmtol 0|
e 98

a7t Exiske @@l 4719 2 sxo) PDE
AAHE 28 B o]t &7} milrinoned A 23}AL
GC AR 20 uM methylene blueoll 2} &ted 24 =

A B

/ ____l10mg g’
“ 5min ~
0.5uM PE 5

®
a
50 uM IBMX &
a SOTM MB
0.3uM PE "

50 =

t} (Fig. 4). Saponin®. 2 WH-& A A% ANA cGMP
A2l PDE A A Q] zaprinastol] 213t 3 ojgt
F3E F3] 24 (Fig. 2B)8te] W9 A7 FdolN
zaprinastoll 2)3F 3 o]t & ol th§h methylene blue
o] gjgke o] Brlhsslgnt. ey Wb AA 3
o) M & milrinoned #9ig IBMX, W7 3 Ro 20-1724
o 2& 3 o)L A7} methylene bluedl] 2]t <A
=21t} (Fig. 5). Methylene blue 132l PES| 458
g A3 Wit FEAEE BlsstA 8] 9
&ld methylene blue A% gl PES] =& 7
AAA BBEG FHAFI o)A ] EA4E HAsct

. Control

40 0O we
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Fig. 5. Effects of MB on the relaxation by PDE inhibitors in -E aortic rings. A: the vasodilation of 50 uM 1BMX and
the inhibition of 20 UM MB on the relaxation by IBMX. B: data summary of the effects of on the relaxation by PDE
inhibitors. Values are expressed as meantSD for five to six experiments. *P<0.005 compared with each control, respectively.
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Fig. 6. Effects of nifedipine (A) or 0 mM Ca™ (B) on the relaxation by PDE inhibitors in +E aortic rings. Data summary
of the effects of 0.3 UM nifedipine or 0 mM Ca®* on the relaxation by PDE inhibitors. Values are expressed as meanSD
for four to six experiments. *P<(0.05 compared with each control, respectively.
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Fig. 7. Typical tracing and data summary of the effects of PDE inhibitors on the relaxation by sodium nitroprusside (SNP)
in +E aortic rings. A: the vasodilation of 0.01 uM SNP and enhancement of relaxation by SNP in the presence of 5 uM
W7. B: the data summary shows that PDE inhibitors (except for milrinone) enhanced the relaxation induced by SNP. Values

are expressed as meantSD for five to six experiments. *P<0.001 compared with each control, respectively.

Ca® &2 x| ¥ LUl Ca* MAH7I PDE
Mxe| B3 olFo O|Xj= AY

Wol7h Exjshe PaollA] 4719} 22 F=2] PDE
AR A &) og B2 o2& 77} milrinoneS: A9}ty
9 oEA Ca* B2 AAIA|Q] 0.3 uM nifedipine 5=
£ 5uM verapamil (X5 PA| Aol 25l A =]k
(Fig. 6A). Ca™-& A|AT FFAdolA ztzte] PDE &
AAE g P o]AEA7F FolA A AAHA
t} (Fig. 6B). @, milrinone®l] 23+ o| ¢t = oA =%
aie=

PDE X|M|E0| SNPe| #z o|gt&nle| O|xs
=B

W7} ERshe el Ulg) v]ejE&s g o)gh
A1 sodium nitroprusside (SNP)&] &3t o]l & z}ol] o
g PDE SAIHE9] 93-S SaAsl9T PECR H3S
FEA1Z1 - 001 uM SNP FJofl 231 10.0~11.6 mg
AZZ g3 o)A Zth 28Y milrinone S A2} 3}
EE PDE YAA7} Zx0% gelols SNPE Fol3 23
7 g ojkazrt WA3] A3kEAnt (Fig. 7).

n| &
cAMP ¥ cGMP= ¥ 3 714w 248 QoA

9 F83 9 I XY o] FEE adenylate
cyclase (AC) % GC®] &4 PDEZre] @&l 9Jsle

ek &, HE2 AT cAMP Z719]] 2JE 8
19 7182 cAMP 2|23 protein kinase®] =
9J8k 2479 Ca*t HE EA), Na'-K* ATPase A=
o oJgt AT e AEW Ca¥ ¢} Na* 2] A A, myosin
light chain®] &¢14+8} 58 & 4= Ut} [7]. cGMP &4
AA] HEZ ol 71l 23 QRbelt} cGMP F7}
+ protein kinase G (PKG) 439 2|3k M ¥y Ca* 7
Ao} HED & TFY G WF e TAE
dogy (3], MEW Ca* ZAvides Ca -84 K
52 4, XY o B2 oA, NEHE G B B
A, MW Ca* HE B4, phospholipase C (PLC) &
Aol 2|3k [Py 83 x| & 1P, A oA Fo| 2w
A ATt [3, 13, 14, 28]. o]} Zo] cGMP 2 cAMPA|
£ 748k theFel 71A Wt ofe) oju et B 4|
716l A A ggkoz S oA & AT} [3].
wab b J&2 AT cAMP ¥ cGMP 55 8
& olgke} Hwrt E 4 2leojA PDES €3 CN2| 7+
FEIHE Atk FEL AT ONY 528 2o ¥
& oA Z 4 9t 23y Y3eA] PDE £Ro|
whzt Zbzre] CNojl vl g A, Mel 3 e BjEojgo s
28371 ufFo PDE £/ & JAA 9] a3z 577
o|3 A A7 4T HEA UA LebdTh

PEZ A7) WIA L &4 PoolA 2E PDE
AAe w2 EH o2 Hihg oA Y milrinoned
A 25t PDE AAA S| olet@zy ok M A
Aol gsle] A HATE. Ca**-calmodulinl] &]5le] &

2 N
[e3
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A48=lE PDE I= IBMXO 23l A SA|qk Hol3
o T} PDEE A3 oj= Gi T 2JA3le AC
2 g FER SEA At [24]. o] AellA
BMXSF W7dll 23 WHME 923l 3 ojgh o
MelH oz cAMP ¥ cGMPE 7IEE 287 o
2ol T2 cAMP A€ 3 PDE AAIAH WHME 9
Z2 3 cGMP 7] AAo] o3 Fd ojgte g
Z23 4 ). 2y o] AF A9 Fig 2014 B
ule} 7Zho] Wg] AAZE cGMP A& PDE V 2AA 1
t} PDE 1 2JA|# ) & w7t AA Jepstet. o] A3
o) oJsld PDE I AAAo <3t S ojeke HIME
o]&3 T HlejEHo 7 dojd F UGS efrTh
ag)a g3 Wb 27 2% A FEAE AR
3 o|¢t 21R}Q! nitric oxide (NO) Fr2l& E8 HE=
oA NOE cGMPE Z7HA1717] W&o B 83 o|¢h
2 F2 71 Aol g3 A ze] {5 % NOS
A7 2 84 AeE Fasit) o] 97 AolA] PDE
I JAAES] 23 3 ojgko] NOS HAA|Q] L-NNA
9} L-NAME Z2#]32 GC &A1#¢] methylene blueel 2|
sl RRAo g QA HALS WH oEH GCE 7+
3 cGMP 713 Ao ojsted dojdg YABkAL
itk ey g3 UM zeA feElE NOv Ad3
o] 2914 NO B2 ¥ uiuxy £ g3 38
2 A XM GCE BASAAH GMPE &4siAZ
S o7 WEo) GC AL g3 JYoAlxe] Hyes
ojE&olgty & + girk & UM X Hjej&E4 GC &
Aol o3 P olgtw sk &17] wlEe] GC TH
A Age WIHE f5 wel dalsteiof gt ol
AFolA FF WIHME AA M E GC AR
methylene biuell 2]3led PDE I JAAE] & ol
AF7F A HAU o) AA7ldA dF S npet 7ol
PDE 1 dAAol 2}3F Fa ojghe WWHME of&3
£ v]2l&39] GMP 78] JAE <18 cGMP &
710l glstad dojd 4= Qlthe BE3< Aol
$-XMHoZ cAMPE 7HE3|sl= PDE = ¢GMP
ol olale] A o2 QA K| Fo]H2F cilostamide,
CI 930, indolidan 2 SK&F 94120 5ol 2jatal of=)gl
o [17). 83 Foh Sl cilostazotell 28k 3 o]
2k cAMP Z71 2 WHME 2]&3 NO felod 235t
o {22], A} neuroblastoma celloll 4] cilostazol & F
HoZ cAMP ¥ NO A< 771 [8], ¥ tis
oA cilostamidet isoprenaline®l] 2]3F o] 2h& 7}8lA|
719 [4], cGMP A&]# PDE I A2 cAMPo 2}gh
ojghg AsAZITk &AL [17), 28] 2 E#H ol 7]
Aoz cAMP ¢F3 PKA 4, Na'-K* ATPase &4
2 myosin light chain®] %143l £3 Fol &&= U

t} [7]. PDE I SA] milrinonecl] A€]2{Qld) o] oh&
PDE oA Al gz o8 a3y} I3 [35], LEEE IV
2 Vo= M85 [18, 27], 3 ol a7 cAMP 2
cGMPS} F-#3l3 Ca¥ 52 A9 3 [38]5H 3,
milrinone©|} amrinone:= norepinephrine .} PES} 7H2
o,-F8A ATl 23 i 58S A A
(33, 3618 Ho] 583 7 PLCIP;, A2 E /3 Ca™*
2383 #E@A0] AL AAE vk Ao} milinone &
¥§3 PDE I A= Wy BlgEH A o]
719 L-.NAME®] 2J3i+ = A = 2] 98-8 B 2 [11]
methylene blueol] &t milrinone o] &g & o)gk
o] JAE L K [11] milrinoned] &3+ F& o]glo]
WA E 2]&3 Ei= vlo|EF cGMPS T FH A 3
HHoZ F&A B4 T Co* AFAE €4 G §
2 oA #Edg & LS s sy 2 d
FollA] thE PDE A4 = thE2A milrinonedl] ¢]3+
3 olgk g3k A AR A A, NOS AA, GC
AAA, Ca¥ F2 JAIA 2 HFEL Ca¥ A|A 2]5]
A A3 AR E A kg B olyE GC A
SNPol| &]3 ok AAESY T gt Asleke o2
Al SNPoll 2|3}¢] milrinone®} 3 o]k 37t HH 7}
315)#) oot

cGMPol ¥ A&l 2] 9] PDE [V E¢]3 02 cAMPE
783t PDE IV HJAAQ] rolipram©] 4 den-
bufylline& W3 o|&H o2 Y olghr7| ol
02+ & 7+ methylene bluedl] 2l3ted A=A [17)
3 thsolA PDE IV % V dAlAlE Wy o&3
olghZAE BT} [11]. o] AFIME 7} PDE IV
A A AQ Ro 20-1724 [18, 27] BA] &g o)gh
AR o] olgkdaArt Wiy A A, NOS A 2
methylene blueoll €&t} %Al 5lo] PDE IV &4 A ]|
3 3 olgka syt 3 WA NO-cGMPA9} #A
g 5 9des 28 4 o) o)} e FEe ¥H
HE2 M cGMP: cAMPo 98 ol¢t (ke o
Aol olghyg ZAstrlzivhs B (171 € 2F oiFHel
Ay isoprenaline U] 5ol B-adrenoceptor®l] 243}
cAMP & 27713 A - M3 02 NO Feldle 83
S ol It B [5]1E oAR & 4 Qv aglx
PDE Vi Bo]|3 o2 GMPE 7MRajigic & )
J|AH| 3 PDE I, V7F Ex8kx] ¢b7] uj&of thE 3
o1 PDE V A|AI2) zaprinaste] W3] 2j&% 3 o|¢h
2 U¥e} A H oz B gok dgey [2, 32
Ze A7 Aol o)ste ¥ Uiy 21E3 «GMPA 9}
o] qlgo) WHAHT. 2 F zaprinasts W3E)
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