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Investigation of curcumin analogs

as leads for phosphodiesterase V inhibitors
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Abstract

Phosphodiesterase-5 (PDES) inhibitors are useful treatments for pulmonary arterial hypertension
as pulmonary vasodilators. We aimed to study curcumin analogues for PDES inhibitory activity and
vasorelaxation of rat pulmonary arteries. Three natural curcuminoids (1-3) and six synthetic analogues (4-
9) were tested for PDES and PDEG inhibitory activities using enzymatic radioassay. Their vasorelaxation
was measured using freshly-isolated segments of rat pulmonary artery and aorta. The results showed that
curcuminoids (1-3) mildly inhibited PDES (IC,;=18uM): the meta-methoxyl of curcumin was important to
these for PDES inhibition. But hydroxyl rearrangements, removing both methoxyls and one
ketomethylene yiclded the potent 7 and 9 (IC,=4pM) (compared to sildenafil, 1C,,=0.03uM). Only 1, 3,
and 4 were PDES selective over PDE6. Triazole-carboxylic addition provided water-solubility while
preserving potgnc.y. All analogues possessed concentration-dependent vasorelaxants of pulmonary
arteries (EC,;=29-90puM, maximum response=60-90% at 300 JUM), while compounds (1-8) were weakly
acting in aorta (maximum response<40%). Only demethoxycurcumin (2) and analogues 5, 8, 9 had
endothelium-dependent actions. Sildenafil was highly potent (EC,=0.04LLM) and highly endothelium-
dependent in pulmonary artery but weak on intact aorta (EC,,=1.8uM). Activity profiles suggest actions
through additional cell pathways for promoting vasorelaxation. These studies suggest that curcumin
analogues are potential leads for developing efficacious and selective PDES inhibifors and other

pathologies of pulmonary hypertension,

Keywords PDES, curcumin analogues, pulmonary artery, pulmonary artery hypertension
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M19199 2 Human cyclic nucleotide PDE families Uag selectivity U914 sildenafil 10 PDEs

High affinity

Km (JAM) Examples
No. of
Family Characteristics (cAMP; Primary tissue distribution of
gene
cGMP) inhibitors
PDE-1 3 Ca2+/calmodulin-stimulated | 1:30; 3 Heart, Brain, Lung, Vinpocetine
Smooth muscle , Ks-505a,
SCH-51866
PDE-2 1 cGMP-stimulated 50; 50 Adrenal cortex, EHNA
Heart, Brain,
Lung,Liver, Platelets
PDE-3 2 c¢GMP-inhibited 0.2: 0.3 Heart, Lung, Liver, Platelets, | Milrinone,
cAMP>cCGMP specific Adipose tissue, I:mﬁunocytes Enoximone,
| Imazodan,
Trequinsin
PDE-4 4 cAMP-specific 4; > 3000 Sertoli cells, Kidney, Brain, | Rolipram,
cGMP-insensitive Liver, Lung, Immunocytes Etazolate
PDE-5 1 c¢GMP-specific 150; 1 Lung, Platelets, Smooth | Sildenafil,
muscle Zaprinast,
Dipyridamo
le
PDE-6 2 c¢GMP-specific 2000; 60 Rod and cone photoreceptor Zaprinast,
Dipyridamo
le
PDE-7 2 cAMP-specific 0.2; > 1000 Skeletal muscle, T-cells, | None

Heart, Kidney, Brain, Liver

* UHae Esayan, 1999
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A o U 1 °
HININU U\‘lﬁﬁﬂ\‘i'lu'l'l curcumin ﬁﬁﬁﬂﬂﬂiﬁﬂ’l'ﬂﬂ'lﬁﬂ']ﬂﬂ‘l]ﬂﬂ NO (1ag cGMP lag Xu (2006)

; £ fi v . £
991U curcumin TgNTUOWHABAEGOA coronary artery 71 1ifl endothelium Taonugninmsvenovana
J o { A Q . L L]

[@0ATUAUYIAYDI curcumin i1 TavTina Inifuafl NO, cGMP (18 adrenergic beta receptor st 1716

4w o £ r o
neINUMsFunTIEH prostaglandin uasﬂqﬁm:mmmﬁdqnwm curcumin 70 lUMsaaANIAUYaDA
o . e o A e )
(19A1/0 (pulmonary arterial pressure) ¥oanyfiiinzauduvemasadenluloageninmsmiioni

s A o : .
TﬂUﬂ’l'J$*1J'IﬂﬂfJﬂ°’:’f!%1iL'§ﬂN(chronic hypoxia) l@¥N17¢ hypercapnia (Lin LIAZAME,2006) Abdel Aziz

]
= o

£ 4 5 g P
gAML (2010) WNUINTRAITOINY MSIAA erectile signaling TumsiiinsEdy cGMP gniAIL PDES
¥
Y03 curcumin §AFIVNIUAIALT n lag Abusnina HaznAue (2009) Taunu11 curcumin dnHane PDE activities
] ¥
Y84 § isozymes f10 PDE-1 ~ PDE-5 1iaiA9In vascular tissue 1191 curcumin 11308164 PDE-1, PDE-
4 . . : .
2,PDE-3 Liag PDE-4 #11C,; Tugasanududusendng 10pm—20 pm 1@z PDE-5  IC,, innndudu
35 pm
g 1 .o Ao 9 £y
VNMSNUNINITTUNTTY 92171 149 curcumin Humsfiidnonmlumsihin 1 lugnsd
) . | i Lal o o {4 o
PDES Taudni curcumin snfaoumlas Tassadelioengniadu fo1vvevh Ifldasindnonmez 14
o) ar { (] 1 ag a i
YszTomilumaidluonsnu Ep viio pulmonary hypertension 18 Arin NQUIYDI . A3, DNTA PV
dry Idvimsdauns1ef curcumin analog Tunateguuy (Changtam azasie, 2010) Sai1fieiiens
1 £ & olu s o - -
martinfAnugniae PDES Feezih lgaiuanudhledin sar Y03e13nqUi! fi0 PDES Lazo19ilins

+A L 4 e w i p 1 M
USunlaouTassadraves curcumin e 1 ldasdw PDES Niqniiianied sclectivity ALY
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1. msndiililumnanes

Krebs’ solution(mM): (NaCl 122; KCl 5; [N-(z-hydroxyethyl)pipemzine-N'-(z—ethane-sulfonic acid)]
(HEPES) 10; KH,PO, 0.5; NaH,PO, 0.5; MgCl, 1; glucose 11 #ag CaCl, 1.8; USul'1d pH 7.3 de 1N
NaOH), acetylcholine (ACh), phenylephrine (PE), CV Buffer (100 mM Tris-HCI, pH 7.5; 100 mM imidazole;
15 mM MgCl2; 1.0 mg/ml BSA and 2.5 mg/ml snake venom), CH Buffer (100 mMTris-HCI, pH 7.5 100 mM
imidazole, 15 mM MgCl2, 1.0 mg/ml BSA @ 0.5 mg/ml histone 14970 Sigma (St. Louis, MO, USA).
Pentobarbital sodium solution (Nembutal®) 14910 Ceva Animal Health (Bangkok, Thailand). QAE resin
(QAE SephadexTM A-25) $991 GE Healtheare (Sweden) (03 ]e3 PDES inTunIN)eany uag PDES

INTYUDIN retinas Y0410

2. MIUBAUDLFAATISH curcumin HATOYTLS

Tﬂs\m%ﬁwmms curcumin uazam’i’ufﬁ%ﬁumsmamuﬁm‘luma‘wﬁ 3 @19 curcumin (1),
demethoxycurcumin (2) 1A g bisdemethoxycurcumin (3) I&9nmsasaneningrumdivos i,
(Changtam et al. 2010) @157 4 danse¥ 180 nens i 1 munszuIn1s i Changtam tiazane Idsoan'’ld
(2010) @195 trienones 5-7 3 ﬂ‘ﬁ 3) (AA91n Aldol condensation Y04 substituted cinnamones (10a L@ 10h)
110 substituted cinnamaldehydes (11a, 11b Hag 11¢) Mold base-catalyzed condition @13 8 LI 9 éﬁdlﬂu
acid group-containing analogues 494 7 gﬂﬁﬁlﬂi'lt?ﬁﬂﬂﬂ'li coupling @17 alkyne analogues (12 L(ag 13)
10 azide (2-azidoacetic acid) (14) Tav1¥ Click chemistry approach fattaiaslu gﬂﬁ 4 msAgaiiondnyel

] s d ek 1 °
@157 4-9 11 1AGITN1S spectroscopy iU a15 137 -20 °C Aot e

"
i



{ (= o g
M3 3 gas Tnssadrevenofgiuuazaseyiiug

Structure
Sample Formula, M.W,
1
(curcumin) C,,H,,0,,368.38
Dot 403
2 MeO €, 0., 338.35
HO OH
0 o
5 C,oH,.0,,308.33
HO OH
0 o
4 HOOH C,,H,,0,, 34033
HO OH
0
MeOOMe
c?lHZOOS’
S HO oH
352.38
0
6 ;- @ S O CpoH,,0,, 322.35
HO OH
OH 0
7 O NSNS O ot C,,H,0;, 292.33
= Q o] 0
8 HO{N';:N’/\ AN OH CaluN; 0,
I |14
OH ¢ N=N oH | C,H,N,O,,
9 R N O\/I%/N
O O 431.44
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R 0] 0 R*

R2 N " e R®
R3 RS
10a: R'=H,R2=OMe, R®=0H Ma:R'= H R5 = OMe, R® = OH
@ I:10b; R'=0OH,R?= R®=H M R*=R°=H, R®=0H
10c: R'=0CH.,C=CH,R?=R%®=H (a)[:ﬂc;: E;: HR: =0H
11d: H, R®= OCH,LC=CH

(®)

10a +11a 5. R'=R%=H, R2=R5=OMe R®*=R6= OH
10a +11b - 6; R!=R4= R5"H R2= OMe.R3=R5=OH

10b+11¢c -»7: R'=R%=0H,R2=R*=R4=R®=
10¢ +11¢ - 12: R'= OCH,LC= CHRa-Rs R*= R6 H, R®= OH
10b +11d —13: R' =OH, R%= R3= R = =H, R®=0OCH,C=CH

o | v
gﬂﬁ 3 mMsEsouas 5-7 layld reagents 1A conditions h) lﬂﬁ (a) propargyl bromide, K,CO,, acetone,

room temperature; (b) 20% aq. NaOH, EtOH, 0°C- room temperature

Br\/lLOH
'(8) !
- N
Lilaot o/ f .
z 0 o SE NeN AN A OH
P OH o - O NI i Q
& S (™5 A -
12 14 5 8 5
OH Lo} ®) 0\
N
=z OH o] N=R, "'OH
\ //O\// —— = ‘:\3/ ro\/k/
2 4 5
g 9 s

1

t
1

1 3/
gﬂﬁ 4 massouas suaz 9 Iaold reagents 10T conditions Ao l1lil (a) NaN3, H20, room temperature:

(b) CuS04, sodium ascorbate, THF:H20 (9:1)
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¢
3. MsANMIGNTAI PDE-5 18 PDEG 84 cureumin 1z oy

@ Ly
3.1 MIFANYIGNEAY PDES
~ v Py P P .

Moo ulyni PDES vindoamy virlasi3msisioan Tao Temkitthawon taznais (2011)
7 o ' ¥ ° { '
@1smosngnazatsly DMSO uazdonelavii Taommualdiinnududugae i pmso aglu
#150L010AI061 5%

ar @ Y s { d {a &

N13A3I939 activity Y84 PDES 1¥msiatfSinased £u guanosine nfumsgatoiinaunn
myil§fevosmsdadty ge CHIcGMP fuion 51 PDES viniufiuow e s aucleotide mu‘lmw
gnia‘lmﬂﬂmsﬂﬂﬁm"amﬂﬁaanmn ['HIs*GMP 9218 eanlaung H) guanosine 11895919 DEAE ion

Al . WS

exchange resin gaduoMonirlnoonni§isun dagilil s msnagevmsdavtilezihimsnaaoud
anududugaion 10 M

; . Phosphate
["H]cGMP PDES5 [H]S'GMP S'nucleotidase

. .
—> +

snake venom 3 )
[H]guanosine

DEAE ion exchange resin resin

v

1 .
Uncharged [ 1] guanosine

217 s Ufisomsaary caMPAawion Il PDES n353004 Sonnenburg tiaganie (Sonnenburgetet al,

P ]
TuneunIINaneTEITMINageuiisaulaniniives Sonnenburg IA¥ANE (Sonnenburgetet al, 1998)
o &g 1 o [] e v <« & s
avilldmsazarvdaedia 2o aslunumguindimsazaroonlsi 60wl Fesznoud e human

P ~ J { & o, a o I aas
recombinant PDES ﬂﬂ1mzaﬁ’n%’ummmﬂuﬂas'lc‘ﬁuﬂmﬂ?wuuﬂmmmw’fu'lﬂxﬂuNaﬂnmm“luﬂ;]nsm

12



% hydrolysis sz 20-30%, 10 mM EGTA, 100 mMTris-HCI pH 7.5, 2.5 mg/ml snake venom mmf’uf%"u
ﬂﬁﬁ?ﬂ1‘iﬂﬁ‘ldﬁ1ss‘i"q¢’1’u 5 ul ['H] guanosine 50,000 cpm/311at 20 pl uﬁ’aﬁ"l'lﬂﬂun'nzﬁqmngﬁ 30 °C
111 30 1l mimiungay 3o Taun15iiu DEAE anion resin U310t 100 ul 1wg1n 10 1t udadase
4131 resin annznevtszanat 10 11ft vintugamgdnlddnnnnina 100 ut Wdasluoumqui
il DEAE anion resin U33194 100 pl tughunu 10 waft udasaiia 14 szanar 10 wuadl gammzdu laduu
13101 100 pl aalu optiplate®§2ufn microscint 20™ 15381 200 ul w1 2 52 Tue wdsnmninly
T radioactivity §9017304 TopCount NXT (beta counter ¥ilna1mqu) #o'ly Tamiio1n1dazgminun

fUINUNT %inhibition AIXUMINUTAITIIE19

%PDE inhibition = 1- %hydrolysis

sample

Y%hydrolysis

control

j s o '
Tay  %hydrolysis___ A9 anvannsavedny lmivesmsdiodis

sample

. &
%hydrolysis, A0 ANuANNI0Ve0U lniues 1% DMSO Fudlu solvent

contro

Yohydrolysis .y, = (EPMe, ICPMLS - L) Crpld----—F @)

sample
t(CPMtulal count -CPMbackgmund)

]
@ Ao b

1 > gl £ S, Ad o
Tav  cpM,, A0 sfsinassdi daid ul§nserniiowlan] PDE-5 AV 1% DMSO
1 b A ar o ey :I 1 o
CPM, groes® AT IN59ET TR IR TGRS LiTion |27 PDE-5 M1 1% DMSO
= -4 1 ° aan
CPM,,,, ouu1® W3 1naSadunsensaatunouilfizon

3.2 M3fnqNIAL PDEG

M3 AN activity Y99 PDE6 ¥1IA103169114909 Temkitthawon tazaAMe (2011) t‘fiqﬁuﬂ;ammn
Sunouvo Huang et al. @&t (2014) Taold CH buffer, EGTA, PDES solution 1az®15a2a10A10619
30 control (5% DMSO 14 buffer) D62 25 I oimfiudy 5 M [BHIcGMP U330 25 il ag

{ asa 9 S d
incubated 11 30°C e 10 it udmgal iz Tasmahmaoanaass lnaluindeaduna 1
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it gt Taeldinat s it ey Tunovitaeslumsingisotuon s i Tagld 2.5
mg/ml snake venom 1519t 25 pl asluvasanaans uﬁ'ofjuﬁ 30°C U 5 T MM Y 20 mM
Tris-HCI, pH 6.8 (buffer I) U330t 250 pl aa'la) 111 la)ri1ns QAE resin column 1182%2&20 buffer T (500 il 4
a0 hmnsazmoiignyzeeninlnaus scintillant cocktail 18230 radioactivity 10814 [3-counter

Y%hydrolysis 4849 PDE6 iU 20UUUIAEINUYDE PDES

4. FEmsfinngnimsnaedivomaeaideanadhinlonmy
4.1 fninaasazmsiaisumaoaiien

v y A S A o

dnnanosiild fipWY Wistar Rat (egain 200-250 n1 dedimnnamudninaaouiionsise
UINNaeUISHIs e ative Tan ﬂwnﬁawgnﬁuﬂ;gm adhiteu 1 Mlaninoumsnaan o eq
dainaany ﬂmz’mmmﬁm{msmwwﬁTﬂugm’éuaadnﬁﬁssnwiﬁ’nnmuammmiw 12:12 $2Tass
Light:Dark cycle uazalfugangiildimngan (2542 °c) fninaaosszgnantdau pentobarbitalsodium
(intraperitoneal injection) YH1A 65mg/kg ‘H’aGNﬂﬁﬁUllﬁ")ﬁﬂ’mﬂﬂm%”gﬂﬂﬂﬁlﬂ'ﬂ‘mﬂﬂﬂwﬁﬂujﬂﬂms
ﬁ)ﬂﬁl’mﬂﬂ udueniomaoalion aorta Liay pulmonary artery 8901191000 §1409M1592101 endotheluirm
cell BONVINMABAIRBALANIOAITENANOUMISAUNIUINTEBNGNTDIAS curcumini(ae analogs 114 §i

M3 Ianriue forceps Y llindumimasaidion dazilii 6

forceps

/
vesse| =——3 >::>

Tissue
RaPew plate

3U# 6 mafian1s1e1 endothelium oan

MsnpuduBIvDIMaoaionvzgninlug mmlﬁ'ﬂuuﬂawa«:lmﬁcﬁ’waqnaaﬂlﬁeaﬁlﬁﬁﬁulﬁqwUﬂ
@5afA curcumintazasoytusin it q fuaslyly organ bath fifiMasaidon sorta M3
pulmonary artery [lﬂl?ﬂi}gj lli\iﬁ!ﬁﬁ%ﬂ'ﬂxgﬂuﬂﬂQﬁﬂgiy'lmﬂ'l"l”lﬁ% (force transducer) Hagn3 11 N5
aovauaf IfvzgmiuiinTasyagunsaliwaiauneniiined (MacLab, ADInstrument, Sydney Australia)
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sndninaaeafideiiaudrngin i ufiduszina 20 °c sundesilivhaioedgnis Taodi

runseusunnanfudainaasamiinndousms nszuaunslumsnaaesiiifeadoady

dninaaesrumsiinsanvesnuznssumsiosssumshmsissludainanos (NU-AEs40416) uda
4.2 mmﬂﬁﬂvﬁ1i¢iﬂt|ﬂ'§n1sﬂmuéi'1mamaﬂﬂlﬁnﬂum’luﬂaﬂﬂg

© ! £ . @ &
?Tlﬂ'li'ﬂﬂi\’f}'lJﬁ'ﬁﬂﬂi]'ﬂﬁﬂ'l‘iﬂﬂ'wﬁ'ﬁlﬂdﬁﬁﬂﬁlaﬂﬂllﬂﬂuﬂﬂﬂﬂgﬂﬂﬁﬂﬁ curcumin HAZOUNUT

s
o

ﬁqw?”ugqmu"quﬁPDE—s Taul933maila organ bath F35155 M3 Tuail

ihmasaidoafinonuda 18l lunasanaaesfifliarsazas KREBS solution Rilduiszneu
10 NaCl 122 mM; KCL 5 mM; N-[2-Hydroxyethyl]piperazine-N’-[2-ethane-sulfonic acid] (HEPES) 10 mM;
KH,PO, 0.5 mM; NaILPO, 0.5mM; MgCl, 1 mM; Glucose 11 mM U@a% CaCl, 1.8 mM 151 pH=7.3 420
NaOH naeasumuqueungiilifogii 37 osmisafuminy1¥oondiounasanal nasaidenszgnuvau
drousaiafisAumngas (optimal tension) szanas 1 nfy wazita 14 gaugaszina 45-60 uni
Aouvinsnaaes Taghmsalion KREBS Solution 109 15 UM mmfu@u 2 ul U499 10°M phenyleprine,
PE @nudutuganio = 10° M) ¥4 PE figaeandifhi o receptor agonist s0vUMADARBANARI Y

s

{ A a 2. . . A o '
VAN UAUAN 10”M acetylcholine, Ach (AIMdudugaiio = 10° M) Hievhmsnageuimaoaifion

52
6311 endothelium cell o Tagoznuimasaidonmanisnaudiioiy Ach(80% -100 % UBINTARIGHA
A a4 A d A A i p i ¥ A
voanaoaoavdtoluraontdonnil endothelium , endothelium intact) INNUANHABAIRDA AUy
4 ; L a = a A o
Jauu KREBS solution WA915 W1H tagsonasadonidngauganintiu@y PE finnuidudu@u tieri
Tivaoaifionnads (Kamkacwer al, 2011) AR curcumin HAzoyIfUT AS-KI 021, AS-KI 022, AS-KI

= £ 4 ar s
033, AS-KI 064, AS-KI 086 Lz AS-K1 087 idoamsnadougnt onasaifioanadiouaugaudainig
a ar 1 o = ! = ‘ . o
Wuasmeg Tavszilumsidrasiuunes 9 iiuanududu (cumulative concentration) €115 Tums
‘5’ o ' - lﬂl
NATBUINTNMIAAWAIVBINABATBAISHIATI1TAZAIUVBIA1THNA curcuminiaz oYU FNAMTIY
] o s 1) ' ¥ 1 o .
19 9 M namminhmsduvasamoadnasssunsafiausenaomionnd 1 gan1221in (resting tone,
o ° a A 1 A o o a a a
1g) Uszana 45 - 60 Wi AouinsiAy 80 mM Kl iilonaaoyinasaiondaiilszdninmfoy Tavey
1 = = Qs dl - ¥ A oA a .§ LY |
wumasameaiamsadagaiiomy 80 mM KCl a1l msulavun)asvousaiidiatiuszgmiuiinlay

o A

as & A o
Anlasdyanannmse (force transducer) taznidmsnavauoi ldvzgniiuiinTavyaginsaluua

9

uaunoufiuned (MacLab, ADInstrument, Sydney Australia)

2=
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exfract (dosel)

|

107 AL ACh

* eatract {dosel)

cxtract {doscl)

¢ 80 m}M K}
—F % |

incubate 45-60 min wash 45-60 min wash 45-60 nin )

w | £ .
711 7 YunoumsmadeugNTN13AAIURIVEL pulmonary artery H3® aorta YDINY,

Tasa1ns0f1128 %PDE inhibition A48ATIT19819

% Relaxation =| 1 - force of contraction (g)| x 100

Baseline force (g)

Tau Force of contraction (g) fin usanianInmsnadlIvesnasadeandsninlfmsianududiunieg

. = A a o/ & [ | o g v
Baseline force (g) fo 1I‘J'Jﬂlﬂﬂﬁ]'lﬂm5‘Hﬂﬂ’J‘U’EN‘Hﬂ‘ﬂﬂlﬁﬂﬂiui:ﬁﬂﬂﬂ\‘mﬂﬁ\lﬂ’lﬂ'ﬂi'ﬁ

phenyleprine (PE) Nn2ududu=10"M
5, MIUANZHNMITOR

NS INTIEHNA DA 1Y Student’s t-test: unpaired LAY one-way ANOVA Tauld Tukey’s post hoc test

$dau manuuand1eediifud1ie 990 p-values <0.05
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o
unmn 3

HansnaasatazonYseng

e o :'J
HAUBI curcumins a0y {UE1UM5TUTs PDES taz PDES

£ o i <
HANITNATOUNTAIU PDES 1Az PDE6 v04 curcumin (g0t uaaslum1sefi 4 arsiiil

¥ [
{ o~

- o té i [] [ a :; o
OnBUUYI PDES 1z PDEG Afigade o137 wag 9 Fedint IC,, adilszuin 4 UM s dessilnil sz
= £ 5 1 2 = 1 1 =1 Lo 1) & A A A v
HONBAINI1 sildenafil BINIT 100 I uANBignIANIIEITAUNDY Ao 015 1 uazdsduqFaiim Ic, oy

] ar 4{ 1 L] 1
1199 10-100 UM w10 d1FUQNTAY PDE6 a5 2, 5, 6, 7, 8 HAZ 9 T IC, 881u¥24 3-20 uM Tuvmig
P2 o ' o o - 2 o ! ]
Nas 1, 3140 4 UM IC,, WINAM 100 pM (M50 4) AU @159 1, 3 1az 4 Saanuauls luSeq
V04 selectivity 70 PDE6

& ar d g w
mudniussznhagasiassaiiuazqnfiu PDE voa curcumin tinzoyis

A & o v £ ] o o
deftnmanudmiusseniigas Tnseadiauazqnid PDES ¥4 curcumin TGELMITN

o i . = =1 ' . o O
(Structure-activity relationship ~SAR-) 91AN15199 4 N U T curcumin Hagaywu fﬂﬂﬂ’)‘r‘li‘l‘mﬂ aouil

‘f e A ] = ‘![
anisu PDES Tuszduthunana o mera-methoxyl group w033 1 v1ame’ll odafiiuluast 2

ag 3 wuiwqw'ﬁ‘v’ﬁu PDES 2fa4 IaA471 mefa-methoxyl group ﬁmmﬁﬁtgﬁ’ummaﬂqn% (dloes 1 Qn
demethylation ‘lé’fr'lsﬁﬁﬁ"’aqqsﬁuﬁa 4 wazwuhignidin PpES dasaeant uagdni methoxyl groups
sonlihisaosiadsiiuaaslums 3 wudigninans 4 i Wl Igfnguunuiivalug W methoxyl
groups MM meta-positions HANF Y TUMsIMzA active site vouou i (Cahill aznmE, 2012)

floas s NANGY ketomethylene group 11 1 nguiflerfivudes 1 nuh faniduoula
fovaadnifos Tuvaeh Wonldoungunud ludnuniz@uriulums 2 185ums ¢ qvdan PDES ndy
Wty uazidleriens 6 wndn uazdunga hydroxyl groups 9 nduma 47 16y 27 wag 4~ laldy 3~
s methoxy! group 90 'lﬁ’msﬁﬁqn%qaﬁamsﬁ 7

L} ar

¥ = o
#13 curcumin (g BYWUT (1-7) azm1wih IdTIA 35030 18ANNGY a triazole carboxylic group

d' 1 ar 1< 1 ‘g 1 4 = 1 u:i’ {
a911f1 2 hydroxyl group Tuas 7 1&ifluens 8 uagylidinadoqnidiu PDES ugitilofua1snguii

o ' & £ o o ' ¥
FITHN 3" -hydroxyl group Y84 7 d@a15 9 Felignid1u PDES aneqnudls 7 uaannseazatoilé

-

'iv‘i

= 1
N1
oy £ A { = J 1 d| ar 1
mse’ﬁu PDES ﬁﬂﬂ’]iﬁq‘ﬂﬁﬂﬂ PDE6 ﬁ‘ﬂﬂlﬂﬂﬁaﬂlaﬂ\ﬂ-{ﬁ‘l’f’l\itﬂﬂﬁﬂﬂﬂ'l LYY tadalafil lﬂu?l'JﬂU'N

£ £ ]
ﬂﬂqmwﬁﬁﬂum‘manqmmmzm:m (Cahill taznME 2012) INHANINATOUGNTEUDI curcumin
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s ]

' ' £ ° 1 & - =

analogue A® PDEG 1111 €13 1, 3 uag 4 lignis1i PDE6 /1n31 PDES Faueadily selectivity fid Hans

g 1 @ @ . ' ° £ {
naaowdasliiNmsiulzaTnssadavesoyiug curcumin o'l oro ¥ dmsqnid pEs 7
-k = v . day
AU Lazll specificity NAAIY

4 1 ) o & v d =]

M314H 4 /1 IC50 Y89 curcumin oY WUTIAE sildenafil 1436164 PDES 1oz PDES Aritsroanushy

ANUNGY + S.EM (n=3)

Compounds Chemical structures Icm
PDES (M) PDES6 (uM)
1 18.8+2.1° 113.9420.9°
2 50.6 +3.3° 12.6+2.8"°
3 94.4 +5.° >500°
4 445+ 1.5 >700"°
5 30.5+5.1° 18.149.7"
6 27.6+5.7 7.6+1.8°
7 4.4+ 1.6" 4.0+2.1°
8 17.1 £2.0° 5.1+2.0°
9 3.9+0.6° 2.842 3"
Sildenafil 0.03£001° ND

o o

e v o i o T | ' o
" MBI naasn AN UR019 T column odhaiiudity 7 p<0.0s
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HavIMINATRUMIAMEIveaoaiaenluloauazraoaidenasved curcumin uazoyis
. 1 @ 4:! . '
HAYDY curcumin ABN1TANYAIVDINADAIRDA pulmonary artery Al endothelium W5
. . ¥ “ £
curcuminoids (1-3) HB$ATOYHUSNFAUATIHAUIN (4-9) Aunsavi i nasaideanaiona 18 Tavgns
ar o { - 2 . £
wilsiuTaoasefuanududu Ui s uaz 9) Tuvaziiarsiasgiu PDES inhibitor, sildenafil, AN
; .4 £ ' .
VEMaRAHoA pulmonary 188110 Tamfia supramaximal retaxation tifoammndudhigaiies e curcumin
o 1 a . LMy A H4y o o A a Lo
tazoyiut hignnsaiiia supramaximal relaxation 1€ iffesniniidosiiaiGoamsazats waziignidnd
i o X @ ‘; £ A o J N Y A
sildenafil 110 Aoy Tuswaumiivil sgswnugnivnsvasa@eadiusiaududuinlduaoadon
ANUAI 40% (EC40) unidud115y sildenafil 19251091119 EC50 11ag EC40 NNHANIINABDY WU
o :f Ad . L] 8 o 1 d’
NI (1-9) UAAIGNT WM VLI pulmonary artery M) endothelium Tus29IndiHuady (Aundol EC40s =
58-111 uM) (M31971 5) A2 sildenafil 11 EC40 113 0.04 UM uazdish EC50 i1 0.074+0.016 1M
& o ao A1 L.
HaOARADINUNIUITUTHINN (Teixeira 1AZANE, 2006; Pauvert LAZANZ, 2003)
A = . w 1 Aa . e
WanlFunivunavesans curcumin HAZOYWUTAD pulmonary artery YU endothelium Hagh
" 187 endothelium 900 (denuded pulmonary artery) YU {10181 endothelium 00N REAL 2,5,8and 9 021
£ P [l v oo =] = . . .
gnsanas (M1519% 5) (31l 9b, e, h, i) IFwAINUAT AN ln56015 19 sildenafil 3V 9j) (Teixeira
' 1 £ o o -1 [} ci o
uaznmE, 2006) A1 na lnmseengnivh linaeaidoanatsdavesasimarii evildnAuItoty
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Introduction

Erectile Dysfunction (ED) is a common health problem affecting millions of men worldwide. Phosphodiesterases
(PDES5) inhibitors can be used for the treatment of ED and more recently, for Pulmonary Artery Hypertension
(PAH). However, most of PDES inhibitors show some undesirable side effects. The aim of the study is to search for
new PDES inhibitors from synthesis and natural sources,

Materials and Methods

Three naturally occurring curcumins (1-3) isolated from Curcurma longa L and six synthetic analogues (6-9) were
tested for PDES and PDE6 inhibitory activities using a radio assay [1]. The PDES was obtained from rats’ lungs
while PDE6 was isolated from chicken’s retinas [1].

Results and Discussion 7 )
We found that curcumin together with its analogues showed inhibition effect on PDES, Compounds 7 and 9 showed
greatest PDES inhibitory activity with ICsy values of ~4uM. The other compounds showed ICsovalues in the range
of 10-100 uM. Interestingly, curcumin (1), 3, and 4 showed very-Tow effect (ICso >100 1M) on PDE6 which is the
isozyme that can be found in rod and cone cells within the eye. However, the rest of the analogues ie. 2,5, 6,7, 8
and 9 still showed inhibition effect on PDE6 with ICsy values of 2.76 - 18.14 uM. The curcuminoid structure could
be a promising lead for PDES inhibitors but some structure modification to increase potency and selectivity on
PDES is necessary, '
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Abstract

Objectives Phosphodiesterase-5 (PDES) inhibitors are useful treatments for pulmonary arterial
hypertension as pulmonary vasodilators. We aimed to study curcumin analogues for PDES5

inhibitory activity and vasorelaxation of rat pulmonary arteries.

Methods Three natural curcuminoids (1-3) and six synthetic analogues (4-9) were tested for
PDES5 and PDEG6 inhibitory activities using enzymatic radioassay. Their vasorelaxation was

measured using freshly-isolated segments of rat pulmonary artery and aorta.

Key findings Curcuminoids (1-3) mildly inhibited PDE5 (ICs¢=18uM): the meta-methoxyl of
curcumin was important to these for PDES inhibition. But hydroxyl rearrangements, removing
both methoxyls and one ketomethylene yielded the potent 7 and 9 (ICsp=4pM) (compared to
sildenafil, 1C5p=0.03uM). Only 1, 3, and 4 were PDES5 sclective over PDE6. Triazole-
carboxylic addition provided water-solubility while preserving potency. All analogues possessed
concentration-dependent vasorelaxants of pulmonary arteries (EC40=29-90pM, maximum
response=60-90% at 300 pM), while compounds (1-8) were weakly acting in aorta (maximum
response<40%). Only demethoxycurcumin (2) and analogues 5, 8, 9 had endothelium-dependent
actions.  Sildenafil was highly potent (ECy4=0.04uM) and highly endothelium-dependent in
pulmonary artery but weak on intact aorta (EC40=1.8uM). Activity profiles suggest actions

through additional cell pathways for promoting vasorelaxation.

Conclusions Curcumin analogues are potential leads for developing efficacious and selective

PDES inhibitors and other pathologies of pulmonary hypertension.

Keywords PDES, curcumin analogues, pulmonary artery, pulmonary artery hypertension

Abbreviations: PAH: pulmonary artery hypertension, NO: nitric oxide,PDEx: Phosphodiesterase-
X, cCGMP: guanosine 3', 5'-cyclic monophosphate, sGC: soluble guanylyl cyclase; ACh:
acetylcholine; PE: phenylephrine; DMSO: dimethylsulphoxide; EGTA: ethylene glycol tetra-

acetate; SAR: structure activity relationship; QAE: quaternary aminoethyl anion exchanger



Introduction

Idiopathic pulmonary arterial hypertension (PAH) is a relatively rare lung disorder
(prevalence ~6 cases/million people!™) with a poor prognosis. Pulmonary arteries become
constricted, thus reducing blood flow to the lungs and increasing pulmonary arterial pressure.
This PAH increases the load on the right ventricle, leading to right heart failure and death.?)
Several mechanisms for the disease have been proposed and shown to produce PAH in animal
models, but none appear to reflect the human condition. Because of this unclear etiology, current
drug treatments have focused on symptomatic treatment in the form of vasodilators. Of these,
sildenafil, tadalafil, vardenafil and similar drugs have received the most widespread application.
These compounds are inhibitors of phosphodiesterase-5 (PDES5) found in many cells including
the smooth muscle cells of pulmonary vascular tree expressed as PDESA.! This enzyme is
upregulated in pulmonary hypoxia and PAH!" making it an attractive drug target for these
pathologies. The substrate for this enzyme is guanosine 3', 5'-cyclic monophosphate (cGMP)
which activates in particular, ATP- and BK-channels!® and the resulting increased K-
permeability hence causing vasorelaxation.  Thus inhibiting PDES will favour c¢GMP

5.7 Sildenafil was initially registered as an oral drug

accumulation and promote vasodilatation.
for erectile dysfunction, then later approved for PAH treatment!®, and is now licenced for
Raynaud’s disease.”) There is a growing list of successful clinical trials with PDES inhibitors®®!
which may lead to future licencing by regulatory bodies.”!  Clearly, these also cause
vasodilatation in other tissues®™ and more especially have retinal-related complications most
commonly associated with additional PDEG blockade.”? Therefore, the hunt continues for drugs
that are specific for diseased targets including the pulmonary arterial circulation and especially

erectile dysfunction.

Several Curcuma species are known to be vasorelaxant including Curcuma longa
11 while curcumin reduces pulmonary arterial pressure."""! We have shown that extracts of these
plants exhibit PDES inhibitory activity.!'?! This suggests that curcuminoids might provide leads
for the development of a new generation of selective PDES inhibitors. Therefore, here we aimed
to explore the activities of both natural and synthetic curcumin analogues on the-inhibition of
PDES in cell-free assay and on the vasorelaxation of freshly isolated rat pulmonary arteries in

vitro.



Materials and Methods
Materials

Krebs’ solution(mM): (NaCl 122; KCI 5; [N-(2-hydroxyethyl)piperazine-N'-(2-ethane-sulfonic
acid)] (HEPES) 10; KH,PO4 0.5; NaH,POj4 0.5; MgCl, 1; glucose 11 and CaCl, 1.8; adjusted to
pH 7.3 with IN NaOH), acetylcholine (ACh), phenylephrine (PE), CV Buffer (100 mM Tris-
HCI, pH 7.5; 100 mM imidazole; 15 mM MgCly; 1.0 mg/ml BSA and 2.5 mg/ml snake venom),
CH Buffer (100 mMTris-HCI, pH 7.5 100 mM imidazole, 15 mM MgCl,, 1.0 mg/ml BSA and
0.5 mg/ml histone were obtained from Sigma (St. Louis, MO, USA). Pentobarbital sodium
solution (Nembutal®) was obtained from Ceva Animal Health (Bangkok, Thailand). QAE resin
(QAE Sephadex™ A-25) was purchased from GE Healthcare (Sweden). The PDES and PDE6

were prepared from rat lung tissues and chicken retinas, respectively.

Preparations of compounds

The natural compounds, curcumin (1), demethoxycurcumin (2) and bisdemethoxycurcumin (3),
were obtained from the rhizomes of C. Jonga as described previously.!'*! Compound 4 was
synthesized from compound 1 as described previously."! Aldol condensation of substituted
cinnamones (10a and 10b) and substituted cinnamaldehydes (11a, 11b and 11c) under base-
catalyzed condition gave the trienones 5-7 (Figure 1). For compounds 8 and 9, the acid group-
containing analogues of 7, were synthesized by coupling the alkyne analogues 12 and 13 with the
azide (2-azidoacetic acid) 14 via a Click chemistry approach as shown in Figure 2 to produce 8
and 9. All the tested compounds 4-9 were characterized by spectroscopic methods and the results

are consistent with their structures. The samples were kept at -20 °C until use.
Determination of PDES inhibitory activity

All samples were dissolved in DMSO and diluted with water giving a final DMSO concentration
of 5%. PDES was extracted from rat lung tissue as dt_::scribed previously.!"™ The PD:J-F;f—S‘:assay
was conducted using the two-step radioactive procedure which has been modified from
Sonnenburg et al., 1998.1%1 20 ul of the following reagents were added to 96-well plates: CV
buffer, EGTA, PDES solution and test samples or control (5% DMSO in buffer). The reaction
was started by adding 20 pl of 5 uM [PHJcGMP (~50,000 cpm) to the reaction mixture and

incubated at 30°C for 40 min. Then, 100 pl of 50% QAE resin in water was added to the wells



to purify the hydrolysate. The plate was shaken for 10 min and left for 20 min to allow the resin
to sediment. The supernatants (100 pl) were transferred to new microplate wells containing 100
pl of fresh 50% QAE resin. The plate was again shaken and left to permit sedimentation. Then,
100 pl supernatant was mixed and shaken with 200ul of Microscint® 20 for 2 h. The
radioactivity was counted by a TopCount NXT (PerkinElmer, USA), each well for 1 min. The
PDES activity in the study was standardized to have a hydrolysis activity of 20-25% of the total
substrate counts. The calculation of hydrolysis is shown in equation (1). The PDES inhibitory

activity was calculated from equation (2).

(Cpl\d;zmph' CPIVIbzckgrcun{)
) X
!

% hydrolysis,,_ .=
4 = il li[CPMmt:.homll'CPMack_:rcm

where CPMgampie is the radioactive count rate of the assay with enzyme and
CPMaackground s the count rate without enzyme. CPMiou count is the count rate of 20 ul of

substrate plus 100 ml of buffer 1.

W) B
9%PDES inhibition {1{%)}100 ____________ @)
Zehydrolysi s,y

where Yehydrolysissample and %hydrolysisconro Were the enzyme activities of the sample
and solvent (1% DMSO) used in the assay, respectively, The ICs; values were determined using

the test samples at >80% PDES inhibition.
Determination of PDEG inhibitory activity

PDEG activity was conducted using the procedure previously reported™ which has been
modified from Huang ef al., 1998.'® 25 mi of the following reagents were added to tube: CH
buffer, EGTA, PDEG solution and test samples or control (5% DMSO in buffer). The reaction
was started by adding 25 pl of 5 pM [*H]cGMP and incubated at 30°C for 10 min. Then, the
reaction was stopped by placing the tube in boiling water for 1 min and cooled for 5 min. The
second step of reaction used 25 pl of 2.5 mg/ml snake venom added to the reaction, incubated at__
30°C for 5 min. After that, 250 pl of 20 mM Tris-HCI, pH 6.8 (buffer 1) was added. Tl'le B
reaction was transferred to a QAE resin column and eluted 4 times with 500 pl of buffer I. The

eluent was mixed with a scintillant cocktail and the radioactivity was measured using a B-

counter. The %hydrolysis of PDE6 was similarly calculated as for PDES.

Animals



Male Wistar rats (200-250 g) were obtained from the National Laboratory Animal Center,
Mahidol University, Nakhornpathom, Thailand. The study was approved by the Animal Ethics
Committee, Naresuan University, Phitsanulok, Thailand (NU-AE540416). Animals were housed
under standard environmental conditions at 25+2°C, 12 h-light and dark cycle, fed with standard

rodent diet and tap water in the Center for Animal Research, Naresuan University, Thailand.

Tissue preparation and vascular protocols

Rats were anesthetized by pentobarbital (65 mg/kg, intraperitoneal injection) and the lungs and
aorta were isolated. Intra-pulmonary artery was removed from lung and soaked in Krebs’
solution to wash off the surrounding loose connective tissue. The vessel was cut into rings 2-3
mm in length and mounted in tissue chambers via a pair of intraluminal wires. The chambers
contained Krebs’ solution at 37 °C and bubbled with air. The rings were incubated for 45-60 min
at an optimum tension of 1 g during which the solution was replaced every 15 min. The wires
were connected to force transducers to measure isometric tension via a MacLab A/D converter
(Chart V5, A.D. Instruments, Castle Hill, Australia), stored and displayed on personal computer.
The arterial confraction and relaxation was tested by sequential application of 10 uM PE and 10
UM ACh. Only vessels showing 80-100% relaxation to ACh were considered as endothelium-
intact, while in some experiments the endothelium was predenuded mechanically, and
relaxations of <20% were considered as successfully denuded. After washing for 45-60 min,
vessels were precontracted by adding 10 pM PE again. When stable contractions were obtained,
the samples (containing compounds 1-9) at concentrations of 0.1-100 pM were cumulatively
added (Figure 3). The samples were dissolved in DMSO and then diluted with water to obtain
the final concentrations of 300, 100, 30, 10, 3, 1, 0.1 pM in 2 ml tissue baths (final solutions
contained <0.1% DMSO). Sildenafil was similarly diluted to working concentrations of 0.0001-
100pM .

Statistical analysis
Data were expressed as the mean + standard error of the mean (S.E.M). Statistical analysis was

conducted using Student’s r-test: unpaired and one-way ANOVA, followed by Tukey’s post hoc

test. p-values of <0.05 were considered significant.

)
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Results
Inhibition of PDES and PDEG by curcumin analogues

Three naturally occurring curcuminoids (1-3) and six synthetic analogues (4-9) were tested using
the PDES and PDEG inhibition assays. The highest potency on PDES was for 7 and 9 with ICses
of ~4 uM. Nevertheless, compounds 7 and 9 were ~100-fold less potent than sildenafil but more
effective than the naturally occurring 1-3 (Table 1). The other compounds showed ICs; values
that varied between 10 and 100 pM. For PDES, the ICsgs for compounds 2, 5§, 6, 7, 8 and 9 were
in the range of 3-20 uM. Only 1, 3 and 4 showed ICsps >100 pM (Table 1).

Vasorelaxation of pulmonary artery and aorta by curcumin analogues

In isolated pulmonary arteries with intact endothelium, the natural curcuminoids (1-3) and
synthetic analogues (4-9) demonstrated concentration-dependent vasodilatation (Figures 3, 4),
Sildenafil achieved a sup-ramaximal relaxation, but limited solubility and lower potency
prevented us from deterrhining the supramaximal effect for any of the test analogues while some
of maximal responses did not even reach 50% of the maximal sildenafil response. Therefore, all
potencies were expressed as an ECy9 (for sildenafil both ECsp and EC4 were determined). Every
test analogue showed similar potencies (mean ECyos were 58-111 uM) on intact pulmonary

arteries (Table 2).

Endothelial denudation of pulmonary arteries showed smaller relaxations with compounds 2, 5, 8
and 9 (Table 2) (Figure 4b, ¢, h, i). Similarly, sildenafil potency was substantially lower in
endothelium denuded pulmonary arteries (Figure 4j). For the remaining compounds 1, 3, 4, 6,

and 7 (Figure 4a, c, d, f, g), there was no change in potency with denudation.

In contrast, most of the test compounds produced weaker actions on aorta compared to intact
pulmonary artery except compound 9 which was equally potent on both aorta and puimonary
artery (Figure 4i). Sildenafil was ~40-fold less effective on the aorta than intact pulmonary
artery, i.e., only ~5-fold more potent than denuded pulmonary artery (Figure 4j). This could be a
consequence of more PDES in pulmonary artery but we are unware of any direct comparison of

PDES in vascular smooth muscle on different arteries.



Discussion

Structure-activity relationship (SAR) of curcumin analogues on PDEs: Cell-free experiments
showed that all curcumin analogues were moderately active PDES inhibitors (Table 1). When
the meta-methoxyl group was missing from 1, the activities of 2 and 3 were reduced suggesting
that this group is important for PDES inhibitory activity. Demethylation of 1 gave the more
polar analogue 4 resulting in a 2-fold lower inhibitory activity while removing both methoxyl
groups yielded compound 3 which produced a 4-fold reduction in activity. It might be possible

that these meta-positions need these bulky substituents for binding to the active site.!'”!

Replacement of the ketomethylene group in 1 giving 5 slightly decreased the inhibitory
activity whereas a similar structural modification of 2 to 6 increased the activity. Taking
compound 6 and transposing the two hydroxyl groups from positions 4’ to 2" and 4°" to 3°* and

removing the aromatic methoxyl group yielded the highly potent compound 7.

Water solubility was a majbr challenge for curcumin analogues (1-7) and solubility was
improved by adding a triazole carboxylic group to the 2 hydroxyl group in 7 to give 8 but this
compromised PDES potency. In contrast, a similar substitution on the opposite 3""-hydroxyl
group of 7 yielding 9 preserved the inhibitory activity as well as offering superior water-

solubility.

The inhibitory activity on PDEG6 is another concern because it disrupts the cGMP
signaling pathway used in retinal transduction and this is avoided in the highly selective PDES
inhibitor, tadalafil.'” The inhibition by these compounds on PDE6 suggests that 1, 3 and 4 had
weak actions compared to the corresponding actions on PDES and accords with the 10-fold
selectivity of sildenafil.l" These results suggest that further modification of curcuminoid
analogues could achieve the required specificity and high activity needed to realize clinical

usefulness.

Vasorelaxant effects of curcumin analogues: In these experiments, sildenafil potency on intact
pulmonary arteries expressed as ECq9 was 0.04uM (0.074+0.016 pMcalculated as ECso) which
accords with previous work in rat pulmonary artery'”! and aorta.l'"¥ Furthermore, the potency of
sildenafil here was similar to the cell-free action on PDES protein. Endothelial removal caused a
dramatic decrease in sildenafil potency (200-fold less) both here and in previous work on

aorta."® This confirms that the vascular smooth muscle relaxation was largely mediated through



the endothelium releasing vasodilator factors even though sildenafil is acting on vascular smooth

muscle.?”

All the curcuminoids were vasorelaxant using endothelium intact pulmonary artery and all had
similar potencies (Table 2). Compounds 2, 5, 8, 9 and possibly 4 had actions which indicate that
the endothelium was necessary. But, these four compounds had similar potencies which did not
reflect those variations seen in the cell-free assays on either PDES of PDE6. Thus for
compounds 2, 5, 8 and 9, there was clearly endothelium-dependency, but the poor potency
correlation with the cell-free studies does not clearly indicate that they are acting on PDES.
Compounds 1 and 7 were unaffected by endothelial denudation suggesting that they acted
directly on vascular smooth muscle through a mechanism probably not directly on PDE5. These

[21]

might include actions on soluble guanylyl cyclase™ on M-receptors, or cytosolic Ca®*

handling.??

There are two important differences between the cell-free and vascular relaxation studies which
might affect potency of our compounds (i) the compounds have to gain access to the cell interior
and numerous bioavailability studies have shown that the membrane permeability of at least
curcumin itself is very poor®’, (ii) a vast number of cellular effects for curcuminoids have been

described,?4

However, the very high concentrations needed to have any effect on the aorta suggest that these
compounds have some selectivity for the pulmonary artery. This alone indicates that the
compounds may form the basis for the development of drugs that selectively target the

24251 may be an

pulmonary circulation. Finally, the multiple cellular actions of curcuminoids
asset in the treatment of a disease such as PAH where there are multiple pathologies including
inflammation, PDES upregulation, ionchannelopathies, vasoconstriction, endothelial dysfunction

and vascular hyperplasia.

Conclusions

Curcumin analogues showed PDES inhibitory activity with varying potencies and some showed
selectivity for PDES over PDE6. There were clear endothelium-dependent vasorelaxant effects
to which the pulmonary artery was more sensitive compared to the aorta. These results suggest
that these curcuminoids could underpin the further development of highly selective and potent
compounds which could discriminate the pulmonary arterial circulation by targeting several

coincident pathologies of PAH including PDES upregulation.
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Figure 1 Preparation of compounds 5-7. Reagents and conditions: (a) propargyl bromide,

K,CO3, acetone, room temperature; (b) 20% aq. NaOH, EtOH, 0°C—room temperature



Figure 2 Preparation of compounds 8 and 9. Reagents and conditions: (a) NaN3, H,O, room

temperature: (b) CuSQy, sodium ascorbate, THF:H,0 (9:1)
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Figure 3 An example time-course showing vasorelaxation of an endothelium-intact pulmonary
artery to ACh followed by the relaxant effect of compound 3 at 0.1 to 300 pM.
PE=phenylephine, ACh=acetylcholine, K= high potassium solution.
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Figure 4 Concentration-vasorelaxation plots for the nine curcumin analogues and sildenafil.
Each value is mean + SEM (n=5-6). * p<0.05 compared relaxation of pulmonary arteries with
and without endothelium, # p< 0.05 comparing endothelium intact pulmonary arteries with

aortas,



Table 1 The inhibitory effects of curcumin and its analogues on PDES and PDE6. Values are

means + S.E.M (n=3).

Compounds Chemical structures ICsoagainst

PDES5 (uM) PDE6 (uM)
1 18.8+2.1° 113.9+20.9°
2 50.6 +3.3° 12.6+2.8°
3 94.4 +5.2° >500°
4 44,5 +£1.5° >700¢
5 30.5+5.1° 18.1+9.7°
6 27.6+5.7° 7.6+1.8°
7 44+ 1.6° 4.0+£2.1°
8 17.1 £2.0° 5.142.0°
9 3.9 £ 0.6 2.8+2.3°

Sildenafil 0.03 +0.01° ND

*¢ Difference within columns (samples not connected by the same letter are statistically diferent at

p<0.05)



Table 2 Vasorelaxant actions of curcumin and its analogues on rat endothelium-intact and

denuded pulmonary arteries and aorta. (n=5-6), p-values listed are for differences between

endothelium-intact vs endothelium-denuded pulmonary arteries. . p<0.0001 for endothelium-

intact vs intact aorta.

ECs0 (0M)
Compounds pulmo-nary artery pulmonary artery -
intact denuded
1 109 + 23 93+30 (p=0.82) >3000"
2 58+ 10 530040 (<0.0001)  >300+0"
3 111+ 29 184 £ 31 (p=0.14) >300+£0"
4 58 420 121 + 20 (p=0.058) >300+0"
5 76 + 24 >300+0 (p<0.0001)  >300+0"
6 98 + 28 147 + 21 (p=0.17) >300+0"
7 50 + 8 5246 (p=0.74) >300£0"
8 59+ 8 208 £ 17 (p<0.70001) >300+0"
9 71415 >300+ 0 (p<0.0001) 4611
Sildenafil 0.042 % 0.009 8.4 + 0.8 (p<0.0001) 1.841.0"




