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Abstract

Project Code: RMU5080017

Project Title: Influence of Herbal Medicine “Andrographis paniculata” on Expression of
Cytochrome P450 Enzymes

Investigator: Associate Professor Dr.Kanokwan Jarukamjorn
Faculty of Pharmaceutical Sciences, Khon Kaen University

E-mail Address: kanok_ja@kku.ac.th

Project Period: 1 December 2006 to 30 November 2009

Effects of andrographolide, the major diterpenois constituent of Andrographis
paniculata, on the expression of cytochrome P450 familyl members, including CYP1A1,
CYP1A2, and CYP1B1, as well as on aryl hydrocarbon receptor (AhR) expression in
primary hepatocyte cultures and liver of male C57BL/6 mouse were investigated in
comparison with the effects of typical CYP1A inducers, including benz[a]anthracene, [-
naphthoflavone  (B-NF), and  2,3,7,8-tetrachlorodibenzo-p-dioxin.  Andrographolide
significantly induced the expression of CYP1A1 and CYP1A2 mRNAs in a concentration-
dependent manner, but did not induce that of CYP1B1 or AhR. Interestingly,
andrographolide plus the typical CYP1A inducers synergistically induced CYP1A1
expression, and the synergism was blocked by an AhR antagonist, resveratrol, or deficiency
of male sex hormone, testosterone. The CYP1A1 protein expression and enzyme activity
showed a similar pattern of induction. This is the first report that shows that
andrographolide has a potency to induce CYP1A1 enzyme and indicates that
andrographolide could be a very useful compound for investigating the regulatory
mechanism of the CYP1A1 induction pathway. The microarray assay was employed to
analyze genes whose expression was modified by andrographolide and to confirm
andrographolide-synergistic induction of B-NF-induced CYP1A1 expression. In addition, our
findings suggest preparing advice for rational administration and elucidating drug interaction

and risk assessment with the use of A. paniculata, according to its ability to induce CYP1A1.

Keywords: Andrographis paniculata, andrographolide, cytochrome P450, CYP1A1,
CYP1A2, CYP1B1, 3-methylcholanthrene, P-naphthoflavone, testosterone,

microarray, orchiectomy
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1. Weaamatazaumiuaaaanaas mRNA vasawlodflalalasy A 450 ﬁgﬂmﬁmﬁw/
Wiagus I@]Elﬁ’mzmUI&]SLL&Z/V\%E}LLauI@iﬂ‘i’]IWVLaGTLﬂ%UULﬁUUﬂwUﬁﬁiﬂizi%ﬁuLLuu
ﬁmwwzn}’m}ﬂumaﬁﬁuﬂgwqﬁmaov\kl,vl,w% (primary mouse hepatocyte cultures) Lz
Iuﬁu%hﬂwf (mouse liver) laginadia real-time RT-PCR

2. WeATIatAIAUMILEAI8aN8I MRNA 289 nuclear receptor #1399 TABITEINY
nalnmsauqumiusateanvedanlsilolalasy W 450 ﬁﬁﬂmﬁgﬂmﬁmm/%%
S T,@UﬂwmmﬂIﬂiLLﬂz/ﬁ?ﬂLLauImmﬂW"La@ﬁﬂ‘%ﬂuLﬁyuﬁ'umsniz@jmi”mmuﬁ
wwzianzaslusasaulguniiveanulad (primary mouse hepatocyte cultures) uazlu
GTU%}JLVLNGI? (mouse liver) laswnadia real-time RT-PCR

3. eanaiaszeumiusaseanvesldsinasienlsdlolalasy W 450 ﬁgﬂmﬁmﬁ,’l/
wiaguss lapwhnzaslasuazvianoulasna Wladuonlasns nladisouiiauny
miﬂsz@‘fuﬁmmuﬁLawnm:ﬁ]ﬂumaa‘@”uﬂgmuﬁmaovshtvlm? (primary mouse
hepatocyte cultures) LL@:I%@TU%HVLEJGI? (mouse liver) laswnafia western blotting/
immunoblotting

4. Lﬁaai‘”nLLum'haaamaﬁﬁwmu,a:mé}'ﬁﬂmszﬁuﬁiﬂmaqmﬁaﬁﬂ mm‘fagaﬁ'nmw
UAZALATIA b ﬁ%mﬁuuﬂszqﬂ@“lﬂumiﬁﬂmNamaw‘h%’umaguvlwﬁu6) @any

ugadaanvadtaw b lalalasy N 450 luloasaudainasad

160 @13LAdLAZIBNAfaY

d13tadnan

mnaﬁﬁm%’uﬂﬁmzlﬁmmaﬁm"’uﬂgmﬁ 21N Gibco® Invitrogen Cell Culture (Carlsbad,
CA), BioWhittaker™ Cambrex Bio-Sciences (Walkerville, MD) w8z Wako Pure Chemical
(Osaka, Japan). Percoll iaz collagenase (Type |) Wunaanmsivad GE Healthcare Bio-
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Sciences AB (Uppsala) Waz the Sigma Chemical Co. (St. Louis, MO) @nu&1aL
Andrographolide, resveratrol L& TAATID LDH-cytotoxic test 3an Wako Pure Chemical
Mmmzﬁ benz(a)anthracene , B-naphthoflavone, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
ethoxyresorufin, Wae resorufin WunRanmsivas Sigma Chemical Co &M 3-
methylcholanthrene LAz Testosterone propionate 484 Eastman Kodak Co. (Rochester, NY,
USA) uaz Kasei TCI (Tokyo, Japan) @us&1ay qwﬁwﬂﬁﬁ%mgn%‘[wﬁLwaLsaLLum’smﬁa
ﬁg\‘i TaKaRa RT-PCR kit (Perfect Real Time) Lias SYBR® Green Premix Ex Tag™ (Perfect
Real Time) uaz gAanneN3dulauiqns FastPure’ RNA kit 91n TaKaRa Biomedicals Inc.
(Shiga, Japan) az TagMan® Gene Expression Assays 3710 Applied Biosystems
(Branchburg, NJ) LawdAuad CYP1A1 I@Uﬂ’s’makl,l,ﬂi’l:ﬁ“ﬂad Dr. Y. Funae, Osaka City
University Waslaom llizmm]ji,ju Dual-Luciferase Reporter Assay System undanmet
U8y Promega® (Madison,WI)

a I3 [
80 qﬂnsnman

Hybond-C membranes \Junfanusivas The Amersham Pharmacia Biotech Co.

nsaseaaa aulgans

Wil iwe] soWug ddY wia C57BL/6 anx 8 #aw on perfuse 1IZAIUHANADAN
SnarwdmdoalnyilUEody portal vein 3Nz NIRRT SAUTITAa (viable
hepatocytes) @1u#anNN1T isodensity lawldasazany percoll (23) irasauazgnnizaslu
21913 WaymouthMB752/1 ﬁﬂizﬂauﬁ’m bovine serum albumin (2 ﬂi\l@iaﬁm), insulin
(0.5 §adnINFaAMI), transferring (0.5 Uadniudadas) waz selenium (0.5 lulasnsudadasg)
waziziasluanwmNzA BT iaLndoUnaaa LI ﬁﬁmmmé?mhgmﬁﬂma 3.5-mm fiena
WU 5%10° LIRRADAAT muldgmngil 37°C lugiia CO,-humidified incubator LTaRaE
imzdamdnluwesnmmnzdssnelung 3 TU.  UAEUEAIENH A MILRLLUTHAEN
(monolayer) mM3lduanIsragsfidosmsdnm laur andrographolide uaz/w3e AINETAK
FulUUeN g aznszyinaenasmstuwiziduig 24 ou. lasld DMSO udvhazanslu
YSanawlaiiAin 0.1% (Nemoto and Sakurai, 1992) LR MIS DL LR B INSLANENS 6-
24 7. (Wuanadh) 1RaLaSoa total RNA wialusawlulaslaw eusey (24) nawnsfinm
Tgu@iavl,ﬂEJ’]WWL‘W’]:LgﬂdluLL@iazﬁﬂuﬁlzgﬂﬁ’mﬁﬁLﬂi’]:ﬁLﬁaﬂiZLﬁuizﬁ‘].lﬂ’)’]mﬂuﬁw@iaL‘ﬁaﬁ(
(cytotoxicity ) 289&15e8eNIlULARZANNITNTUGRE LDH-cytotoxic test SIHINTWANTEN
2AUMILEAIB8NT8I GAPDH mRNA 14678

NLASENAATNAaY
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i lud ﬂ%LWﬂQLLa:meﬁU sNuWUS C57BL/6 and DBA/2 a1t 7 fat Qm??mlummmu
afisasedides IndinuszormslulSunouRsanenaeaamANIRILILNITIaE 4-5 69
mﬂluﬁaalﬁfgﬂaé’@d‘maaomuquqmv&nﬁﬁamzuuﬂ?ummﬂﬁ' 20-23°C  Uazladaindg/ila
1212 i GﬁaLflu"l,ﬂ@nuama:mmgmﬂmﬁmé’m‘f’maaa WaEMIANLQULAYDY
ATZNIINMIAIUITIVWIIN  wazanasguwlunslisainasay  wwingiaszauunn A
Yauuin Uszmnang (ManwInN 1) %30 University’s Institutional Animal Care and Use
Committee, University of Toyama, Toyama ﬂizmﬂtﬁlﬂgu N0k Orchiectomy W30 ovariectomy
niludazgnimssndavizdeny 5 dland Laz5uYM3 treatment ﬁmq 7 §anA M3
treatment §AINARDI ifuagﬁumsﬁﬁaamimaauﬁaﬁ andrographolide vinmsaaingaile
Awis (sc) 1wa 5 JaanswAlaniusn Tuazass NN W% 45 T Tuwmed 3-
methylcholanthrene 1@ 20 Aadniw/Alaniu/it “3a phenobarbital vw1a 100 JadnIw/
Alansu/iu Fmsaantesios (ip.) Tuazass NNI% W% 3 1 UAE testosterone AT
uldfmes (s.c) 1w 5 HaanswAlansuin Tuazais NI W 1 dland daungy
AuANaz ld3L corn oil Fsl5idudrvnazans lagnsiahuldfmgs (s.c.) 0.2 Jadaas Su
f239 N wn 1 dlend N 24 TH. MERAINTUMWUAMST treatment FAINANEIDE

anaauaIBEFaULiuIIaLNaLENGLaaNILATEY total RNA uazlulaslaw (24) sa'l

Real-time RT-PCR

NILFAIBANVBY mouse P450 @199 way GAPDH mRNA a:gﬂﬁtﬂiwzﬁﬂ%uwmiﬂytﬂﬂﬁﬂ
real-time RT-PCR 283 ABI Prism 7000 Sequence Detection System (Applied Biosystems,
Branchburg, NJ, USA) uaslisunsa  ABI Prism 7000 SDS software lagm3tdsmw total
RNA % cDNA ¢aUfji3en reverse-transcription NniuimaAudsino odNA Tag
ﬂﬁﬁ?swgﬂisﬁiwﬁLuaLsa (25) wazld TagMan Gene Expression Assays (Inventoried) #
W@NLaNza96a  Cypla2 (Mm00487224 m1), Cyp1b? (Mm00487229 m1), Cyp2b9
(Mm00657910_m1), Cyp2b10 (Mm00456591_m1), Cyp3a?! (Mm00731567_m1) Uaz
Ugt1a6 (Mm01967851_s1) LLes TagMan Gene Expression Detection kit ﬁLﬂW’lzLﬁnz%@ia
Cyp1al 390NU forward WAz reverse primers Laz probe AldeUIIREIUEGY a9l 5-GAC
ATT TGA GAA GGG CCA CAT C-3, 5-CCA AAG AGG TCC AAA ACA ATC G-3’ ez 5-
FAM-CGA GAA TGC CAA TGT CCA GCT GTC A-TAMRA-3' uar TagMan Gene
Expression Detection kit ﬁLaW’lzLﬁl’lzﬁlG@ia Cyp3a41 70NU forward Waz reverse primers
W8z probe ANETUIUEMNEIGY G9ft: 5-GCC AAA GGG ATT TTA AGA GTT GTT GAC T-
3, 5-GGT GTC AGG AAT GGA AAA AGTA CA-3 uaz 5-FAM-ATC CTT TGG TCT TCT
CAG-MGB-3’ uax SYBR Premix Ex TaqTNI (Perfect Real Time) #9SU GAPDH lagdl
forward U8 reverse primers AUEGULLEAWENTY @93k 5-TCC ACT CAC GGC AAA TTC
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AAC G-3' and 5-TAG ACT CCA CGA CAT ACT CAG C-3’' uaz §1%3U Cyp2a4 laodl
forward W8 reverse primers NASAUILEANNEGU A9H 5-GGG CAG GTC TAT GAG ATG
TTT TCT TC-3' uaz 5-AAA GTC CTC CAG GCC TTG CA-3’

11911 SDS-PAGE a2 Western blotting
lulaslavnndunylud (26) J3anm 5-20 lulasniuluséiu gnusndis 10% SDS-PAGE
maldnszuglnmh ﬁ]’]ﬂﬁuLLnuTﬂiauazgﬂLﬂﬁau{hﬂ"LiJ"I,’TuuLLcJuLmumu Hybond-C e

A v o

Ujisongiiquindgupiindinzda CYP1A1 ivhufismndhant cYP1A2 ldde awdae

q LT

a

miﬁﬁﬂﬁﬁ%mn@mgﬁﬁu horseradish peroxidase-conjugated goat anti-rabbit IgG antibody

LLazﬂﬁﬁ?mﬁﬁ'ﬂ%m@ammamﬂ 3,3-diaminobenzidine and hydrogen peroxide (27)

M 3UszlindInmesIa total P450 uazansInwzvadtanlnsilalalasa A 450

Yy P450  Iululaslonaaialasmnaiia carbon  monoxide  difference
spectrophotometry (28) &IURNITOULVDI ethoxyresorufin O-deethylation (EROD) ¥inmg
ANz IaLaNENaNad 10mMTris—HCI (pH 7.8), 200 pM NADPH, 0.5mgof hepatic
microsomes W&z 50 UM ethoxyresorufin #8330 incubate i 37 °C W% 3 W1l lainafia
spectrofluorometry ‘ﬁl excitation wavelength 530 W LULNAT WAL emission wavelength 585 %1

TuLas (Sakuma et al., 1999)

NN3ANBA transient transfection WA luciferase assay

1 ’Tu‘lﬁé’\iﬂﬁiLW%LgﬂldL‘Hﬂﬁ@ﬁﬂg&lﬂﬁﬁ]:gﬂ transfect #78 pGL3-promotor vector 714l reporter
construct ‘ﬁl‘usi?g Dioxin Responsive Element (DRE) (29) 3 %ﬁ uazld pRL-SV40 vector 1w
internal standard et Trans Pass D1 Transfection Reagent (New England Biolabs,
Ipswich, MA) ﬁﬁmil,‘i_lﬁ‘ﬂum%ﬁﬁmLﬁﬁaagﬂ'm%ﬁ'dmi transfection 3 1. ﬂ'auﬁlu treatment
a8 andrographolide WaZ/M3e TCDD NMUWAY incubate AU 24 %u.ﬁwmnﬁmﬁmﬂaﬁﬁa

IATNEAFUIIOULVDI Luciferase activity

Microarray analysis

@889 Total RNA ;‘]ﬂﬁﬂﬁﬁqﬂﬁfﬁaﬂ“g@aﬁ'ﬂmiﬁma FastPure " RNA kit anniuiiaszst
qmmwLLazﬂ%mmﬂJaamiﬁma Aauad a9 Bio Matrix Research, Inc. (Chiba, Japan) Lﬁia
JaNziey GeneChip Mouse Exon 1.0 ST array (Affymatreix Technologies, Tokyo, Japan)

wazyinmMIudsnadalUsunIy GeneSpringGX10 software (Agilent Technologies)
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NANIINANDY

msAnsnavasneanlasns W laddamIusnsasnvassuunia CYP1A wae
nrmaastuuranaslumaddumnzidlgugd wuiuaulamnalWladindoinns
LEPIBaNBILENANILEUaTY CYPIAT sy CYP1A2 lusnwmefiundsiunuanutudn (3
7 1A) lagwumsmiisninues CYP1AT 989 1 Swmenasannilasunanlasnilnlas
Tuwmei CYP1A2 azwumswdisninlddinin saw BlajA swnsambiginmsusesasnaas
Y11 CYP1A1 uaz CYP1A2 (3l 1B) maaadasnufimefinesimandan (Guengerich and
Shimada, 1998) N3 treatment T1n3zWINsuanlasnalwladuas BlaJA sansagsugnims
Wilsi MIuEaaenUedEualEwaTes CYPIAT ualinusnsaemsiasunniasnanai
lwduanfidwaves CYP1A2 uananimuiwoulasnnnladlimunsaaswuasszau
MIUFAIBBNVEYI AR NIBMIUAAIEaNURI CYP1B1 ﬁgﬂmﬁmﬁﬂm BlaJA AN TABNL
dusasliimdunsinnin  wanlasnnIwladdsdummanannasanavasvinzaslasd

anun Wl nReNFULWTE CYP1A e

Fig. 1. Modulation of BJ[a]A-

A
120 12 - inducible expression of CYP1A1,
YP1A1 T Py
S+ |S0wy . i e ; CYP1A2, CYP1B1, and AhR
a E 90 {mDay2 olmDay2 iy i . )
ég @ Day 3 mRNAs by andrographolide in
s T [ ] monolayer-cultured hepatocytes.
5§ 00 T
% G} ] Hepatocytes at day 1 of cultivation
Q
22 30 were incubated with
o=
E i 0 = A andrographolide  (Andro) and/or
Y 12.5 25 50 0 125 25 50 B[a]A. Each column represents the
And holide (uM And holide (uM
g i=pide N nfegraphiole (M) mean+SD (n=6). Significance was
B examined using ANOVA and the
250 w5
c O CYP1A1 | CYP1A2 Student-Newman-Keuls  method
2 O CYP1B1
%% 200 | PR 4 O AhR (Sigmastat®); *p<0.05; **p<0.01;
Qa =
L%g 150 3 ***p<0.001. Panel A shows the
Q
§ 5 expression profile of CYP1A1 and
¢ 100 2
E ‘g CYP1A2 mRNA by andrographolide.
E g 50 . 1 Andrographolide, at 12.5, 25, or 50
o N
o 0 _ﬁ_ﬁ 0 uM, was immediately added to
+ = + - + - + Andro

hepatocytes after the medium was
+ + - = + + Bla]A
changed consecutively on the

indicated days. Panel B shows the modified expression of B[a]A-induced CYP1 and AhR mRNAs by andrographolide.
Concentrations of the added compounds were 50 uM for andrographolide and 13 uM for B[a]A.

= . ° A A a '
Resveratrol @9t AhR antagonist ONWAT treat WNaANENBNTWATEY AhR @ams
ALQuNILAAIEaNTadaNauaTas  CYPIAT  Nigninfstihlasuaulasnminlad

v Qo Qs { a Qg { o 1
meldznzdenwnuAinumaasignimanieniveswenlasnilnladdansuaasean
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a a o 4 o an . '
2ad CYP1A1 ‘Y]QﬂLWH;EJ'J‘W]I@]U BlalA GﬁdNQMﬁNU@]Lﬂ% ligand ¥8J AhR i]’]ﬂﬂ’]iﬁﬂ‘ﬂ"lW‘].l'J']

al a Qf ' '
resveratrol R1NUNINNAVINNNIILRINNTVDINIT treatment TJ&JSzV\’)'}\‘lLLE]%I@?ﬂ‘S’]IWVLa@TLLaz

(% ' ' { ° { { =
BlalA ld laglifinadanmawiianiuasusulasnalnladnia BlajA 1au19 (3UN 2) Tauaas

v 1 { v s a Qg { o
T#iAuIn ARR danuiioitasnumasSugnimswiisinmsuaadaanvadtduensidnauad

CYP1A1 31NNN3 treatment Tz Nduanlasn Inladuas BlalA 1inias

200
CYP1A1

o HE e

-
[54]
o
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>
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Relative mRNA Expression
(4]
o
H
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0 30100 0 30100 0 30100
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(CYP1A1/GAPDH)
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13

B-Naphthoflavone (uM)
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Andrographolide
Benz[a]anthracene

Fig. 2. Effect of resveratrol on the synergistic
modification of B[a]A-inducible expression of
CYP1A1 mRNA by andrographolide.
Hepatocytes at day 1 of cultivation were
incubated with 25 uM andrographolide, 13 pM
B[a]A, and/or resveratrol (at the indicated
concentrations). Each column represents the
mean+SD (n=6). Significance was examined
using ANOVA and the Student-Newman-—

Keuls method (Sigmastat®); *p<0.05; **p<0.01.

Fig. 3. Induction of CYP1A1 mRNA expression by

andrographolide and typical CYP1A1 inducers.
Hepatocytes at day 1 of cultivation were incubated
with 25 uM andrographolide, and/or typical CYP1A
inducers. Each column represents the meantSD
(n=6). Significance was examined using ANOVA and
the Student-Newman—Keuls method (Sigmastat®);
*p<0.05; **p<0.01. Panel A shows synergistic
induction of CYP1A1 expression by co-treatment of
typical inducers and andrographolide. Numbers in
the figure indicate expression compared with that of
the control group (=1), unless otherwise indicated.
Concentrations of typical CYP1A inducers were 13
uM for B-NF and B[a]A, and 30 nM for TCDD. NT,
Panel B shows the concentration-

B-NF-induced CYP1A1

non-treatment.

dependent induction of
expression by andrographolide. The concentrations

of B-NF were 1, 3, 6, or 13 uM.



wananNt  g9larinmydssiduiavaduanlasnmlnladdansiniesinnsusadaan
22418301518%089 CYP1AT lasminizduduuuy CYP1A silad1sg uazwuiwaulasn
6 a :\"‘ d' o s 1 v :i a.‘;,y
NniWladmumasiugnimantoihdindnzemnansld U 3A)  wenaniidiny
™ =Y Qg dl o % lﬂ. L L™ v v v v
anszmuasugninamisihluansaeiulsduasnuanugntuvesaInszguduiuy
gndan (UM 3B) wazdawumsusasaanzadliidiu CYP1A1 (UN 4) uazanisnuzzas

waulmal CYP1A1 (U7 5) ludnsuzfiseandasiuiids

Fig. 4. Induction of CYP1A1 protein expression by andrographolide and typical CYP1A1 inducers. Hepatocytes at day 1 of
cultivation were incubated with 25 uM andrographolide (Andro), and/or typical CYP1A inducers. The concentrations of the

typical CYP1A inducers were 13 uM for B[a]A and 3-NF, and 30 nM for TCDD.

1.5
s )
= _ ~aB-NF
g 'c‘v:') ~=-TCDD /{
= ——Andro .
£ O 1.0 T ==Andro + B@A >
ic & —=—Andro + B-NF .
we B —=—Andro + TCDD *
c3
O = :l*_
w & 0.5
33
Q
i
00 T I [
50 100 150 200

Time (min)

Fig. 5. Modulation of ethoxyresorufin O-deethylase activity profile by cotreatment with andrographolide and typical CYP1A
inducers. Hepatocytes at day 1 of cultivation were incubated with 25 pM andrographolide (Andro), and/ or typical CYP1A
inducers. Ethoxyresorufin (10 uM) was added 24 h later, and an aliquot of the medium was sampled (at specified times)
and subsequently subjected to spectrofluorometric measurement. Each point represents the meantSD (n=6-8).
Significance was examined using ANOVA and the Student-Newman-Keuls method (Sigmastat®); *p<0.001. The

concentrations of the typical CYP1A inducers were 13 uM for B[a]A and B-NF, and 30 nM for TCDD.
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msdsziduanuinaziiuwaasna infinanlasnlwladiininiesin CYP1A1 ANunad
mafiamInizduzes AR anaseulasmsiienzinavasuanlasninladdesusnus
U8y DRE-mediated transcriptional activity AEnaA%A  luciferase reporter assay WU
waaanld TCDD  Gadlusninszguduuuuzas CYPIAT NfANMAUTIEI  aNITOUTBT
. A X a e Aa A a a 9 & .
luciferase LANgIIBITIMTARNLTIINMENT DRE WailIouifisunuiaadusrawinaidsn

udin7 treatment Fansznirauanlasnninladuaz TCoD linwumadasuudaslas (U7 6)

§ 40 - ; Fig. 6. Expression of DRE-mediated
T i

= —_— R transcriptional  activity by TCDD and
> 30 : . ) )

= : d holid It
& Il oL 3-promoter andrographolide in primary culture
) M 3xoRe hepatocytes. Hepatocytes at day 1 of
g 0 cultivation were transfected with the reporter
% construct containing 3 tandem repeats of
3

g i Dioxin Responsive Element (DRE) in pGL3-
©

= - promoter vector or pGL3-promotor (empty
$ ol=——mim - i

promoter) and the cells were treated with 30
nM TCDD and/or 25 pM andrographolide

(Andro). Luciferase activity was measured

= + - + TCDD
= - + + Andrographolide

after incubation for 24 h. Significance was examined using ANOVA and the Student-Newman-Keuls method (Sigmastat®);

*p<0.01. The figure represents the results from 5 independent experiments.

nMINUMIWMAmMILEaseenaas  CYPIAT laguaulasnalnladuaznunis
I§SugNIMIwMieshmuaasaanuas CYP1A1 lagms treatment Sau3zwAnsnanlasnanlo
laduazaInizauduuuuas CYPIAT uir 5oldsiunafia microarray anldifiadiasssing
gasuawlasnnlnladuazians  treatment  sawszniduanlasn I laduazansnizean
FULLLTEY CYP1AT domIuaadaanvaiduiug Tuwylud wudweulasnniwladaansn
Witeth 18 Suuazduss 5 fw nnInue 28,853 fin Liladsziduanuamsiaswuyasd
WinNUBIaannIn 2 Wi (gﬂﬁi 7A) I@Uﬁuﬁgﬂmﬁma"mmmmﬂuﬁuﬁﬁmﬁmﬂ”u
metabolism/oxidation/reduction 8111 %% Cyplal, Cyp2ad4, Gstm3, Gstm4, Ugt2b35 uae
Ngo1 \Juan lummzﬁﬁuﬁgﬂﬁu&Lﬂuﬁuﬁlﬁmﬁaaﬁ'ﬂ protein binding #38 calcium ion
binding 'l&un Thbs?, Cdh17 uaz Sbp1 B-NF sansnwniieninld 4 Budla cyptat, Cypta2,
Ngo1 uaz Olfr1029 (gﬂﬁ' 7B) luameiinis treatment sauszninsuanlasnsinladuas B-NF
mmmLLamwa’me‘”uﬁqdﬂdﬁ (gﬂ‘ﬁ' 7C) Taswuimanin fouulssmusasaanvasin
nhs 118 Hu LLﬁaLﬂuﬁuﬁgnmﬁmﬁﬂ 78 B LLE]ZQﬂgiJ{ﬁi 40 v wenaNiLE ﬁu‘ﬁgn
mﬁmﬁnLﬁﬂﬂﬂ%ﬁmﬁlnﬁmﬁadﬁ'ﬂ metabolism/oxidation/reduction 8191 Cyps, Gstm, Ddc,
Cbr, Aox3, Ugt uaz Akr Iumm:ﬁﬁuﬁgnﬁuz%%:ﬁmm%mnmw faud SufiAsTanuy

oxidation/reduction/ion binding L% Plscr1, Steap4, Bhmt, Vil1, Pdzrn3, Ngb Uz Cyp17at
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Fig. 7. Effect of B-NF and/or andrographolide on expression of genes in mouse hepatocytes in primary culture after
treatment with 0.2% DMSO (control), 10 uM BNF, and 25 uM andrographolide (A), and co-treatment (B-NF plus A). The
lines indicate a change in gene expression compared to the control of higher or lower than 2-fold. Abbreviations in the
figure: Cyp, cytochrome P450; Gstm, Glutathione S-transferase (GST) p class; Ugt, UDP glucuronyltransferase; Nqo1,
NAD(P)H dehydrogenase quinine; OIfr1029, olfactory receptor 1029; Cbr3, carbonyl reductase 3; Adh7, alcohol
dehydrogenase 7; Sbpl, spermine binding protein-like; Ddc, dopa decarboxylase; Ccl, chemokine (C—C motif) ligand; Cxcl,
chemokine (C—-X-C motif) ligand; Eid3, EP300 interacting inhibitor of differentiation 3; Aox3, aldehyde oxidase 3; Akr, aldo-
keto reductase; Vim, vimentin; Thbs1, thrombospondin 1; Vcam1, vascular cell adhesion molecule 1; Cdh17, cadherin 17;
Ngb, neuroglobin; Steap4, STEAP family member 4; Spp1, secreted phosphoprotein 1; Pdzrn3, PDZ domain containing
RING finger 3; Hp, haptoglobin; Vil1, villin 1; Ctgf, connective tissue growth factor; Cish, cytokine inducible SH2-containing

protein; Bhmt, betaine-homocysteine methyltransferase; Plscr1, phospholipid scramblase 1.

o = a P o @ o ¢ . oA A A !

WanSouifisumamerhduwniszwiniungndfouulalasns treatment Saauazuam
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wazlurinuaadsIng Bungninieninaziduduiinedraint metabolism uaz  oxidation-
reduction #iuad 817 12w Cyplal, Cyp2a4, Adh7, Ddc, Gstm uaz Eid3 luzmzfidufign
o & Y R o a A o & ' 2| a = @ W v
dudazameadsnudungndudilosns  treatment  TawflaiIouiisuriumslaldsy

treatment 1a 9
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MIen 1 agﬂﬁuﬁnﬁm*’ﬁaaﬂ”uﬂm,mmaﬁauﬁﬁmsmﬁlﬂmmawaamnmmaaﬂ
WNALWIaINNNAN 2 WhwdInT treatment Tuansmzdngg Seazduduiifisrtosnuniw
aUaRFNEN 14 fu 1ABINY oxidoreductase 13 fw lap Cyplaf Lﬂuﬁuﬁigﬂmﬁmﬁﬂﬁga
ﬁq@luﬂéjuvlsﬁimiﬂsu W 450 ﬁ%%mﬁgnmﬁmm adldun  cypta2,  Cypibt,
Cyp2a4/Cyp2a5, Cyp2b9, Cyp2b10 uaz Cyp8b1 wonanit Wi.l’hﬁuluﬂ@;&l UDP
glucuronyltransferase laun Ugti1a, Ugt2b5 waz Ugt2b35 wazfu Glutathione S-transferase
(GST) p class, Gstm2, Gstm3 uar Gstm4 mmmgﬂmﬁmﬁwﬁamﬁuﬁu LRZIZTAUMT

A2 LAY treatment 32 m:qandﬁmimﬁmﬁﬂ@ HENTLREN

Table 1. Effect of B-NF and/or andrographolide on metabolizing enzymes.

a3t Wadumstiugumsiasuuasmsusaseanveslolalasy ® 450 uWda 1, 2
WaT 3 WAz UGT1A6 39rinmIdainzimsuaadaanuaddnasiduiaaasduasnanilasinadia
reak-time RT-PCR (3171 8)
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iﬂwvl,aﬁ@iaﬁu‘ﬁLﬁmmwaaﬁ'mzuugﬁﬁuﬁ'wua\‘iinmﬂ wiafufilApaniumsauaandiatu 7
fmaassudasnnnit 20% (@397 2) Teswundidesduiioidasiumsdueand
AT 6 ﬁuﬁgnmﬁm’iﬂ@ﬁﬁﬂﬁaﬂ M‘umzﬁ'ﬁuﬁ'Lﬁmﬂ”uszuunuﬁ@fuﬁunﬂﬁuﬁﬁnmfﬁugﬂﬂ@

TaswaulasniInlas
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Fig. 8. Effect of [B-NF
and/or  andrographolide
on mRNA expression
assessed by real-time
RT-PCR. All target genes
were  normalized  to
GAPDH. Columns
represent the mean+SD
(n = 4). DMSO, control;
B-NF, 10 UM B-NF; A,
25 UM andrographolide;
Co, combined treatment
with B-NF and A. * **
represent significant
differences  from  the
DMSO group at p<0.05
or 0.001,

(One-way ANOVA, Tukey

respectively

Table 2. Effect of andrographolide on anti-oxidation and immune response genes.
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miﬂsuﬁuwaLLa:ﬂ}a‘fﬂﬁlLﬁm%aﬁ'umiLa‘%anw%%?’aﬂﬁmlmﬁ'uuhﬂu% Tagdassidain
\Aeatassaudug firawladnm ldur AW LRI
mydnuavaduanlasnInladiuaz 3-methylcholanthrene (3-MC) @amisuaadaan
yofuunia CYP1 Tuaunyludaassnowud leur C57BL/6 (B6) waz DBA/2 (D2) WU 3-
MC sanI0mAeasnMIugasaansad CYP1A1, CYP1A2 uss CYP1B1 (gﬂ‘ﬁ' 9A Uaz 9B)
Wz treatment SansznitsuaulasnilWladus: 3-MC usasmsasNgnimIwileh
MIUFAI88n28I CYPI1AT uaz CYP1A2 luduny B6 LWﬂQ’lummrﬁ'vﬁiLLauImmﬂvaa@ﬁLa:
3-MC vl&immmmﬁmﬁﬂmmamaaﬂmaumﬁﬁutamaaﬁuﬁ'&ﬂmﬂu@?’uuﬁ D2 LR 9INKHA
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cyP1at TaguanlasnaWladua: 3-MC iaduldnslumadaumnzdosguniuasludy

71 B6 LWAR
u U

Fig. 9. Hepatic CYP1 expression induced by andrographolide and/or 3-methylcholanthrene in male C57BL/6 or DBA/2
mice. (A) Expression of CYP1A1, CYP1A2, and CYP1B1 mRNA. Male B6 or D2 mice were subcutaneously injected with
andrographolide (5 mg/kg/day) daily for 5 days and/or intraperitoneally with 3-MC (20 mg/kg/day) for 3 days. Each column
represents the meantSD (n = 5-6). Significance was examined using a one-way ANOVA, the Tukey post hoc test and the
Student-Newman—Keuls method (Sigmastat®); *p<0.001 (vs. NT); #p<0.01, ##p<0.001 (vs. 3-MC treated). (B) Expression
profile of CYP1A1 and CYP1A2 protein. NT, non-treatment; Andro, andrographolide; 3-MC, 3-methylcholanthrene; Co-tx,

co-treatment with 3-MC plus andrographolide.
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Fig. 10. Expression of hepatic P450 mRNA by phenobarbital in the presence of andrographolide. Male B6 mice were
subcutaneously injected with andrographolide (5 mg/kg/day) daily for 5 days and/or intraperitoneally with PB (100
mg/kg/day) for 3 days. Each column represents the meantSD (n = 5-6). Significance was examined using a one-way
ANOVA, the Tukey post hoc test and the Student—-Newman—Keuls method (Sigmastat®); *p<0.01, **p<0.001 (vs. NT). NT,

non-treatment; Andro, andrographolide; PB, phenobarbital; Co-tx, co-treatment with PB plus andrographolide.
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Fig. 11. Modulation of total P450 content
and ethoxyresorufin O-deethylase
activity by co-treatment with
andrographolide and 3-
methylcholanthrene in male C57BL/6 or
DBA/2 mice. Male B6 or D2 mice were
subcutaneously injected with
andrographolide (5 mg/kg/day) daily for
5 days and/or intraperitoneally with 3-
MC (20 mg/kg/day) for 3 days. Total P450 content as well as EROD activity was assessed in hepatic microsomes. The
open columns show the results for microsomes from B6 mice and the closed columns, those for microsomes from D2 mice.
Each column represents the meant+SD (n = 5-6). Significance was examined using a one-way ANOVA, the Tukey post
hoc test and the Student-Newman-Keuls method (Sigmastat®); *p<0.01, **p<0.001 (vs. NT); #p<0.001 (vs. 3-MC treated).
NT, non-treatment; Andro, andrographolide; 3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-MC plus

andrographolide.

Fig. 12. Sex-dependency of hepatic CYP1 expression induced by andrographolide and/or 3-methylcholanthrene in
C57BL/6 mice. B6 mice of both sexes were subcutaneously injected daily with 5mg/kg/day of andrographolide for 4 or 5
days and/or intraperitoneally given 20 mg/kg/day of 3-MC for 3 days. The treatment with andrographolide was continued
for a further 1 or 2 days. The mice were sacrificed on the 5th or 6th day after the start of 3-MC treatment. The open and
closed columns show mRNA expression of B6 mice sacrificed on the 5th or 6th day, respectively. Each column represents
the mean+SD (n = 5-6). Significance was examined using a one-way ANOVA, the Tukey post hoc test and the Student—
Newman—Keuls method (Sigmastat®); *p<0.01, **p<0.001 (vs. NT); #p<0.001 (vs. 3-MC treated). NT, non-treatment; Andro,
andrographolide; 3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-MC plus andrographolide; 5 D-harvested, total
RNA prepared on the 5th day, 6 D-harvested, total RNA prepared on the 6th day.
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Fig. 13. Expression of CYP2B9, CYP2B10, and CYP3A11 mRNA induced by andrographolide and/or 3-methylcholanthrene
in C57BL/6 mice. B6 mice of both sexes were subcutaneously injected with andrographolide (5 mg/kg/day) daily for 5 days
and/or intraperitoneally with 3-MC (20 mg/kg/day) for 3 days. The open columns show mRNA expression in female mice
and closed columns, that in male mice. Each column represents the meantSD (n = 5-6). Significance was examined
using a one-way ANOVA, the Tukey post hoc test and the Student-Newman-Keuls method (Sigmastat®); *p<0.01,
**p<0.001 (vs. NT). NT, non-treatment; Andro, andrographolide; 3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-
MC plus andrographolide.
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Fig. 14. Impact of testosterone supplementation on the expression of CYP1A mRNA in orchiectomized and ovariectomized
C57BL/6 mice. (A) Expression of CYP1 mRNA in orchiectomized mice. Male B6 mice were orchiectomized at 5 weeks of
age. Two weeks later, all mice were treated with andrographolide and/or 3-MC under the same regimen in which the
robust induction of CYP1A1 mRNA expression was noted. (B) Expression of CYP1A1 and CYP1A2 mRNA in
orchiectomized and ovariectomized mice after testosterone supplementation. Male and female B6 mice were
orchiectomized and ovariectomized, respectively, at 5 weeks of age. The orchiectomized male and ovariectomized female
B6 mice were subcutaneously injected with testosterone (5 mg/kg/day) daily for 7 days simultaneously with 3-MC plus
andrographolide. The hormone treatment was started 2 days before that of 3-MC and andrographolide. The open columns
show mRNA expression of CYP1A1 and the closed columns, that of CYP1A2. Each column represents the mean+SD (n =
5-6). Significance was examined using a one-way ANOVA, the Tukey post hoc test and the Student-Newman—Keuls
method (Sigmastat®); *p<0.001 (vs. NT); #p<0.001 (vs. 3-MC treated or andrographolide plus 3-MC treated). NT, non-

treatment; Andro, andrographolide; 3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-MC plus andrographolide.
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Abstract

The effects of andrographolide, the major diterpenoid constituent of Andrographis paniculata, on the expression of cytochrome P450 superfamily
1 members, including CYP1A1, CYP1A2, and CYP1B1, as well as on aryl hydrocarbon receptor (AhR) expression in primary cultures of mouse
hepatocytes were investigated in comparison with the effects of typical CYP1A inducers, including benz[a]anthracene, 3-naphthoflavone, and
2,3,7,8-tetrachlorodibenzo-p-dioxin. Andrographolide significantly induced the expression of CYP1A1 and CYP1A2 mRNAs in a concentration-
dependent manner, as did the typical CYP1A inducers, but did not induce that of CYP1B1 or AhR. Interestingly, andrographolide plus the typical
CYPI1A inducers synergistically induced CYP1A1 expression, and the synergism was blocked by an AhR antagonist, resveratrol. The CYP1A1
enzyme activity showed a similar pattern of induction. This is the first report that shows that andrographolide has a potency to induce CYP1A1
enzyme and indicates that andrographolide could be a very useful compound for investigating the regulatory mechanism of the CYP1A1 induction
pathway. In addition, our findings suggest preparing advice for rational administration of 4. paniculata, according to its ability to induce CYP1A1

expression.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Cytochrome P450s (P450) constitute a superfamily of heme-
proteins that play an important role in the metabolism of
xenobiotics, including drugs, toxins, and chemical carcinogens
(Guengerich, 2000; Guengerich and Shimada, 1998). Of these,
P450s, CYP1A1 and CYP1A2 have been shown to be the major

Abbreviations: AhR, aryl hydrocarbon receptor; ARNT, AhR nuclear
translocator; B[a]A, benz[a]anthracene; B-NF, P-naphthoflavone; DMSO,
dimethylsulfoxide; DRE, Dioxin Responsive Element; EROD, ethoxyresorufin
O-deethylase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; iNOS,
inducible nitric oxide synthase; Mac, membrane-activated complex; P450,
cytochrome P450; ROS, reactive oxygen species; TCDD, 2,3,7,8-tetrachlor-
odibenzo-p-dioxin.
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enzymes in the metabolism of potential procarcinogens such as
polycyclic aromatic hydrocarbons (PAHs), nitro-PAHs, and aryl
and heterocyclic arylamines. In addition to being substrates,
PAHs are also inducers of CYPIAI and CYPIA2 genes. The
mechanisms of transcriptional regulation of the two genes are
not the same. CYPIALI is expressed constitutively in several
extrahepatic tissues, but not in the liver. However, while
CYP1A1 expression has been demonstrated in the liver after
inducer treatment, CYP1A2 is constitutively and inducibly
expressed only in the liver (Kimura et al., 1986; Iwanari et al.,
2002). Aryl hydrocarbon receptor (AhR) has been shown to
play central roles in the regulation and induction of CYP1ALI
and CYP1A2 by a prototype inducer, 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD; Whitlock, 1999). In addition to the two
members of the CYP1A subfamily, CYP1BI, a relatively new
member of the superfamily 1 (Brake et al., 1999; Ryu and
Hodgson, 1999; Savas et al., 1994), has been postulated to be
involved in the metabolism of PAHs such as TCDD through
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AhR and the AhR nuclear translocator (ARNT)-mediated
pathway (Ryu and Hodgson, 1999; Savas et al., 1994).
Constitutive expression of CYP1B1 was detected in steroido-
genic tissues such as adrenal glands, ovaries, and testes, but it
was not detected in xenobiotic-metabolizing organs such as
liver, kidney, and lung (Iwanari et al., 2002; Savas et al., 1994).
Since CYP1 is responsible for activating carcinogenic aromatic
amines and heterocyclic amines, to which we are exposed to
every day via smoking, diet, and the environment, its regulation
is of clear interest.

Andrographolide (3-[2-[decahydro-6-hydroxy-5-(hydroxy-
methyl)-5,8a-dimethyl-2-methylene-1-napthalenyl]ethylidene]
dihydro-4-hydroxy-2(3H)-furanone) is the major diterpenoid
constituent of the plant Andrographis paniculata Nees (Family
Acanthaceae), which has been traditionally employed for
centuries in Asia and Europe as a folk remedy for a wide
spectrum of ailments or a herbal supplement for health pro-
motion, and is nowadays incorporated in a number of herbal
medicinal preparations. It is found in the Indian Pharmaco-
poeias and is a prominent component in at least 26 Ayurvedic
formulas (Madav et al., 1995). In traditional Chinese medicine,
it is an important “cold property” herb used to rid the body of
heat, as in fevers, and to dispel toxins from the body (Deng,
1978). In Scandinavian countries, it is commonly used to
prevent and treat the common cold (Caceres et al., 1997).
A. paniculata is one of the top 10 herbal medicines which the
Thai FDA has promoted as an alternative medicinal therapy for
fever and inflammation. Extensive research has revealed that
the whole-plant extract is useful for anti-inflammatory (Shen
et al., 2002), antiviral (Calabrese et al., 2000), anticancer
(Kumar et al., 2004), and immunostimulatory (Puri et al., 1993;
Truretagoneya et al., 2005) treatments. On the other hand, male
reproductive toxicity (Akbarsha and Murugaian, 2000) and
cytotoxicity (Nanduri et al., 2004) of this plant have been
reported as well. Andrographolide has been reported to
show hepatoprotective activity in mice against carbon tetra-
chloride and paracetamol intoxication (Handa and Sharma,
1990a; Handa and Sharma, 1990b), and to possess several
pharmacological activities, including inhibition of iNOS
expression (Chiou et al., 2000, 1998), Mac-1 expression, and
ROS production (Shen et al., 2002, 2000), and a protective
effect against cytotoxicity (Kapil et al., 1993). This compound
has recently been shown to work as an anti-inflammatory agent
by reducing the generation of ROS in human neutrophils (Shen
et al., 2002), as well as preventing microglia activation (Wang
etal., 2004) and interfering with T cell activation (Iruretagoneya
et al., 2005). Recently, we reported that a crude extract of
A. paniculata might induce mouse hepatic cytochrome P450
isoforms CYP1A1l and CYP2B via significant increases in
ethoxyresorufin O-dealkylase (EROD) and pentoxyresorufin
O-dealkylase activities (Jarukamjorn et al., 2006). However,
there have been no studies on the impact of andrographolide on
the expression of hepatic P450 enzymes. Therefore, it was of
interest to examine how andrographolide influences the ex-
pression of hepatic P450s. The results of such an inquiry might
provide invaluable guidelines for the rational administration and
precautions for the use of the herbal plant.

In the present study, the ability of andrographolide to elevate
the hepatic expression of CYP1A1l, CYP1A2, CYPIBI, and
AhR was examined in mouse hepatocytes and compared with
that of typical CYP1A inducers, including benz[a]anthrazene
(B[a]A), p-naphthoflavone (B-NF), and TCDD. Subsequently,
the synergistic effects of concomitant treatment with andro-
grapholide and the typical CYPIA inducers on the induction of
CYPIA1 mRNA, protein, and enzyme activity were examined.
The findings revealed that andrographolide has a potency to
induce CYP1A1 enzyme.

Materials and methods

Materials.  Materials for culturing hepatocytes were purchased from Gibco®
Invitrogen Cell Culture (Carlsbad, CA), BioWhittaker™ Cambrex Bio-Sciences
(Walkerville, MD), and Wako Pure Chemical (Osaka, Japan). Percoll and
collagenase (Type I) were products of GE Healthcare Bio-Sciences AB (Uppsala)
and the Sigma Chemical Co. (St. Louis, MO), respectively. Andrographolide,
resveratrol, and the LDH-cytotoxic test were supplied by Wako Pure Chemical. B
[a]A, B-NF, TCDD, ethoxyresorufin, and resorufin were obtained from Sigma
Chemical Co. The TaKaRa RT-PCR kit (Perfect Real Time) and SYBR® Green
Premix Ex Tag™ (Perfect Real Time) were products of TaKaRa Biomedicals
Inc. (Shiga, Japan). The TagMan® Gene Expression Assays were products of
Applied Biosystems (Branchburg, NJ). The antibody against rat CYP1A1 was a
generous gift from Dr. Y. Funae (Osaka City University, Osaka, Japan). The
Amersham Pharmacia Biotech Co. supplied Hybond-C membranes for blotting.
The Dual-Luciferase Reporter Assay System was a product of Promega®
(Madison, WI). All other laboratory chemicals were of the highest available purity
from commercial suppliers.

Preparation of primary hepatocyte cultures.  The liver of a ddY male mouse
(Sankyo Laboratories, Shizuoka, Japan) at 8 weeks of age was perfused with
collagenase, and viable hepatocytes were isolated by means of Percoll isodensity
centrifugation as described (Nemoto and Sakurai, 1995). Standard culture
conditions were used as follows: the cells were dispersed in Waymouth MB 752/1
medium containing bovine serum albumin (2 g/l), insulin (0.5 mg/1), transferrin
(0.5 mg/1), and selenium (0.5 pg/l), and seeded in dishes at a density of 5% 10°
cells/10 ml/100-mm collagen-coated dish. The Waymouth medium did not
contain phenol red, a pH indicator, to exclude the possibility of estrogen-like
action. Depending on the presence of cell attachment factors, the hepatocytes
anchor to the dishes within 3 h and subsequently form a monolayer. The culture
dishes were maintained at 37 °C in a CO,-humidified incubator. The medium was
renewed 3 h after plating and then, after 24 h, the treatment with andrographolide
and/or typical CYPIA inducers was performed immediately following the
medium change, unless otherwise indicated. The inducers were dissolved in
DMSO, which itself had no influence on enzyme activity at the routinely
employed maximum concentration of 0.1% (Nemoto and Sakurai, 1992). The
cells were harvested after another 24 h to prepare total RNA or microsomal
proteins as described elsewhere (Jarukamjorn et al.,, 1999). These culture
conditions were convenient for maintaining CYP1A1 and CYP1A2 expression
(Nemoto and Sakurai, 1992) and the concentrations of added compounds were
proved to be non-cytotoxic by the methods of the LDH-cytotoxic test and the
normalized level of GAPDH.

Real-time RT-PCR.  Mouse CYPIA1, CYP1A2, CYP1BI, AhR, and GAPDH
mRNAs were quantified by real-time RT-PCR. Hepatic total RNA was reverse-
transcribed and cDNA was amplified under the conditions recommended by the
supplier (TaKaRa Biomedicals Inc., Shiga, Japan) of the TaKaRa® RT-PCR kit
(Perfect Real Time) using specific TagMan® Gene Expression Assays (Invento-
ried) for Cyplal (assay ID, Mm00487218_ml), Cypla2 (Mm00487224_ml),
Cyplbl (MmO00487229_ml), and AhR (Mm00478932_ml), as well as the
SYBR® Premix Ex Tag™ (Perfect Real Time) for GAPDH, in which the forward
and reverse primers were 5'-TCC ACT CAC GGC AAATTC AAC G-3’ and 5'-
TAG ACT CCA CGA CAT ACT CAG C-3/, respectively. The specificity of
amplification of GAPDH cDNA was confirmed by both polyacrylamide gel
electrophoresis and the dissociation curve of the product. Real-time PCR was
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performed using the ABI Prism® 7000 Sequence Detection System (Applied
Biosystems, Branchburg, NJ) with ABI Prism® 7000 SDS software. The
conditions of each PCR cycle were as follows: denaturation at 95 °C for 5 s, and
annealing and extension at 60 °C for 1 min. The amplified products of CYP1A1,
CYP1A2, CYPIBI, and AhR cDNAs were detected directly by monitoring the
fluorescence of the reporter dye (FAM), for which an increase in fluorescence
signal was detected only if the target sequence was complementary to the probe and
amplified by the PCR. The amplified PCR products of GAPDH were monitored
directly by measuring the increase in the signal of SYBR® Green that was bound to
double-stranded DNA amplified by PCR.

Western blotting of microsomal proteins. The microsomal fraction was
prepared by ultracentrifugation of the 10,000xg supernatant of monolayer-cultured
hepatocytes at 104,000xg for 60 min at4 °C (Nemoto et al., 1989). The microsomal
protein concentration was determined as described using bovine serum albumin as
a standard (Nemoto and Sakurai, 1992). Sixty micrograms of microsomal protein
was resolved by 10% SDS-PAGE and then transferred to a Hybond-C membrane.
The P450 species were detected using a rabbit polyclonal antibody against rat
CYP1A1 protein that cross-reacted with CYP1A2, followed by a biotinylated goat
anti-rabbit IgG and biotinylated horseradish H-avidin complex, and then visualized
with 3,3’-diaminobenzidine and hydrogen peroxide.

Assessment of enzyme activity.  EROD activity was determined by the method
of Sakuma et al. (1999) with some modifications. Briefly, monolayer-cultured
hepatocytes that have been cultivated for 2 days in a 60-mm collagen-coated
dish were incubated with 10 uM ethoxyresorufin, and then a 0.4-ml aliquot of
the medium was sampled at specified times. Subsequently, the formation of
resorufin was immediately analyzed by spectrofluorometry with excitation
wavelength of 530 nm and emission wavelength of 585 nm.

A. Jaruchotikamol et al. / Toxicology and Applied Pharmacology 224 (2007) 156—162

Transient transfection and luciferase assay. One day before transfection,
hepatocytes were isolated for plating in 35-mm collagen-coated dish at the
same density as mentioned above. The hepatocytes were transfected with
1.8 pg of the reporter construct containing 3 tandem repeats of Dioxin
Responsive Element (DRE) (Yao and Denison, 1992) in pGL3-promotor
vector and 0.2 pg of pRL-SV40 vector (as an internal control for
transfection) by using Trans Pass D1 Transfection Reagent (New England
Biolabs, Ipswich, MA). Three hours after the transfection, the medium was
renewed and the treatment with andrographolide and/or TCDD was started.
The cells were harvested after incubation for further 24 h. Luciferase activity
was measured by the supplier’s recommendation.

Results

Different effects on expression of CYP141, CYP1A2, CYPIBI,
and AhR mRNAs by andrographolide

The effects of andrographolide on the expression of CYP1A
subfamily members and the mediating transcription factor were
examined in monolayer-cultured hepatocytes. Andrographolide
markedly induced the expression of CYP1A1 and CYPI1A2
mRNAs in a concentration-dependent manner (Fig. 1A).
Maximal induction of CYPIA1 expression was observed
1 day after the treatment, while that of CYP1A2 was observed
later. B[a]A significantly increased the expression of CYP1A1,
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Fig. 1. Modulation of B[a]A-inducible expression of CYP1A1, CYP1A2, CYPIBI, and AhR mRNAs by andrographolide in monolayer-cultured hepatocytes.
Hepatocytes at day 1 of cultivation were incubated with andrographolide (Andro) and/or B[a]A. Total RNA was prepared 24 h after the last treatment as described in
Materials and methods. The mRNA expression of target genes was analyzed by real-time RT-PCR and the mRNA levels of the target gene were normalized to that of
GAPDH. Each column represents the mean+SD (n=6). Significance was examined using ANOVA and the Student—Newman—Keuls method (Sigmastat®); *»<0.05;
**p<0.01; ***p<0.001. Panel A shows the expression profile of CYP1A1 and CYP1A2 mRNA by andrographolide. Andrographolide, at 12.5, 25, or 50 uM, was
immediately added to hepatocytes after the medium was changed consecutively on the indicated days. Panel B shows the modified expression of B[a]A-induced CYP1
and AhR mRNAs by andrographolide. Concentrations of the added compounds were 50 uM for andrographolide and 13 uM for B[a]A.
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CYP1A2, and CYPIBl mRNAs (Fig. 1B), in accord with
previous reports (Guengerich and Shimada, 1998; Iwanari et al.,
2002; Whitlock, 1999). Interestingly, co-treatment with andro-
grapholide and B[a]A synergistically enhanced the expression
of CYPIA1 mRNA, while no such synergistic effect was
observed on the expression of CYP1A2. On the other hand,
andrographolide could not modify the expression levels of AhR
or B[a]A-induced CYP1IBI mRNAs. These observations
suggest for the first time that andrographolide, a major
diterpenoid lactone in the extract of A. paniculata, has a potency
to induce CYP1A subfamily.

Impact of resveratrol on the synergistic modification of Bla]
A-inducible expression of CYP1A1 mRNA by andrographolide

To examine whether AhR influences the regulation of
andrographolide-inducible CYP1A1 mRNA expression, resver-
atrol, an AhR antagonist (Chun et al., 1999), was employed
under the same condition in which andrographolide enhanced
the induction of CYP1A1 mRNA expression by an AhR ligand,
B[a]A. Resveratrol blocked the synergistic action of the
combined treatment of andrographolide and B[a]A, whereas
the effect of single treatment with either andrographolide or B
[a]A was not affected (Fig. 2). These results revealed that AhR
participates in the synergistic effect of concomitant treatment
with andrographolide and B[a]A on CYPIA1 mRNA expres-
sion, at least in part.

Activation of CYPIAI mRNA and protein expression by
andrographolide and typical CYPIA inducers

To evaluate the effects of andrographolide on the induction
of CYP1A1 mRNA expression by typical CYP1A inducers, the
relative mRNA expression of CYP1A1 compared to GAPDH in
monolayer-cultured hepatocytes incubated with andrographo-
lide and/or typical CYP1A inducers, including p-NF, TCDD,
and B[a]A, was analyzed. Andrographolide significantly
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as described in Materials and methods. The mRNA expression of target genes
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normalized to that of GAPDH. Each column represents the mean+SD (n=6).
Significance was examined using ANOVA and the Student—Newman—Keuls
method (Sigmastat®); *p<0.05; **p<0.01.
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Fig. 3. Induction of CYP1A1 mRNA expression by andrographolide and typical
CYP1A1 inducers. Hepatocytes at day 1 of cultivation were incubated with
25 pM andrographolide, and/or typical CYP1A inducers. Total RNA was
prepared 24 h later as described in Materials and methods. The mRNA
expression of target genes was analyzed by real-time RT-PCR and the mRNA
levels of the target gene were normalized to that of GAPDH. Each column
represents the mean+SD (n=6). Significance was examined using ANOVA and
the Student—Newman—Keuls method (Sigmastat®); *p<0.05; **p<0.001.
Panel A shows synergistic induction of CYP1A1 expression by co-treatment
of typical inducers and andrographolide. Numbers in the figure indicate
expression compared with that of the control group (=1), unless otherwise
indicated. Concentrations of typical CYP1A inducers were 13 pM for 3-NF and
Bla]A, and 30 nM for TCDD. NT, non-treatment. Panel B shows the
concentration-dependent induction of B-NF-induced CYP1A1 expression by
andrographolide. The concentrations of B-NF were 1, 3, 6, or 13 pM.

induced the expression of CYP1A1 mRNA (62-fold), although
the level of induction was relatively low compared to that
obtained using typical CYP1A inducers (Fig. 3A). Interestingly,
the strong induction of CYP1A1l mRNA expression by (-NF,
TCDD, and B[a]A was synergistically enhanced by concomi-
tant addition of andrographolide. In addition, the induction of
CYPIA1 mRNA expression showed a concentration-dependent
pattern with either 3-NF itself or co-treatment with 3-NF plus
andrographolide (Fig. 3B).

As shown in Fig. 4, robust induction of CYP1A1 proteins
was observed in microsomes from hepatocytes treated with
either andrographolide plus B-NF, TCDD, or andrographolide
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Fig. 4. Induction of CYP1A1 protein expression by andrographolide and typical
CYP1A1 inducers. Hepatocytes at day 1 of cultivation were incubated with
25 uM andrographolide (Andro), and/or typical CYP1A inducers. Microsomal
protein was prepared 24 h later, and the expression of CYP1A1 and CYP1A2
proteins was analyzed as described in Materials and methods. In addition to
CYPI1A1 and CYP1A2, unidentified non-specific proteins beneath CYP1A were
present in the preparations. The concentrations of the typical CYP1A inducers
were 13 pM for B[a]A and B-NF, and 30 nM for TCDD.

plus TCDD. Under the conditions used, it was hardly possible to
detect the bands of CYP1A1 protein in extracts from cells
treated with either andrographolide or andrographolide plus B
[@]A in the figure. The induction and synergism of the induction
of CYPIAI protein expression by different treatments were in
accord with the effects on CYPIAl mRNA expression
(Fig. 3A) when the analyses were performed using the optimal
conditions for detection of these expression levels.

The activity of EROD, which was reported to be selective for
the CYP1A1 enzyme in the liver of mice (Burke et al., 1994), was
assessed to confirm the synergistic regulation of the expression of
the CYP1A1 enzyme by andrographolide. In accord with the
expression of CYP1A1 mRNA and protein, the EROD activity in
the cells co-treated 3-NF or TCDD plus andrographolide was
significantly higher than that in the cells with single treatment
with andrographolide, while that in the cells treated concomitantly
with B[a]A and andrographolide was almost the same as that in
cells treated with either agent alone (Fig. 5).

To examine the possibility of whether andrographolide
induced CYPIAI after AhR activation, the effect of androgra-
pholide on DRE-mediated transcriptional activity was investi-
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Fig. 5. Modulation of ethoxyresorufin O-deethylase activity profile by co-
treatment with andrographolide and typical CYP1A inducers. Hepatocytes at
day 1 of cultivation were incubated with 25 pM andrographolide (Andro), and/
or typical CYP1A inducers. Ethoxyresorufin (10 pM) was added 24 h later, and
an aliquot of the medium was sampled (at specified times) and subsequently
subjected to spectrofluorometric measurement as described in Materials and
methods. Each point represents the mean+SD (n=6-8). Significance was
examined using ANOVA and the Student—Newman—Keuls method (Sigma-
stat®); *p<0.001. The concentrations of the typical CYPIA inducers were
13 uM for B[a]A and 3-NF, and 30 nM for TCDD.
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Fig. 6. Expression of DRE-mediated transcriptional activity by TCDD and
andrographolide in primary culture hepatocytes. Hepatocytes at day 1 of
cultivation were transfected with the reporter construct containing 3 tandem
repeats of Dioxin Responsive Element (DRE) in pGL3-promoter vector or
pGL3-promotor (empty promoter) and the cells were treated with 30 nM TCDD
and/or 25 uM andrographolide (Andro). Luciferase activity was measured after
incubation for 24 h. Significance was examined using ANOVA and the Student—
Newman—Keuls method (Sigmastat®); *»<0.01. The figure represents the
results from 5 independent experiments.

gated by a luciferase reporter assay. When TCDD was exposed
to the cells transfected with the reporter construct containing the
3x(DRE), the luciferase activity was elevated to a level of 9-fold
higher than that of control cells transfected with empty vector,
and was not enhanced by co-treatment with andrographolide

(Fig. 6).
Discussion

The present investigations employing primary mouse hepato-
cytes as monolayer cultures revealed that andrographolide has a
novel potency to induce the CYP1A subfamily. In addition, a
robust increased expression of UGT1A6 mRNA, which belongs
to a battery of AhR-mediated genes, by andrographolide was
noted (our unpublished observations). Furthermore, a strong
synergistic expression of CYP1A1l mRNA was observed in the
presence of andrographolide after treatment with typical CYP1A1
inducers.

The observations that the synergistic induction of CYP1A1
expression by andrographolide was blocked by resveratrol
suggests a possibility that AhR-mediated transcription activation
pathway could be involved in the mechanism of induction of
CYPIAI mRNA by andrographolide. Furthermore, the increase
of luciferase activity seen in TCDD-treated cells transfected with
the 3x(DRE), with no enhancement by co-treatment with
andrographolide, supported this possibility. Therefore, andro-
grapholide might influence the expression mechanism of
CYPIAI by enhanced efficiency of mRNA processing or in-
hibition of mRNA turnover.

However, resveratrol has several pharmacological actions,
which suggests that the target point of the compound is involved
in various signal pathways (Chun et al., 1999; Park et al., 2007;
Le Corre et al., 20006); further investigations not restricted to the
AhR pathway to reveal the mechanism of the synergism might
be required. Furthermore, the mechanisms of transcriptional
regulation of CYP1A1, CYP1A2, and CYPIBI are not the
same (Guengerich and Shimada, 1998; Iwanari et al., 2002),
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which may have led to our observations that the andrographo-
lide-inducibility of the expression of those isoenzymes differed:
andrographolide extensively induced CYPIAl expression,
while it induced CYP1A2 less markedly, and did not induce
CYPIBI expression (Fig. 1).

The metabolism of a drug can be altered by another drug or a
foreign chemical, and such interactions can often be clinically
significant. P450 enzymes are involved in the metabolism of a
plethora of xenobiotics and have been shown to be involved in
numerous interactions between drugs and food, herbs, or other
drugs (Delgoda and Westlake, 2004). Phytochemical-mediated
modulation of P450 activities has been widely studied. For
example, some kind of P450 species was reported to be altered
by treatment with St. John’s wort and a constituent that
influenced the expression of the respective P450 isoforms was
identified (Moore et al., 2000; Wentworth et al., 2000), but so
far no constituent in St. John’s wort has been shown to possess
an inductive potency like that shown here for andrographolide.
Compared with the typical CYP1A inducers, andrographolide,
a single substance extracted from A. paniculata, interestingly
demonstrated a marked synergistic modification of the in-
duction of CYP1A1 mRNA expression. This is the first report
on the potency of andrographolide to specifically induce
CYPI1AI gene and a potentially useful compound for investi-
gating new inductive pathways of CYP1A expression.

The expression of CYP1A1 markedly influences the activation
of human-related chemical carcinogens (Kimura et al., 1986;
Iwanari et al., 2002; Nemoto and Sakurai, 1992; Nemoto et al.,
1989). We showed here that andrographolide significantly up-
regulated the expression level of CYP1A1 mRNA, protein, and
enzyme. The concentrations of andrographolide presently used
(12.5-50 pM) were roughly equivalent to those achieved in
individuals ingesting A. paniculata (Panossian et al., 2000;
Calabrese et al., 2000). The relevance of andrographolide utilized,
compared to the andrographolide concentrations expected in
subjects using A. paniculata as a medicinal herb was evident.
Therefore, some risks associated with the use of this compound
might be of interest and further evaluation of andrographolide
analogs should be performed. Our findings suggest some possible
advice for the rational administration and precautions for using
the herbal medicine 4. paniculata.

Acknowledgments

This work was partly supported by the JSPS-NRCT Core
University Program on Natural Medicine in Pharmaceutical
Sciences, Grants-in-Aid from the Japanese Ministry of Education,
Culture, Sport, and Science, the Smoking Research Foundation,
the Tokyo Biochemical Research Foundation (TBRF), Japan, as
well as the Thai Research Fund (TRF), Thailand.

References

Akbarsha, M.A., Murugaian, P., 2000. Aspects of the male reproductive toxicity/
male antifertility property of andrographolide in albino rats: effect on the
testis and the cauda epididymidal spermatozoa. Phytother. Res. 14,
432-435.

Brake, P.B., Arai, M., As-Sanie, S., Jefcoate, C.R., Widmaier, E.P., 1999.
Development expression and regulation of adrenocortical cytochrome
P4501B1 in the rat. Endocrinology 140, 1672—1680.

Burke, M.D., Thompson, S., Weaver, R.J., Wolf, C.R., Mayer, R.T., 1994.
Cytochrome P450 specificities of alkoxyresorufin O-dealkylation in human
and rat liver. Biochem. Pharmacol. 30, 923-936.

Caceres, D.D., Hancke, J.L., Burgos, R.A., Wikman, G.K., 1997. Prevention of
common colds with Andrographis paniculata dried extract: a pilot double-
blind trial. Phytomedicine 4, 101-104.

Calabrese, C., Merman, S.H., Babish, J.G., Ma, X., Shinto, L., Dorr, M., Wells,
K., Wenner, C.A., Standish, L.J., 2000. A phase I trial of andrographolide in
HIV positive patients and normal volunteers. Phytother. Res. 14, 333-338.

Chiou, W., Lin, J., Chen, C., 1998. Andrographolide suppressed the expression of
inducible nitric oxide synthase in macrophages and restored the vasoconstriction
in rat aorta treated with lipopolysaccharide. Br. J. Pharmacol. 125, 327-334.

Chiou, W., Chen, C., Lin, J., 2000. Mechanism of suppression of inducible nitric
oxide synthase (iNOS) expression in RAW264.7 cells by andrographolide.
Br. J. Pharmacol. 129, 1553—-1560.

Chun, Y.J., Kim, M.Y., Guengerich, F.P., 1999. Resveratrol is a selective human
cytochrome P450 1Al inhibitor. Biochem. Biophys. Res. Commun. 262,
20-24.

Delgoda, R., Westlake, A.C., 2004. Herbal interactions involving cytochrome
P450 enzymes: a mini review. Toxicol. Rev. 23, 239-249.

Deng, W.L., 1978. Outline of current clinical and pharmacological research on
Andrographis paniculata in China. Newsl. Chin. Herbal Med. 10, 27-31.

Guengerich, F.P., 2000. Metabolism of chemical carcinogens. Carcinogenesis
21, 345-351.

Guengerich, F.P., Shimada, T., 1998. Activation of procarcinogens by human
cytochrome P450 enzymes. Mutat. Res. 400, 201-213.

Handa, S.S., Sharma, A., 1990a. Hepatoprotective activity of andrographolide
from Andrographis paniculata against carbon tetrachloride. Indian J. Med.
Res., Sect. B Biomed. Res. Other than Infect. Dis. 92, 276-283.

Handa, S.S., Sharma, A., 1990b. Hepatoprotective activity of andrographolide
against galactosamine and paracetamol intoxication in rats. Indian J. Med.
Res., Sect. B Biomed. Res. Other than Infect. Dis. 92, 284-292.

Iruretagoneya, M.1., Tobar, J.A., Gonzalez, P.A., Sepulveda, S.E., Figueroa, C.A.,
Burgos, R.A., Hancke, J.L., Kalergis, A.M., 2005. Andrographolide interferes
with T cell activation and reduces experimental autoimmune encephalomyelitis
in the mouse. J. Pharmacol. Exp. Ther. 312, 366-372.

Iwanari, M., Nakajima, M., Kizu, R., Hayakawa, K., Yokoi, T., 2002. Induction
of CYP1AIL, CYP1A2, and CYP1B1 mRNAs by nitropolycyclic aromatic
hydrocarbons in various human tissue-derived cells: chemical-, cytochrome
P450 isoforms-, and cell-specific differences. Arch. Toxicol. 76, 287-298.

Jarukamjorn, K., Sakuma, T., Miyaura, J., Nemoto, N., 1999. Different
regulation of the expression of mouse hepatic cytochrome P450 2B enzymes
by glucocorticoid and phenobarbital. Arch. Biochem. Biophys. 369, 89-99.

Jarukamjorn, K., Don-in, K., Makejaruskul, C., Laha, T., Daodee, S., Pearaksa,
P., Sripanidkulchai, B., 2006. Impact of Andrographis paniculata crude
extract on mouse hepatic cytochrome P450 enzymes. J. Ethnopharmacol.
105, 464-467.

Kapil, A., Koul, I.B., Banerjee, S.K., Gupta, D., 1993. Antihepatotoxic effects
of major constituents of Andrographis paniculata. Biochem. Pharmacol. 46,
182-185.

Kimura, S., Gonzalez, F.J., Nebert, D.W., 1986. Tissue-specific expression of
the mouse dioxin-inducible P1450 and P3450 genes: differential transcrip-
tional activation and mRNA stability in liver and extrahepatic tissues. Mol.
Cell. Biol. 6, 1471-1477.

Kumar, R.A., Sridevi, K., Kumar, N.V., Nanduri, S., Rajagopal, S., 2004.
Anticancer and immunostimulatory compounds from Andrographis pani-
culata. J. Ethnopharmacol. 92, 291-295.

Le Corre, L., Chalabi, N., Delort, L., Bignon, Y.J., Bernard-Gallon, D.J., 2006.
Differential expression of genes induced by resveratrol in human breast
cancer cell lines. Nutr. Cancer 56, 193-203.

Madav, H.C., Tripathi, T., Mishra, S.K., 1995. Analgesic, antipyretic, and
antiulcerogenic effects of andrographolide. Indian J. Pharm. Sci. 57,
121-125.

Moore, L.B., Goodwin, B., Jones, S.A., Wisely, G.B., Serabjit-Singh, C.J.,
Wilson, T.M., Collins, J.L., Kliewer, S.A., 2000. St. John’s wort induced



162 A. Jaruchotikamol et al. / Toxicology and Applied Pharmacology 224 (2007) 156—162

hepatic drug metabolism through activation of pregnane X receptor. Proc.
Natl. Acad. Sci. U. S. A. 97, 7500-7502.

Nanduri, A., Nyavanandi, V.K., Thynuguntla, S.S.R., Kasu, A., Pallerla, M.K.,
Ram, P.S., Rajagopal, S., Kumar, R.A., Ramanujam, R., Babu, J.M., Vyas,
K., Devi, A.S., Reddy, G.O., Akella, V., 2004. Synthesis and structure-
activity relationships of andrographolide analogues as novel cytotoxic
agents. Bioorg. Med. Chem. Lett. 14, 4711-4717.

Nemoto, N., Sakurai, J., 1992. Differences in regulation of gene expression
between Cypla-1 and Cypla-2 in adult mouse hepatocytes in primary
culture. Carcinogenesis 13, 2249-2254.

Nemoto, N., Sakurai, J., 1995. Glucocorticoid and sex hormones as activating or
modulating factors for expression of Cyp2b-9 and Cyp2b-10 in the mouse
liver and hepatocytes. Arch. Biochem. Biophys. 319, 286-292.

Nemoto, N., Sakurai, J., Tazawa, A., Ishikawa, T., 1989. Proline-dependent
expression of aryl hydrocarbon hydroxylase in C57BL/6 mouse hepatocytes
in primary culture. Cancer Res. 49, 5863-5869.

Panossian, A., Hovhannisyan, A., Mamikonyan, G., Abrahamian, H.,
Hambardzumyan, E., Gabrielian, E., Goukasova, G., Wikman, G., Wagner,
H., 2000. Pharmacokinetic and oral bioavailability of andrigrapholide from
Andrographis paniculata fixed combination Kan Jang in rats and human.
Phytomedicine 7, 351-364.

Park, C.E., Kim, M.J., Lee, J.H., Min, B.1., Bae, H., Choe, W., Kim, S.S., Ha, J.,
2007. Resveratrol stimulates glucose transport in C2C12 myotubes by
activating AMP-activated protein kinase. Exp. Mol. Med. 39, 222-229.

Puri, A., Saxena, R., Saxena, R.P., Saxena, K.C., Srivastava, V., Tandon, J.S.,
1993. Immunostimulant agents from Andrographis paniculata. J. Nat. Prod.
56, 995-999.

Ryu, D.Y., Hodgson, E., 1999. Constitutive expression and induction of
CYPIB1 mRNA in the mouse. J. Biochem. Mol. Toxicol. 13, 249-251.
Sakuma, T., Ohtake, M., Katsurayama, Y., Jarukamjorn, K., Nemoto, N., 1999.
Induction of CYP1A2 by phenobarbital in the livers of aryl hydrocarbon-

responsive and -nonresponsive mice. Drug Metab. Dispos. 27, 379-384.

Savas, U., Bhattacharyya, K.K., Christou, M., Alexander, D.L., Jecoate, C.R.,
1994. Mouse cytochrome P-450EF, representative of a new /B subfamily of
cytochrome P450s; cloning, sequence determination and tissue expression.
J. Biol. Chem. 269, 14905—14911.

Shen, Y.C., Chen, C.F.,, Chiou, W.F., 2000. Suppression of rat neutrophil
reactive oxygen species production and adhesion by the diterpenoid lactone
andrographolide. Planta Med. 66, 314-317.

Shen, Y.C., Chen, C.F., Chiou, W.F., 2002. Andrographolide prevents oxygen
radical production by human neutrophils: possible mechanism(s) involved in
its anti-inflammatory effect. Br. J. Pharmacol. 135, 399-406.

Wang, T., Liu, B., Zhang, W., Wilson, B., Hong, J.S., 2004. Andrographolide
reduces inflammation-mediated dopaminergic neurodegeneration in mesence-
phalic neuronglia cultures by inhibiting microglial activation. J. Pharmacol.
Exp. Ther. 308, 975-983.

Wentworth, J.M., Agostini, M., Love, J., Schwabe, J.W., Chatterjee, V.K., 2000.
St. John’s wort, a herbal antidepressant, activates the steroid receptor.
J. Endocrinol. 166, R11-R16.

Whitlock, J.P., 1999. Induction of cytochrome P4501A1. Annu. Rev. Pharmacol.
Toxicol. 39, 103—125.

Yao, E.F., Denison, M.S., 1992. DNA sequence determinants for binding of
transformed Ah receptor to a dioxin-responsive enhancer. Biochemistry 31,
5060-5067.



Chemico-Biological Interactions 182 (2009) 233-238

Contents lists available at ScienceDirect

Chemico-Biological Interactions

journal homepage: www.elsevier.com/locate/chembioint

Synergistic increases of metabolism and oxidation-reduction genes on their
expression after combined treatment with a CYP1A inducer and andrographolide

Waranya Chatuphonprasert®P, Kanokwan Jarukamjorn®, Sachiko Kondo?, Nobuo Nemoto:*

a Department of Toxicology, Graduate School of Medicine and Pharmaceutical Sciences, University of Toyama, 2630 Sugitani, Toyama 930-0194, Japan
b Academic Office for Pharmaceutical Sciences, Faculty of Pharmaceutical Sciences, Khon Kaen University, Khon Kaen 40002, Thailand

ARTICLE INFO

Article history:

Received 31 July 2009

Received in revised form 1 September 2009
Accepted 1 September 2009

Available online 6 September 2009

Keywords:
Andrographolide
B-Naphthoflavone
CYP1A1

CYP1B1
Microarray

ABSTRACT

We previously reported that andrographolide greatly enhanced the expression of CYP1A1. Since andro-
grapholide is a major constituent of Andrographis paniculata, which has been employed for centuries in
Asia and Europe as a folk remedy, we further analyzed genes whose expression was modified by andro-
grapholide using primary-cultured mouse hepatocytes in a microarray assay. With the threshold for
modification set at 2-fold, andrographolide up-regulated 18 genes among 28,853 genes, most of them
related to metabolism/oxidation/reduction. Meanwhile, 5 genes, related to protein binding or calcium ion
binding, were down-regulated. A combination of 3-naphthoflavone (3-NF), a CYP1A inducer, and andro-
grapholide modified the expression of 45 genes (27 up-regulated and 18 down-regulated), although 3-NF
single treatment up-regulated 4 genes. The affected genes were again mostly related to metabolism and
oxidation-reduction. Among P450 isoforms, andrographolide by itself induced CYP1A1, CYP2A4, CYP2B9,
and CYP2B10 expression. Synergistic expression of CYP1A1 and CYP1B1 mRNA was confirmed by quan-
titative RT-PCR. These observations suggest that drug interaction and risk assessment with the use of
andrographolide or A. paniculata should be elucidated.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Andrographolide (3-[2-[decahydro-6-hydroxy-5-(hydroxyme-
thyl)-5, 8a-dimethyl-2-methylene-1-napthalenyl]ethylidene] di-
hydro-4-hydroxy-2(3H)-furanone) is a major diterpenoid
constituent of the plant Andrographis paniculata Nees (Family
Acanthaceae), which has been used for centuries in Asia and
Europe to treat a wide spectrum of ailments or as a health
supplement. Andrographolide has been reported to show hep-
atoprotective activity in mice against carbon tetrachloride and
paracetamol intoxication [1], and to have several pharmacolog-
ical effects, including inhibition of iNOS expression [2], Mac-1
expression, and ROS production [3], anticancer activity [4], and
a protective effect against cytotoxicity [5]. Presently, andro-
grapholide has been tested in phase I clinical trials for HIV [6]. As a
negative effect, A. panuculata extract or andrographolide showed
toxicity in reproductive tissue by arresting spermatogenesis [7].
This compound is readily available in several health supplements.
Therefore, it is necessary to carefully evaluate its effects.

Abbreviations: (3-NF, 3-naphthoflavone; AhR, arylhydrocarbon receptor; CYP,
cytochrome P450.
* Corresponding author. Tel.: +81 76 434 7520; fax: +81 76 434 7520.
E-mail address: nnemoto@pha.u-toyama.ac.jp (N. Nemoto).

0009-2797/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.cbi.2009.09.001

Previously, we reported that a crude extract of A. panic-
ulata might induce mouse hepatic cytochrome P450 isoforms
CYP1A1 and CYP2B via significant increases in ethoxyresorufin
O-dealkylase- and pentoxyresorufin O-dealkylase activities [8].
Moreover, andrographolide significantly induced the expression
of CYP1A1 mRNA in a concentration-dependent manner in mouse
hepatocytes in primary culture, as did typical CYP1A inducers.
Interestingly, andrographolide plus a typical CYP1A inducer syn-
ergistically induced CYP1A1 expression, and the synergism was
blocked by an arylhydrocarbon receptor (AhR)-antagonist, resver-
atrol [9]. Very recently, Pekthong et al. [10] reported the effect of A.
paniculata extract or andrographolide on the expression of a lim-
ited number of cytochrome P450s in vivo in rat liver and in vitro in
human and rat hepatocyte cultures, indicating that the effect was
diverse. For example, the treatment decreased expression of human
CYP2C9 and CYP3A4 or rat CYP2C11 and CYP3A1, while CYP1A2
expression was enhanced in rats, but suppressed in humans. There-
fore, it is of interest to determine how andrographolide influences
the expression of analogous or other genes in mouse hepatocytes,
especially the genes of metabolizing enzymes. The results of such
an inquiry might provide invaluable guidelines for administration
and precautions for use of this compound or herbal plant.

To better understand the effect of andrographolide on gene
expression including that of CYPs, we conducted a microar-
ray analysis to screen the effects of andrographolide and/or
[3-naphthoflavone (3-NF) on the transcription of mouse genes. The
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Table 1

TagMan® Gene Expression Assays, TagMan® MGB or TAMRA Gene Expression Detection Kits, and SYBR® Green PCR Primers.

Genes TagMan® Gene Expression ~ TagMan® MGB or TAMRA Gene Expression Detection Kit SYBR® Green PCR Primers
Assays (Inventoried)

Forward primer Reverse primer probe Forward primer Reverse primer
Cypla2 MmO00487224._m1
Cyp1b1 Mm00487229-m1
Cyp2b10 MmO00456591.m1
Cyp3all MmO00731567_m1
Ugtla6 MmO01967851.s1
Cyplal 5-GAC ATTTGA GAA  5'-CCA AAG AGGTCC  5'-FAM-CGA GAA TGC

GGG CCA CAT C-3' AAA ACA ATC G-3’ CAA TGT CCA GCT GTC

A-TAMRA-3’

Cyp2b9 5-CACAGATGACCA  5-GTT CCT GCT GTT 5'-FAM-CTC TGG TCA

GTT CCT TCA TCT-3' TTT TGA CAA TTT-3’ GAT GTT TGA G-MGB -3’
Cyp3a41 5-GCC AAA GGG ATT  5-GGT GTC AGG AAT  5'-FAM-ATC CTT TGG TCT

TTA AGA GTT GTT GGA AAA AGTA CA-3’  TCT CAG-MGB-3'

GACT-3
Cyp2a4 5'-GGG CAG GTCTAT  5'-AAA GTC CTC CAG

GAG ATG TTT TCT GCCTTG CA-3'
TC-3

GAPDH 5'-TCC ACT CAC GGC 5'-TAG ACT CCA CGA

AAATTC AAC G-3’ CAT ACT CAG C-3/

resultsindicate that andrographolide induces the expression of sev-
eral isoforms of CYP and has a synergistic effect on CYP1B1 as well
as CYP1A1 in combination with 3-NF.

2. Materials and methods

2.1. Chemicals

Materials for culturing hepatocytes were purchased from
Gibco® Invitrogen Cell Culture (Carlsbad, CA), BioWhittaker™
Cambrex Bio-Sciences (Walkerville, MD), and Wako Pure Chemi-
cal (Osaka, Japan). Percoll and collagenase (Type I) were products
of GE Healthcare Bio-Sciences AB (Uppsala) and Sigma Chemical
Co. (St. Louis, MO), respectively. Andrographolide was supplied
by Wako Pure Chemical (Tokyo, Japan). 3-NF was obtained from
Sigma Chemical Co. ReverTraAce was a product of Toyobo Co.,
Ltd. (Osaka, Japan). SYBR® Green I and G-Taq Labo Pass™ were
products of Cambrex Bio Science Rockland, Inc. (ME, USA) and
Hokkaido System Science Co., Ltd. (Hokkaido, Japan), respectively.
The TagMan® Gene Expression Assays were products of Applied
Biosystems (Branchburg, NJ). All other laboratory chemicals were
of the highest available purity from commercial suppliers.

2.2. Preparation of primary cultures of mouse hepatocytes and
treatment

The liver of C57BL/6 male mice (Sankyo Laboratories, Shizuoka,
Japan) at 7 weeks of age was perfused with collagenase, and viable
hepatocytes were isolated by Percoll isodensity centrifugation as
described [11]. Standard culture conditions were as follows: the
cells were dispersed in Waymouth MB752/1 medium contain-
ing bovine serum albumin (2 g/l), insulin (0.5 mg/l), transferrin
(0.5mg/l), and selenium (0.5 pg/l), and seeded at a density of
5x 10° cells/1.5ml/35 mm collagen-coated dish. The Waymouth
medium did not contain phenol red, a pH indicator, to exclude
the possibility of estrogen-like action. Depending on the pres-
ence of cell attachment factors, the hepatocytes anchored to the
dishes within 3 h and subsequently formed a monolayer. The cul-
ture dishes were maintained at 37 °Cin a CO,-humidified incubator.
The medium was renewed 3 h after plating and then, 24 h later,
25 wM andrographolide and/or 10 WM B-NF was added after a
change of medium. Measurements of lactate dehydrogenase activ-
ity in medium indicated it to be non toxic at these concentrations.
Total RNA was prepared from the cells 24 h later as described [12].

2.3. Microarray analysis

Total RNA was re-purified using a FastPure™ RNA kit (TaKaRa,
Shiga, Japan), and its concentration and quality were examined
using a NanoDrop ND-1000 (NanoDrop Technologies, DE, USA)
and Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). RNA
samples were submitted to Bio Matrix Research, Inc. (Chiba, Japan)
for analysis using a GeneChip® Mouse Exon 1.0 ST array (Affy-
matreix Technologies, Tokyo, Japan) according to the standard
protocol. The microarray data was analyzed using GeneSpring GX10
software (Agilent Technologies).

2.4. Quantitative real time RT-PCR

The expression of mouse CYPs and GAPDH mRNAs was quanti-
fied by real-time RT-PCR. cDNAs were synthesized by ReverTraAce
and G-Taq Labo Pass™ under the conditions recommended by
the suppliers (Applied Biosystems, Branchburg, NJ) using specific
TaqMan® Gene Expression Assays (Inventoried) for Cyp1a2, Cyp1b1,
Cyp2b10, Cyp3all, Ugtla6, and specific TagMan® MGB or TAMRA
Gene Expression Detection kits for Cyplal, Cyp2b9, and Cyp3a41,
or SYBR® Green I for Cyp2a4 and GAPDH (Table 1). Real-time PCR
was performed using the ABI Prism® 7000 Sequence Detection Sys-
tem (Applied Biosystems) with ABI Prism® 7000 SDS software. The
PCR conditions were as follows: denaturation at 95°C for 15, and
annealing and extension at 60 °C for 1 min. The amplified products
of CYP1A1,CYP1A2,CYP1B1,CYP2B9,CYP2B10,CYP3A11,CYP3A41,
and UGT1A6 were detected directly by monitoring the fluorescence
of the reporter dye (FAM), for which an increase in fluorescence sig-
nal was detected only if the target sequence was complementary
to the probe and amplified by the PCR. The amplified PCR products
of CYP2A4 and GAPDH were monitored directly by measuring the
increase in SYBR® Green that was bound to double-stranded DNA
amplified by PCR.

3. Results
3.1. Analysis of gene expression by andrographolide and/or B-NF

The present microarray system was useful for the analysis of
28,853 genes. Treatment with andrographolide up-regulated 18
genes, while it down-regulated 5 genes, if the change in expression
was taken as more than two-fold (Fig. 1A). Almost all the up-
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Fig. 1. Effect of B-NF and/or andrographolide on expression of genes in mouse hepatocytes in primary culture after treatment with 0.2% DMSO (control), 10 uM 3-NF,
and 25 wM andrographolide (A), and co-treatment (3-NF plus A). The lines indicate a change in gene expression compared to the control of higher or lower than 2-fold.
Abbreviations in the figure: Cyp, cytochrome P450; Gstm, Glutathione S-transferase (GST) . class; Ugt, UDP glucuronyltransferase; Nqo1, NAD(P)H dehydrogenase quinine;
Olfr1029, olfactory receptor 1029; Cbr3, carbonyl reductase 3; Adh7, alcohol dehydrogenase 7; Shpl, spermine binding protein-like; Ddc, dopa decarboxylase; Ccl, chemokine
(C-C motif) ligand; Cxcl, chemokine (C-X-C motif) ligand; Eid3, EP300 interacting inhibitor of differentiation 3; Aox3, aldehyde oxidase 3; Akr, aldo-keto reductase; Vim,
vimentin; Thbs1, thrombospondin 1; Vcam1, vascular cell adhesion molecule 1; Cdh17, cadherin 17; Ngb, neuroglobin; Steap4, STEAP family member 4; Spp1, secreted
phosphoprotein 1; Pdzrn3, PDZ domain containing RING finger 3; Hp, haptoglobin; Vil1, villin 1; Ctgf, connective tissue growth factor; Cish, cytokine inducible SH2-containing
protein; Bhmt, betaine-homocysteine methyltransferase; Plscr1, phospholipid scramblase 1.

regulated genes were related to metabolism/oxidation/reduction
such as Cyplal, Cyp2a4, Gstm3, Gstm4, Ugt2b35, and Nqol.
The down-regulated genes were protein binding or calcium
ion binding-related genes (Thbs1, Cdh17, and Sbp1). 3-NF up-
regulated 4 genes, Cyplal, Cypla2, Nqol, and OIfr1029 (Fig. 1B).
Interestingly, the combination of B-NF and andrographolide
had a greater impact (Fig. 1C). The number of modified genes
was 118, with 78 up-regulated and 40 down-regulated. Corre-
spondingly, most of the up-regulated genes were involved in
metabolism/oxidation/reduction such as Cyps, Gstm, Ddc, Cbr, Aox3,
Ugt, and Akr, while the down-regulated genes belonged to several
groups including oxidation/reduction/ion binding-related genes,
i.e., Plscr1, Steap4, Bhmt, Vill, Pdzrn3, Ngb, and Cyp17al, protein
binding-related genes, i.e., Vim, Cish, Hp, Ctgf, Cdh17, and Vcam]l,
and chemokine/cytokine-related genes, i.e., Cxcl13, Ccl2, and Spp1.
Comparisons of gene expression between the combined treatment
with 3-NF and andrographolide and the single treatment with 8-
NF (Fig. 1D), related that 27 genes were up-regulated whereas 18
genes were down-regulated by the combined treatment. Again,
most genes up-regulated by the combined treatment were involved
in metabolism and oxidation-reduction, such as Cyplal, Cyp2a4,
Adh7, Ddc, Gstm, and Eid3, while the down-regulated genes were
similar to those down-regulated by the combined treatment in
comparison with the control.

Table 2 summarizes the metabolizing enzyme-related genes,
the expression of which increased at least two-fold after either
treatment. The number of modified genes was 14 for the drug
metabolism group and 13 for the oxidoreductase group. Cyp1al was
the highest up-regulated gene among increased cytochrome P450s,
like Cyp1a2, Cyp1b1, Cyp2a4/Cyp2a5, Cyp2b9, Cyp2b10, and Cyp8b1.
In addition, Ugtla, Ugt2b5, and Ugt2b35, members of UDP glu-

curonyltransferase, were up-regulated. Glutathione S-transferase
(GST) w class, Gstm2, Gstm3, and Gstm4, were up-regulated. For
these genes, the combined treatment with B-NF and andro-
grapholide had more of an effect than the single treatments. Among
oxidoreductase genes, Adh7, Cbr3,and Nqo1 were highly induced by
the combined treatment.

3.2. Quantitative real-time RT-PCR analysis

To confirm the expression of the cytochrome P450 family 1,
2, and 3, and UGT1A6, quantitative real-time RT-PCR was car-
ried out (Fig. 2). Changing ratios of the expression were generally
higher among the results of RT-PCR than those of microarray.
Significant difference (p <0.05) between the combined and single
treatments was clear in the expression of CYP1A1, CYP1B1, CYP2A4,
CYP3A11,CYP3A41,and UGT1A6 mRNAs. In the case of CYP1A1 and
CYP1B1, the combined treatment had a synergistic effect, whereas
the expression of CYP3A11 and CYP3A41 was higher on combined
treatment but not single treatment. CYP2A4, CYP2B9, and CYP2B10
were significantly induced by andrographolide, but the combined
treatment with [3-NF further increased the expression of CYP2A4.

3.3. Effects of andrographolide on anti-oxidation and
immune-responsive genes

A. paniculata extract has long been employed as a folk rem-
edy or health supplement. The genes involved in responsible
immune-responses or anti-oxidation, which were up-regulated or
down-regulated more than 20% by andrographolide treatment,
are listed in Table 3. The expression of 6 anti-oxidation-related
genes was found to be slightly increased, whereas all the immune
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Table 2
Effect of 3-NF and/or andrographolide on metabolizing enzymes.
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Accession No. Gene Gene symbol Fold up-regulation’

B-NF A B-NF+A
Drug metabolism
U03283 Cytochrome P450, family 1, subfamily b, polypeptide 1 Cyp1b1 1.92 1.07 3.80
BC044927 Glutathione S-transferase, mu 3 Gstm3 1.44 2.65 3.05
]04696 Glutathione S-transferase, mu 2 Gstm2 1.24 1.88 2.21
BC030444 Glutathione S-transferase, mu 4 Gstm4 1.29 2.25 2.89
BC003240 P450 (cytochrome) oxidoreductase Por 1.35 1.23 2.01
BC011233 Cytochrome P450, family 2, subfamily a, polypeptide 4, 5 Cyp2a4|Cyp2a5 1.63 3.01 411
BC028262 UDP glucuronosyltransferase 2 family, polypeptide B5 Ugt2b5 1.13 1.87 2.01
BC113789 UDP glucuronosyltransferase 2 family, polypeptide B35 Ugt2b35 1.44 2.50 2.87
BC026561 UDP glucuronosyltransferase 1 family, polypeptide A Ugtla 1.67 135 2.06
M21855 Cytochrome P450, family 2, subfamily b, polypeptide 9 Cyp2b9 1.13 1.45 2.00
BC060973 Cytochrome P450, family 2, subfamily b, polypeptide 10 Cyp2b10 1.11 1.68 233
Y00071 Cytochrome P450, family 1, subfamily a, polypeptide 1 Cyplal 21.52 3.90 54.59
BC018298 Cytochrome P450, family 1, subfamily a, polypeptide 2 Cypla2 2.25 1.22 2.54
BC010973 Cytochrome P450, family 8, subfamily b, polypeptide 1 Cyp8b1 1.25 2.02 1.61
Oxidoreductase
AF172276 Aldehyde oxidase 3 Aox3 1.29 1.77 2.09
BC013482 Aldo-keto reductase family 1, member C14 Akr1c14 1.35 2.05 2.70
U31966 Carbonyl reductase 1 Cbr1 1.26 1.78 2.05
BC028763 Carbonyl reductase 3 Cbr3 1.69 4.21 6.71
BC049957 Sulfiredoxin 1 homolog (S. cerevisiae) Srxnl 1.45 2.64 422
U95053 Glutamate-cysteine ligase, modifier subunit Gclm 1.14 1.68 243
AF331802 Alcohol dehydrogenase 7 (class IV), mu or sigma Adh7 132 1.50 5.71
BC018390 Tryptophan 2,3-dioxygenase Tdo2 1.24 2.68 3.79
BC067055 N-terminal EF-hand calcium binding protein 1 Necab1 1.24 1.86 2.25
BC014865 Leukotriene B4 12-hydroxydehydrogenase Ltb4dh 1.40 1.92 291
BC006617 Biliverdin reductase B (flavin reductase (NADPH)) Blvrb 1.24 1.74 2.21
BC021157 Hydroxyprostaglandin dehydrogenase 15 (NAD) Hpgd 1.27 1.57 3.05
BC004579 NAD(P)H dehydrogenase, quinone 1 Ngqo1 2.39 2.24 6.46

" Hepatocytes were treated with either 10 uM 3-NF (3-NF), 25 wM andrographolide (A), or co-treatment (3-NF + A) for 24 h. Expression of the respective genes was shown

as fold up-regulation, compared with that of 0.2% DMSO treated.

responsive genes listed were suppressed by andrographolide treat-
ment.

4. Discussion

The present study revealed that andrographolide has the poten-
tial to increase the expression of several genes involved in drug
metabolism and oxidoreduction in mouse hepatocytes in primary
culture. Furthermore, in combination with a typical CYP1A inducer,
[3-NF, it had a synergistic effect on CYP1A1 and CYP1B1 expression.

We previously reported that the expression of CYP1A1 and
CYP2B mRNA was enhanced by andrographolide or a crude extract
of A. paniculata in mouse liver or hepatocytes in primary culture
and the enhancement reflected the responsible marker enzyme
activity [8,9]. The present study confirmed this and suggested that
andrographolide influenced the expression of many genes. Singh
et al. [13] reported that high dose of A. paniculata extract signifi-
cantly increased the expression of catalase, glutathione reductase,
and glutathione peroxidase in mouse liver. Moreover, an aqueous
extract of A. paniculata significantly elevated catalase and glu-
tathione S-transferase levels in mice [14]. In the present study,
we observed a tendency for the expression of catalase, glutathione
reductase, glutathione peroxidase 2, and glutathione S-transferase
to be increased by andrographolide, suggesting its anti-oxidation
activity. One reason for the slight increase might be that the
RNA samples were prepared 24h after the addition of andro-
grapholide.

Although Puri et al. [15] reported that A. paniculata extract stim-
ulated the immune system, we did not observe elevated levels
of immune-responsive genes in the present investigation. How-
ever, we cannot conclude that andrographolide did not activate
the immune system, since we analyzed their expression in mouse
hepatocytes, not in immune-responsive tissue.

Although single treatment with either (3-NF or andrographolide
changed the expression of small numbers of genes, combined treat-
ment affected many genes. Most of the up-regulated genes were
involved in oxidation or reduction related to the phase I and II
enzymes of drug metabolism. Although andrographolide by itself
influenced the expression of these genes, synergism with 3-NF
was found only in limited number of genes, namely, confirmative
experiments with real-time RT-PCR revealed that the synergistic
expression of CYP1B1 as well as CYP1A1 mRNA was remark-
able. These two CYP isoforms do not constitutively but inducibly
express in the liver. The induction of both is mediated by the AhR
pathway, suggesting that andrographolide might act on this path-
way. However, although AhR-mediated activation is also involved
in CYP1A2 and UGT1A6 mRNA expression, andrographolide did
not enhance the expression. Therefore, the synergistic expression
of CYP1A1 and CYP1B1 was preferentially influenced by andro-
grapholide. A proposed mechanism of the synergism may be
related to the anti-oxidation activity of andrographolide, because
down-regulated expression of CYP1A1 by oxidative stress has been
reported [16-18]. Although expression of anti-oxidation-related
genes was not so much affected by andrographolide in the present
microarray observation, the activity was strongly suggested in
vivo and in vitro experiments [19,20]. Further evidence that the
genes related to anti-oxidation would be clearly up-regulated in
the present culture condition will require detailed investigation
by measuring them at several time points after addition of andro-
grapholide, since the present protocol observed the expression only
at24h.

The potency of A. paniculata extract or andrographolide for
expression of CYPs in vivo and in vitro were investigated recently
by Pekthong et al. [10], with both suppressive and promotive
effects demonstrated, depending on the CYPs isoform, even in
a hepatocyte culture system. It is impossible to compare our
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Fig. 2. Effect of B3-NF and/or andrographolide on mRNA expression assessed by real-time RT-PCR. All target genes were normalized to GAPDH. Columns represent the
mean =+ SD (n=4). DMSO, control; BNF, 10 wuM B-NF; A, 25 M andrographolide; Co, combined treatment with 3-NF and A. *, ** represent significant differences from the

DMSO group at p <0.05 or 0.001, respectively (One-way ANOVA, Tukey post hoc test).

results with their observations, since the experimental proto-
col was not the same. In general, there is a time-dependent
expression of mRNA for all major CYPs isoforms e.g. CYP1A2,
CYP2C9, CYP2E1 and CYP3A4 in human hepatocytes [21,22]
and culture conditions also affect the expression of cytochrome
P450s [23]. Therefore, it is necessary to establish a procedure

Table 3
Effect of andrographolide on anti-oxidation and immune response genes.
Accession No. Gene Gene Fold
symbol change”

Anti-oxidation

AB042745 NADPH oxidase 4 Nox4 0.80
D16142 Peroxiredoxin 1 Prdx1 1.20
AF093852 Peroxiredoxin 6 Prdx6 145
BC013447 Catalase Cat 1.33
BC010823 Glutathione peroxidase 2 Gpx2 1.34
AY279096 Glutathione S-transferase kappa 1 Gstk1 1.23
BC057325 Glutathione reductase Gsr 1.25
Immune responsive system

BC055070 Chemokine (C-C motif) ligand 2 Ccl2 0.70
BC085259 T-cell specific GTPase Tgtp 0.72
BC019961 Chemokine (C-X-C motif) ligand 16 Cxcl16 0.72
M23447 Chemokine (C-C motif) ligand 3 Ccl3 0.73
BC012965 Chemokine (C-X-C motif) ligand 13 Cxcl13 0.21
BC002113 Secreted phosphoprotein 1 Sppl 0.02
BC030067 Chemokine (C-X-C motif) ligand 10 Cxcl10 0.23
BC013738 Transforming growth factor, beta 1 Tgfb1 0.57

" Hepatocytes were treated with 25 M andrographolide for 24 h. Expression of
the respective genes was shown as fold change, compared with that of 0.2% DMSO
treated.

for the risk assessment of A. paniculata extract or andro-
grapholide.

In conclusion, the present results revealed that andrographolide
is a potent inducer of CYP2A4, and CYP2B9. Interestingly, andro-
grapholide had a markedly synergistic effect on CYP1A1 and
CYP1B1 in combination with a typical CYP1A inducer, B-NF.
A risk assessment of andrographolide or A. paniculata should
be conducted, since the expression of genes, especially drug
metabolism-related genes, might be affected.
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ABSTRACT

We previously observed a strong synergistic effect on polycyclic aromatic hydrocarbon (PAH)-induced
CYP1A1 expression by andrographolide, a major constituent of an herbal medicine derived from the
plant Andrographis paniculata, in mouse hepatocytes in primary culture. The present paper describes con-
firmation of an enhancing effect of andrographolide on the CYP1 family in vivo in the PAH-responsive
C57BL/6 mouse. Andrographolide did not alter CYP1 expression in the PAH-nonresponsive DBA/2 mouse.
The enhanced expression induced by andrographolide was observed in male C57BL/6 mice, but not in
intact or ovariectomized females, or in orchiectomized male mice. However, treatment with testosterone
restored the effect in both orchiectomized males and ovariectomized females. These observations indi-
cate a male hormone-related system to be a crucial mediator of the modulation of CYP1 expression by
andrographolide. Precautions should be taken regarding the use of A. paniculata as an alternative medica-
tion or health promotion, according to its distinctive characterization on sexually dimorphic modulation

of CYP1A1 expression.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Cytochrome P450s (P450%) play a key role in the metabolism
of drugs and xenobiotics, including chemical carcinogens
(Guengerich and Shimada, 1998; Guengerich, 2000). Of these
P450s, CYP1A1 and CYP1A2 are the major enzymes involved
in the metabolic activation of potential procarcinogens, such as
polycyclic aromatic hydrocarbons (PAHs), nitro-PAHs, and aryl and
heterocyclic amines. CYP1A1 is constitutively expressed in several
extrahepatic tissues, but not in the liver (Kimura et al., 1986).
However, while CYP1A1 expression has been demonstrated in the
liver after inducer treatment, CYP1A2 expression is constitutive
and inducible in the liver (Kimura et al., 1986; Iwanari et al.,
2002). The regulation of CYP1A1 and CYP1A2 expression by a

Abbreviations: AhR, aryl hydrocarbon receptor; ARNT, AhR nuclear translocator;
B6, C57BL/6; D2, DBA/2; EROD, ethoxyresorufin O-deethylase; GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase; 3-MC, 3-methylcholanthrene; P450, cytochrome
P450; PAH, polycyclic aromatic hydrocarbon; PB, phenobarbital; TCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin; TE, testosterone.
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prototype inducer, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is
activated through an aryl hydrocarbon receptor (AhR) (Whitlock,
1999). Besides CYP1A1 and CYP1A2, CYP1B1 is a relatively new
member of family 1 (Savas et al., 1994; Brake et al., 1999; Ryu
and Hodgson, 1999) which has been reported to be involved in
the metabolism of PAHSs, and is also inducible by CYP1A1 inducers
through AhR and the AhR nuclear translocator (ARNT)-mediated
pathway (Savas et al., 1994; Ryu and Hodgson, 1999). CYP1B1
is constitutively expressed in steroidogenic tissues, but is not
detected in xenobiotic-metabolizing organs such as liver, kidney,
and lung (Savas et al., 1994; Iwanari et al., 2002). The CYP1 family
is responsible for activating carcinogenic aromatic amines and
heterocyclic amines, to which we are exposed every day via
smoking, our diet, and the environment; hence its regulation is of
clear interest.

Andrographolide (3-[2-[decahydro-6-hydroxy-5-(hydroxyme-
thyl)-5,8a-dimethyl-2-methylene-1-napthalenyl]ethylidene]dih-
ydro-4-hydroxy-2(3H)-furanone) is the major diterpenoid con-
stituent of Andrographis paniculata Nees (Family Acanthaceae), a
plant traditionally employed in folk remedies for a wide spectrum
of ailments (Jarukamjorn and Nemoto, 2008) as an important
“cold property” herb used to rid the body of heat, as in fevers, and
toxins (Deng, 1978), including to prevent and treat the common
cold (Caceres et al.,, 1997), or as a herbal supplement (Mishra
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et al.,, 2007), and nowadays incorporated in a number of herbal
medicinal preparations. A crude extract of A. paniculata was
recently found to induce hepatic CYP1A1 and CYP2B expression,
based on observations of significant increases in ethoxyresorufin
O-dealkylase (EROD) activity and pentoxyresorufin O-dealkylase
activities (Jarukamjorn et al., 2006). Interestingly, andrographolide
plus typical CYP1A inducers, including (3-naphthoflavone, TCDD,
and benz[a]anthracene, synergistically induced CYP1A1 expres-
sion in mouse hepatocytes in primary culture, and the synergism
was blocked by an AhR antagonist, resveratrol (Jaruchotikamol
et al,, 2007). The findings supported the involvement of an AhR-
mediated pathway of transcriptional activation in the synergistic
effect of andrographolide and the AhR ligands on CYP1A1 in mouse
hepatocytes. Therefore, it was of interest to study whether the
synergistic effect on CYP1A1 induction of andrographolide plus
a typical CYP1A inducer in cultured mouse hepatocytes occurs in
vivo, and if so, whether there are factor(s) influencing it.

In the present study, the synergistic effect on CYP1 expression
by andrographolide plus 3-methylcholanthrene (3-MC) and the
involvement of AhR were examined in PAH-responsive, C57BL/6
(B6), and -nonresponsive, DBA/2 (D2), mouse strains. Subse-
quently, the gender-dependent synergism of CYP1’s activation
by andrographolide plus 3-MC was assessed in B6 mice. The
observations suggest that, besides AhR, a sex hormone-associated
regulatory system plays a role in the modulation of 3-MC-induced
CYP1 expression by andrographolide.

2. Materials and methods
2.1. Materials

Andrographolide and phenobarbital sodium (PB) were supplied
by Wako Pure Chemical Ind. (Osaka, Japan). Ethoxyresorufin and
resorufin were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). 3-MC was a product of Eastman Kodak Co. (Rochester,
NY, USA). Testosterone propionate was purchased from Kasei TCI
(Tokyo, Japan). ReverTra Ace® and LaboPass™ G-Taq® for reverse
transcription and polymerase chain reaction were purchased from
Toyobo Co., Ltd. (Osaka, Japan) and Hokkaido System Science Co.,
Ltd. (Sapporo, Japan), respectively. SYBR® Green Premix Ex Tag™
(Perfect Real Time) was a product of TaKaRa Biomedicals Inc.
(Shiga, Japan). TagMan® Gene Expression Assays and TagMan®
Gene Expression Detection kit were products of Applied Biosys-
tems (Branchburg, NJ, USA). The antibody against rat CYP1A1 was
a gift from Dr. Y. Funae (Osaka City University, Osaka, Japan). The
Amersham Pharmacia Biotech Co. supplied Hybond-C membranes
for blotting. All other laboratory chemicals were of the highest
available purity from commercial suppliers.

2.2. Animals

Male and female C57BL/6 and DBA/2 mice were supplied
by Sankyo Experimental Animals, Tokyo, Japan. All mice were
housed in the University of Toyama’s Animal Center facility under
the supervision of certified laboratory veterinarians and were
treated according to a research protocol approved by the Univer-
sity’s Institutional Animal Care and Use Committee. At all times,
the mice were housed on paper chip bedding in plastic cages,
with water and a commercial mouse diet supplied ad libitum.
The quarters were air conditioned (20-23°C) and had a 12-h
light/dark cycle. Orchiectomy or ovariectomy was carried out at
5 weeks of age. Seven-week-old mice of both sexes were sub-
cutaneously injected daily with 5 mg/kg/day of andrographolide,
and/or intraperitoneally given 20 mg/kg/day of 3-MC or 100 mg/kg

of phenobarbital sodium (PB) for 3 days. The treatment with andro-
grapholide was continued for a further 1 or 2 days. In some
cases, testosterone propionate at 5 mg/kg/day was subcutaneously
injected daily for 7 days, starting 2 days before the administration
of 3-MC or PB. These compounds were dissolved in corn oil and the
final volume of administration was 0.1 ml/25 g body weight. The
control group was subcutaneously given corn oil daily for 7 days to
assure a non-significant change of CYP1 expression. The mice were
sacrificed on the 5th or 6th day after the start of 3-MC or PB treat-
ment and the liver was excised immediately for the preparation of
total RNA and microsomes (Jarukamjorn et al., 1999).

2.3. Real-time RT-PCR

Mouse P450 and GAPDH mRNA expression was quantified by
real-time RT-PCR. Hepatic total RNA was reverse-transcribed and
cDNA was amplified as described previously with some modifica-
tions (Jaruchotikamol et al., 2007) using specific TagMan® Gene
Expression Assays (Inventoried) for Cypla2 (MmO00487224_m1),
Cyp1b1 (Mm00487229_m1), Cyp2b9 (Mm00657910.m1), Cyp2b10
(MmO00456591_m1), and Cyp3all (MmO00731567_m1), and a spe-
cific TagMan® Gene Expression Detection kit for Cyplal, in which
the forward and reverse primers and the probe were: 5'-GAC ATT
TGA GAA GGG CCA CAT C-3/, 5'-CCA AAG AGG TCC AAA ACA ATC
G-3/, and 5-FAM-CGA GAA TGC CAA TGT CCA GCT GTC A-TAMRA-
3, respectively, as well as the SYBR® Premix Ex Taq™ (Perfect
Real Time) for GAPDH, in which the forward and reverse primers
were: 5'-TCC ACT CAC GGC AAA TTC AAC G-3' and 5-TAG ACT
CCA CGA CAT ACT CAG C-3/, respectively. The specificity of GAPDH
cDNA amplification was confirmed by both polyacrylamide gel
electrophoresis and the dissociation curve of the product. Real-time
PCR was performed using the ABI Prism® 7000 Sequence Detec-
tion System (Applied Biosystems, Branchburg, NJ, USA) with ABI
Prism® 7000 SDS software. The conditions for each PCR cycle were
as follows: denaturation at 95 °C for 15 s, and annealing and exten-
sion at 60 °C for 1 min. The amplified products of P450 cDNAs were
detected directly by monitoring the fluorescence of the reporter
dye (FAM), for which an increase in the fluorescence signal was
detected only if the target sequence was complementary to the
probe and amplified by the PCR. The amplified PCR products of
GAPDH were monitored directly by measuring the increase in
signal of SYBR® Green that was bound to double-stranded DNA
amplified by the PCR.

2.4. Western blotting of microsomal proteins

Livers were rapidly excised and cut into small pieces before
homogenization with ice-cold 1.15% KCl. Microsomal fractions
were prepared after ultracentrifugation of the 10,000 x g super-
natant at 104,000 x g for 60 min at 4°C. The microsomal protein
concentration was determined as described previously (Nemoto
and Sakurai, 1992) using bovine serum albumin as a standard. Five
or twenty micrograms of microsomal protein was resolved by 10%
SDS-PAGE and then transferred to a Hybond-C membrane. The
P450 species localized were detected using a rabbit polyclonal anti-
body againstrat CYP1A1 protein, which cross-reacted with CYP1A2,
followed by a horseradish peroxidase-conjugated goat anti-rabbit
IgG antibody, and then visualized with 3,3’-diaminobenzidine and
hydrogen peroxide (Sakuma et al., 1999).

2.5. Assessment of total P450 content and enzymatic activities
The total P450 content of the hepatic microsomes was deter-

mined by carbon monoxide difference spectrophotometry (Omura
and Sato, 1964). EROD activity was determined by the method
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Fig. 1. Hepatic CYP1 expression induced by andrographolide and/or 3-methylcholanthrene in male C57BL/6 or DBA/2 mice. (A) Expression of CYP1A1, CYP1A2, and CYP1B1
mRNA. Male B6 or D2 mice were subcutaneously injected with andrographolide (5 mg/kg/day) daily for 5 days and/or intraperitoneally with 3-MC (20 mg/kg/day) for 3 days.
Total RNA and a microsomal fraction were prepared from the liver 1 day after the last treatment. Hepatic total RNA was reverse-transcribed and cDNA was amplified using
a specific TagMan® Gene Expression Assay or TagMan® Gene Expression Detection Kit. Expression of the respective mRNA was normalized to that of GAPDH. Each column
represents the mean + SD (n=>5-6). Significance was examined using a one-way ANOVA, the Tukey post hoc test and the Student-Newman-Keuls method (Sigmastat®);
*p<0.001 (vs. NT); #¥p<0.01, #p<0.001 (vs. 3-MC treated). (B) Expression profile of CYP1A1 and CYP1A2 protein. Hepatic microsomal protein was resolved using 10%
SDS-PAGE and the expression of CYP1A1 and CYP1A2 proteins was detected using a rabbit polyclonal antibody against the rat CYP1A1 protein, which cross-reacted with
CYP1A2. Besides CYP1A1 and CYP1A2, unidentified non-specific proteins beneath CYP1A were present in the preparations. NT, non-treatment; Andro, andrographolide;

3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-MC plus andrographolide.

of Sakuma et al. (1999) with some modifications. Briefly, a reac-
tion mixture containing 10 mM Tris-HCl (pH 7.8), 200 .M NADPH,
0.5 mg of hepatic microsomes, and 50 WM ethoxyresorufinin a final
volume of 3.5 ml was incubated at 37 °C for 3 min. Subsequently, the
formation of resorufin was measured by spectrofluorometry with
an excitation wavelength of 530 nm and emission wavelength of
585 nm.

3. Results

3.1. Hepatic CYP1 expression induced by andrographolide and/or
3-methylcholanthrene in C57BL/6 or DBA/2 male mice

The effects of andrographolide and/or 3-MC on the expression
of Cyp1 gene family members were examined in livers of B6 and
D2 mice, which were PAH-responsive and -nonresponsive mouse
strains, respectively. 3-MC significantly induced the expression of
hepatic CYP1A1, CYP1A2, and CYP1B1 in male B6 mice (Fig. 1A).
Although andrographolide did not induce the expression of hepatic
CYP1A1, CYP1A2, or CYP1B1 mRNA, andrographolide plus 3-MC

synergistically enhanced the expression of CYP1A1 and CYP1A2
mRNAs in the livers of B6 males. Neither single treatment with
3-MC or andrographolide nor co-treatment significantly modified
the expression of CYP1A1 mRNA in male D2 mice. Correspondingly,
the levels of CYP1A1 and CYP1A2 protein in hepatic microsomes
were markedly increased on treatment with 3-MC or with andro-
grapholide plus 3-MC in B6 mice, but were un-changed in D2 mice
(Fig. 1B). These observations support the idea that the synergistic
effect of andrographolide plus 3-MC on the expression of CYP1A1
mMRNA occurred in male B6 mice in vivo as well as in primary cul-
tured mouse hepatocytes.

3.2. Expression of hepatic P450 mRNAs by phenobarbital after
co-treatment with andrographolide

To further investigate whether the AhR-mediated pathway had
an effect on the regulatory mechanism for the synergistic enhance-
ment of CYP1 mRNA expression by andrographolide plus 3-MC in
B6 males, 3-MC was replaced with PB. PB significantly induced
the expression of CYP1A1 mRNA as well as CYP2B9 and CYP2B10
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Fig. 2. Expression of hepatic P450 mRNA by phenobarbital in the presence of andrographolide. Male B6 mice were subcutaneously injected with andrographolide
(5mg/kg/day) daily for 5 days and/or intraperitoneally with PB (100 mg/kg/day) for 3 days. Hepatic total RNA was reverse-transcribed and cDNA was amplified using a
specific TagMan® Gene Expression Assay or TagMan® Gene Expression Detection Kit. Expression of the respective mRNA was normalized to that of GAPDH. Each column
represents the mean+ SD (n=>5-6). Significance was examined using a one-way ANOVA, the Tukey post hoc test and the Student-Newman-Keuls method (Sigmastat®);
*p<0.01, **p<0.001 (vs. NT). NT, non-treatment; Andro, andrographolide; PB, phenobarbital; Co-tx, co-treatment with PB plus andrographolide.

mRNA, while andrographolide by itself increased CYP2B expres-
sion (Fig. 2). The expression of none of the P450 mRNA tested was
increased by the co-treatment with andrographolide and PB.

3.3. Modulation of total P450 content and ethoxyresorufin
O-deethylase activity by co-treatment with andrographolide and
3-methylcholanthrene in male C57BL/6 or DBA/2 mice

The total P450 content as well as EROD activity, reported to be
a selective marker of the CYP1A1 enzyme in mouse liver (Burke et
al., 1994), were assessed to confirm the robust induction of the
expression of CYP1A in male B6 mice. The values were signifi-
cantly increased by treatment with 3-MC or andrographolide plus
3-MC in male B6 mice, while they were unaffected by single treat-
ment with 3-MC or andrographolide, or by co-treatment with these
compounds in D2 mice (Fig. 3). Consistent with the expression of
CYP1A1 mRNA and protein (Fig. 1A and B), levels of EROD activity
were significantly higher in 3-MC-treated B6 mice than D2.

3.4. Gender-related modulation of CYP1 mRNA expression by
3-methylcholanthrene after treatment with andrographolide

The expression of CYP1 family members induced by 3-MC after
treatment with andrographolide was examined further to clarify
whether other factors were involved. B6 mice of both sexes were
administered 3-MC and andrographolide for 3 days, and treatment
with the latter compound was continued for a further 1 or 2 days.
Total hepatic RNA was prepared 1 day after the last treatment.

Namely, the expression of CYP1 family members including CYP1A1,
CYP1A2, and CYP1B1 was determined on the 5th and 6th days in
both sexes of B6 mice (Fig. 4). On treatment with 3-MC, expres-
sion of the three isoforms in males declined with time, while levels
of CYP1A2 and CYP1B1 in females increased. Interestingly, the 3-
MC-induced expression of CYP1 mRNAs in male mice was notably
increased by the co-treatment with andrographolide. Although
andrographolide did not increase the 3-MC-induced mRNA expres-
sion of these CYP1 isoforms in female mice, the expression of
CYP1A1 mRNA decreased significantly in females. These obser-
vations suggest that andrographolide protects against a decrease
in transcribed CYP1 family members after 3-MC treatment, and
that the enhanced CYP1 expression on co-treatment with andro-
grapholide and 3-MC was dependent on gender.

The expression after co-treatment with andrographolide and 3-
MC of CYP2B9, CYP2B10, and CYP3A11 isoforms was examined for
a sex-dependent component. No such effect was observed (Fig. 5).
These observations suggest a unique phenomenon whereby the
synergistic or additive effect on CYP1 mRNA expression by andro-
grapholide plus 3-MC is regulated male-specifically.

3.5. Impact of testosterone on the expression of CYP1A mRNA in
orchiectomized and ovariectomized C57BL/6 mice

Since the synergistic enhancement of CYP1 expression through
co-treatment with andrographolide and 3-MC was found to be
sex-dependent, the expression of CYP1 mRNAs was examined in
orchiectomized B6 mice under the same conditions. As expected,
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Fig. 3. Modulation of total P450 content and ethoxyresorufin O-deethylase activity by co-treatment with andrographolide and 3-methylcholanthrene in male C57BL/6 or
DBA/2 mice. Male B6 or D2 mice were subcutaneously injected with andrographolide (5 mg/kg/day) daily for 5 days and/or intraperitoneally with 3-MC (20 mg/kg/day) for
3 days. Total P450 content as well as EROD activity was assessed in hepatic microsomes. The open columns show the results for microsomes from B6 mice and the closed
columns, those for microsomes from D2 mice. Each column represents the mean =+ SD (n=5-6). Significance was examined using a one-way ANOVA, the Tukey post hoc
test and the Student-Newman-Keuls method (Sigmastat®); *p<0.01, **p <0.001 (vs. NT); #p<0.001 (vs. 3-MC treated). NT, non-treatment; Andro, andrographolide; 3-MC,

3-methylcholanthrene; Co-tX, co-treatment with 3-MC plus andrographolide.

orchiectomy clearly diminished the synergistic effect on CYP1A1
expression as well as the robust induction of CYP1A2 and CYP1B1
expression in male B6 mice (Fig. 6A). These observations suggest
that a male hormone or a male specific system is a crucial mediator
of the synergistic effect on CYP1AT1 activation of co-treatment with
andrographolide and 3-MC.

To further investigate whether a male sex hormone, testos-
terone, was an important factor in the synergistic promotion of
CYP1A1 expression on treatment with andrographolide plus 3-

MC in male mice, male and female B6 mice were orchiectomized
and ovariectomized, respectively, before being treated with the
regimen described above as well as testosterone. Testosterone
clearly restored the synergism of CYP1A1 mRNA to nearly the
same level observed in B6 males in a total of two independent
experiments (Fig. 6B). Correspondingly, testosterone restored the
expression of CYP1A1 mRNA in ovariectomized B6 females to
a level comparable to that in orchiectomized B6 males, while
the expression of CYP1A2 mRNA was not changed by 3-MC in

Fig. 4. Sex-dependency of hepatic CYP1 expression induced by andrographolide and/or 3-methylcholanthrene in C57BL/6 mice. B6 mice of both sexes were subcutaneously
injected daily with 5 mg/kg/day of andrographolide for 4 or 5 days and/or intraperitoneally given 20 mg/kg/day of 3-MC for 3 days. The treatment with andrographolide
was continued for a further 1 or 2 days. The mice were sacrificed on the 5th or 6th day after the start of 3-MC treatment. Hepatic total RNA was reverse-transcribed and
cDNA was amplified using a specific TagMan® Gene Expression Assay or TagMan® Gene Expression Detection Kit. The open and closed columns show mRNA expression of
B6 mice sacrificed on the 5th or 6th day, respectively. Expression of the respective mRNA was normalized to that of GAPDH. Each column represents the mean £ SD (n=5-6).
Significance was examined using a one-way ANOVA, the Tukey post hoc test and the Student-Newman-Keuls method (Sigmastat®); *p<0.01, **p <0.001 (vs. NT); #p <0.001
(vs. 3-MC treated). NT, non-treatment; Andro, andrographolide; 3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-MC plus andrographolide; 5 D-harvested, total
RNA prepared on the 5th day, 6 D-harvested, total RNA prepared on the 6th day.
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Fig. 5. Expression of CYP2B9, CYP2B10, and CYP3A11 mRNA induced by andrographolide and/or 3-methylcholanthrene in C57BL/6 mice. B6 mice of both sexes were
subcutaneously injected with andrographolide (5 mg/kg/day) daily for 5 days and/or intraperitoneally with 3-MC (20 mg/kg/day) for 3 days. Hepatic total RNA was reverse-
transcribed and cDNA was amplified using a specific TagMan® Gene Expression Assay or TagMan® Gene Expression Detection Kit. The open columns show mRNA expression
in female mice and closed columns, that in male mice. Expression of the respective mRNA was normalized to that of GAPDH. Each column represents the mean =+ SD (n=5-6).
Significance was examined using a one-way ANOVA, the Tukey post hoc test and the Student-Newman-Keuls method (Sigmastat®); *p<0.01, **p<0.001 (vs. NT). NT,
non-treatment; Andro, andrographolide; 3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-MC plus andrographolide.

these ovariectomized B6 females. These findings suggest that an 4. Discussion

unknown crucial sex-related factor is involved in the synergis-

tic effect on CYP1A1 by andrographolide plus 3-MC in male B6 The present study revealed that andrographolide, a major
mice. constituent of herbal medicine derived from A. paniculata, syner-

Fig. 6. Impact of testosterone supplementation on the expression of CYP1A mRNA in orchiectomized and ovariectomized C57BL/6 mice. (A) Expression of CYP1 mRNA
in orchiectomized mice. Male B6 mice were orchiectomized at 5 weeks of age. Two weeks later, all mice were treated with andrographolide and/or 3-MC under the
same regimen in which the robust induction of CYP1A1 mRNA expression was noted. (B) Expression of CYP1A1 and CYP1A2 mRNA in orchiectomized and ovariectomized
mice after testosterone supplementation. Male and female B6 mice were orchiectomized and ovariectomized, respectively, at 5 weeks of age. The orchiectomized male
and ovariectomized female B6 mice were subcutaneously injected with testosterone (5 mg/kg/day) daily for 7 days simultaneously with 3-MC plus andrographolide. The
hormone treatment was started 2 days before that of 3-MC and andrographolide. The open columns show mRNA expression of CYP1A1 and the closed columns, that of
CYP1A2. Hepatic total RNA was reverse-transcribed and cDNA was amplified using a specific TagMan® Gene Expression Assay or TagMan® Gene Expression Detection Kit.
Expression of the respective mRNAs was normalized to that of GAPDH. Each column represents the mean + SD (n = 5-6). Significance was examined using a one-way ANOVA,
the Tukey post hoc test and the Student-Newman-Keuls method (Sigmastat®); *p<0.001 (vs. NT); #p<0.001 (vs. 3-MC treated or andrographolide plus 3-MC treated). NT,
non-treatment; Andro, andrographolide; 3-MC, 3-methylcholanthrene; Co-tx, co-treatment with 3-MC plus andrographolide.
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gistically enhanced the expression of CYP1 family genes after 3-MC
treatment in vivo. Interestingly, this synergism was observed only
in the male mice. After mice were orchiectomized, the synergistic
effect was eliminated, and testosterone supplementation restored
CYP1A1 expression.

Recently, andrographolide has been reported to influence the
expression of CYP1A1 mRNA in primary cultured mouse hepa-
tocytes (Jaruchotikamol et al., 2007). Although andrographolide
did not show marked inducing activity, it had a strong synergistic
effect on CYP1A1 expression evoked by a typical CYP1A1 inducer.
The present study demonstrated a synergistic effect on CYP1A1
expression by andrographolide plus 3-MC in vivo. In addition, the
involvement of an AhR-mediated pathway of transcription in regu-
lating the synergistic effect was clearly affirmed that enhancement
of CYP1A1 expression was found only in the liver of PAH-responsive
B6 mice, and not in nonresponsive D2 mice. Furthermore, no
evidence of synergism after co-treatment with PB and andro-
grapholide was obtained, though PB weakly induced CYP1A1 mRNA
expression under the present experimental conditions, suggest-
ing andrographolide to partially modify the activation pathway for
CYP1A1 via AhR, since PB is not known to activate AhR.

The synergistic effect on CYP1A1 mRNA expression was noted
in male, but not female mice (Fig. 4). Enhanced expression was
also noted for CYP1A2 in male mice. However, andrographolide
did not enhance, but rather reduced, 3-MC-induced CYP1 mRNA
expression in orchiectomized mice (Fig. 6A). The expression pro-
file of CYP1A1 mRNA in orchiectomized males was almost the same
as that in intact female mice. These observations suggest that the
male hormone restores the synergistic effect on CYP1A1 by andro-
grapholide. To confirm this possibility, orchiectomized male and
ovariectomized female B6 mice underwent testosterone supple-
mentation simultaneously with the co-administration of 3-MC and
andrographolide (Fig. 6B). The observations clearly demonstrated
that the administration of testosterone to both orchiectomized
and ovariectomized B6 mice restored the synergistic expression
of CYP1A1 to nearly the same level as that in intact B6 male mice.
The results suggested a male hormone-associated system to have
a positive role in the synergistic effect on 3-MC-induced CYP1A1
expression by andrographolide along with AhR-mediated pathway.

The association between the regulatory pathway of CYP1A1
expression and female hormone condition has been widely
researched (Angus et al., 1999; Ricci et al., 1999) in relation
to the inhibitory effect of estradiol on CYP1A1 (Eugster et al.,
1993; Lai et al., 2004). A role for estrogen receptor-a (ERa)-
mediated transrepression of AhR-dependent regulation of CYP1A1
via direct interaction between AhR/ARNT and ER« has been men-
tioned (Beischlag and Perdew, 2005). AhR and ERa might both
be present in the CYP1A1 enhancer region during transrepression.
The estrogen-mediated suppression and the synthesis of protein
factors were speculated to be due to blockage of the formation
of the activated TCDD/AhR complex by estradiol and subsequent
binding to DRE (Safe and Wormke, 2003; Lai et al., 2004). The
evidence that short hairpin RNA-mediated knockdown of ERa
expression significantly decreased CYP1A1 expression suggested
ERa as a promoter-specific modulator of AhR-dependent transcrip-
tion, and demonstrated the complexity of the cross-talk between
these two receptor pathways (Matthews and Gustafsson, 2006).
ERa’s modulation of AhR activity represents a new mechanism
of ERa signaling (Matthews and Gustafsson, 2006); leading to the
notion that this process represents a feedback regulation in estro-
gen signaling (Lee et al., 2003). In the other words, dioxins can
mimic the effects of estrogen through a mechanism that involves
the activation of estrogen receptors by a transcriptionally active
AhR-ARNT complex (Brosens and Parker, 2003; Ohtake et al., 2003).
Therefore, enhanced expression of CYP1A1 might be expected after

ovariectomy, but there was no evidence of this. One of the rea-
sons might be that, even in ovariectomized female mice, estrogen
can be synthesized in several tissues and this estrogen might
influence CYP1A1 expression. Treatment of these females with
testosterone might compete with the estrogen is effect resulting
in synergism. Likewise, the synergistic effect on CYP1A1 expres-
sion significantly subsided after estradiol was used (unpublished
observations). These findings suggest that another crucial deter-
minant, estrogen, is involved in regulating the synergistic effect of
CYP1A1 expression by andrographolide plus 3-MC.

The level of CYP1A1 mRNA after 3-MC treatment decreased
with time. The synergistic effect in male mice was more promi-
nent for mRNA prepared on the 6th day than 5th day (Fig. 4), since
levels were maintained on the 6th day. Andrographolide clearly
prolonged the expression of CYP1A1 after the termination of 3-
MC treatment, suggesting that it maintained levels of transcribed
mRNA after the treatment. Andrographolide might influence the
efficiency of mRNA processing or inhibition of mRNA turnover, as
suggested by previous experiments performed with primary cul-
tured mouse hepatocytes (Jaruchotikamol et al., 2007). Another
possibility is that, if andrographolide inhibited the metabolism of
3-MC, the inducing effect might continue. An inhibitory effect of
andrographolide on hepatic microsomal P450-dependent activity
was observed in rat microsomes as well as in rat and human pri-
mary cultures (Pekthong et al., 2009). These possibilities could be
resolved easier in cultured cells than in intact animals. Fortunately,
since the synergistic effect of andrographolide was observed in
both in vivo and in vitro systems, we could conduct a risk assess-
ment of andrographolide use for the activation of ingested chemical
carcinogens in a cultured cell system.

CYP1A1 expression markedly influences the activation of chem-
ical carcinogens (Kimura et al, 1986; Nemoto et al., 1989;
Jarukamjorn et al., 1999; Iwanari et al., 2002). The concentration of
andrographolide presently employed (5 mg/kg/day for 4-5 days)
was equivalent to that achieved in individuals ingesting A. panic-
ulata (Calabrese et al., 2000; Panossian et al., 2000). The relevance
of andrographolide and A. paniculata as a medicinal herb would be
made evident by employing an assay system using cultured cells.
Therefore, some risks associated with the use of this compound
might be of interest, and further evaluation of andrographolide
analogs or other major constituents of A. paniculata should be per-
formed. Our findings strongly suggest the importance of advice
regarding the use of A. paniculata as an alternative medicine.
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Abstract

Cytochrome P450 (CY P) enzymes are involved in the biotransformation of a plethora of structurally diverse compounds of both endogenous
and exogenous as well as numerous interactions between drugs and food, herbs and other drugs. CYP1A participates in the metabolic
activation of chemical mutagens from daily exposure to tobacco smoke, cooked food, automobile exhaust, and industrial processes, in which
its mechanism of transcriptional regulation has been postulated through an arylhydrocarbon receptor (AhR) and the AhR nuclear translocator.
The activity of CYP1A is thus suspected to be not only a critical aspect for risk assessment when determining carcinogenicity, but also a
considerable safety criterion for drug development testing. Andrographis paniculata, a folklore remedy employed as an herbal supplement
for an aternative medicinal therapy or for health promotion including its mgjor diterpenoid constituent andrographolide has been reported to
possess several pharmacological activities. Besides the potentials for the treatment of aillments, the crude extract of Andrographis paniculata
has exhibited capability to increase hepatic CY P1A enzymes including ethoxyresorufin and methoxyresorufin activities, in accord with the
inductive effects conveyed by andrographolide. Strong synergistic induction of CYP1A1 by co-treatment with andrographolide and a typical
CYP1A inducer as well as a robust increase of CYP1A1 by andrographolide in which the induction was blocked by an AhR antagonist
resveratrol, affirmed participation of AhR-mediated transcription activation on andrographolide-induced CYP1A1 expression. Therefore,
some advice and precautions for rational use of Andrographis paniculata and/or andrographolide including some associated risks are of clear
concern. Moreover, investigations not restricted to the AhR-mediated pathway revealing the synergistic mechanism of andrographolide on
CYP1A1 induction as well as influences of other confounding substances in this herb and andrographolide anal ogues, which may contribute
modulatory effects on regulation of P450s machinery, are needed and are yet to be elucidated.

Keywords: Andrographis paniculata, andrographolide, AhR, CYP1A1, CYP1A2, CYP1B1, EROD, MROD, PROD, P450, UGT1A6.

Resumen

Las enzimas del citocromo P450 (CYP) estan involucradas en la biotransformacién de una plétora de compuestos, tanto enddgenos como
exogenos, de estructuras diversas asi como numerosas interacciones entre farmacos y aimentos, hierbas y otros farmacos. El CYP1A
participa en la activaci on metabdlica de mutéagenos quimicos de exposicién diaria como el humo de tabaco, los alimentos cocidos, la descarga
automovilistica y los procesos industriales en los cuales e mecanismo de accién de regulacion transcripcional ha sido postulado a través de
un receptor aril-hidrocarbono (AhR) y el translocador AhR nuclear. Se sospecha que la actividad de CYP1A no es solamente un aspecto
critico para la evaluacion de riesgo cuando se determina carcinogenicidad, también es un criterio considerable de seguridad para evaluar €
desarrollo de un farmaco. Andrographis paniculata, un remedio del folklore empleado como un suplemento herbario para una terapia
medicina aternativa o para la promocion de salud incluye su mayor constituyente el diterpenoide andrografolide el que posee varias
actividades farmacol 6gicas. Ademés de las potencialidades para el tratamiento de dolencias, € extracto crudo de Andrographis paniculata ha
demostrado la capacidad de aumentar las enzimas CY P1A hepéticas incluidas |as actividades etoxiresorufina y metoxiresorufina, de acuerdo
con los efectos inductores llevados a cabo por andrografolide. La fuerte induccion sinérgica de CYPLAL por co-tratamiento con
andrografolide y un tipico inductor de CYP1A, asi como un gran incremento de CYP1A1 por andrografolide en €l cual la induccién fue
bloqueada por un antagonista AhR, resveratrol, afirmé la participacion de la activacion transcripcional mediada por AhR sobre la expresion
de CYPAL inducida por andrografolide. Por consiguiente, son de preocupacion clara algunos consegjos y precauciones para €l uso racional de
Andrographis paniculata y/o andrografolide que incluyan algunos riesgos asociados. Ademas, necesitan ser elucidadas |as investigaciones no
restringidas a la via mediada por AhR que revela el mecanismo sinérgico de andrografolide sobre la induccion de CYP1AL1 asi como las
influencias de otras sustancias presentes en esta hierba y anélogos de andrografolide, 1os cuales pueden contribuir a los efectos moduladores
sobre laregulacion de la maquinariade CY Ps.

Palabras clave: Andrographis paniculata, andrografolide, AhR, CYP1A1, CYP1A2, CYP1B1, EROD, MROD, PROD, P450, UGT1A6.
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Abbreviation list:

AhR- aryl hydrocarbon receptor;

B-NF- B-naphthoflavone;

HAA.- heterocyclic arylamines;

MROD- methoxyresorufin O-deethylase;
ROS- reactive oxygen species;

INTRODUCTION

Mammals are equipped with a variety of enzymes
that catalyze the transformation of xenobiotics to
form, in general, more polar metabolites that are
more readily excreted. The concept of phase | and
phase Il biotransformations, which captures the
general view of metabolism of foreign compounds as
a detoxification process, was introduced in the 1970s
(Williams, 1971). Briefly, phase | proceeds by
oxidative, reductive, and hydrolytic pathways, and
lead to the introduction of a functional group (OH,
SH, NH,, or COOH) and to a modest increase of
hydrophilicity, while phase |l modifies the newly
introduced functional group to form O- and N-glucu-
ronides, sulfate esters, various a-carboxyamides, and
glutathionyl adducts, al with increased polarity
relative to the unconjugated molecules (Parkinson,
1996). Although most biotransformations that xeno-
biotics undergo lead to polar, less toxic metabolites, a
consideration of the structural features and toxic
effects of certain compounds suggested that these
same biotransformation pathways may also generate
chemically reactive species that mediate the toxic
effects of the parent compounds. Thus catalytic path-
ways that usualy protect mammals against the
toxicity of lipophilic organic compounds can, when
the structural features of the substrate molecules
contain latent chemical reactivity, lead to exerting
toxicity (Mabic et al., 1999). This process is referred
to as metabolic activation, bioactivation, or toxifi-
cation (Miller and Guengerich, 1982; Caldwell and
Jakoby, 1983; Ander, 1985; Vermeulen et al., 1992;
Vermeulen, 1996). Metabolism in the body
apparently plays a dua role in the handling of and
protection against exogenous compounds. In most
cases, toxic (chemically reactive) intermediates will
be detoxified or bioinactivated at their site of
formation, but under circumstances of inefficient
detoxification, via primary reaction with cellular
constituents, however, they can induce biochemical
and physiological changes, which may lead to toxic
effects such as cell damage, cell death, or tumor
genesis (Caldwell and Jakoby, 1983; Ander, 1985).
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ARNT- AhR nuclear transl ocator;

DRE- dioxin responsive element;

iNOS- inducible nitric oxide synthase;

PAH- polycyclic aromatic hydrocarbons;
TCDD- 2,3,7,8-tetrachl orodibenzo-p-dioxin;
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B[a]A- benz[a]anthracene;

EROD- ethoxyresorufin O-deethylase;
Mac- membrane-activated complex;
CY P- cytochrome P450;

UGT- UDP-glucuronosyltransferase.

The toxic manifestations of xenobiotics are a
consequence of induction of phase | and Il enzymes,
especially when induction above the basal level of
phase | enzymes is not followed by an increase in
phase Il conjugating activity. Organisms have
amplified various existing metabolic mechanisms to
counteract and e€liminate the toxicity and
carcinogenicity of xenobiotics such as drugs and
environmental contaminants.

The cytochrome P450 1 family

A central mechanism of detoxification is oxidative
metabolism by cytochrome P450s (CYP), members
of the hemethiolate monooxygenase gene super-
family (Honkakoski and Negishi, 1997). Induction of
hepatic CY Ps rationalizes the activation of innocuous
and/or hazardous chemicals to serve as a substrate for
the action of phase Il bio-transformation (Gibson and
Skett, 2001). Humans are exposed to harmful foreign
chemicals and materials from dietary, therapeutic,
environmental, and occupational sources. Defense
mechanisms have evolved to protect against toxic
insults per se. The CYP superfamily is the most im-
portant enzyme system in terms of phase |-catalyzed
oxidative biotransformations that result in the
formation of biologically reactive metabolites
(Gonzalez and Gelboin, 1994). There are multiple
CYP enzymes that catalyze activation of a number of
environmental pro-carcinogens to ultimate carcino-
genic metabolites (Guengerich and Shimada, 1998;
Guengerich, 2000). CYPl1Al1l, CYPlA2, and
CYP1B1 have been shown to be the major enzymes
in the metabolism of potential pro-carcinogens such
as polycyclic aromatic hydrocarbons (PAHS), nitro-
PAHSs, and aryl and heterocyclic arylamines (HAA)
(Gelboin, 1980; Petry et al., 1996; Shimada et a.,
1996; Sogren et al., 1996; Shimada et al., 2002).
Oxygenation of carcinogenic PAH and HAA (pro-
carcinogens) gives rise to arene oxides, diol epoxides,
and other electrophilic reactive species (ultimate
carcinogens) that form DNA and protein adducts,
leading to tumor formation and toxicity (Gelboin,
1980; Miller and Miller, 1981; Conney, 1982; Jerina,
1983). The levels of CYP enzymes in individuals
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have been reported to be one of the key determinants
in understanding different susceptibilities of humans
to chemical carcinogenesis (Pelkonen and Nebert,
1982; Guengerich, 1988; Hecht, 1999; Shimada,
2000; Guengerich, 2000). In addition to being
substrates, PAHs are also inducers of CYP1Al and
CYP1A2 genes. The mechanisms of transcriptional
regulation of these two genes are not the same.
CYP1Al is expressed congtitutively in severd
extrahepatic tissues, but not in the liver. However,
while CYP1A1 expression has been demonstrated in
the liver after inducer treatment, CYPlA2 is
congtitutively and inducibly expressed only in the
liver (Kimura et al., 1986; Iwanari et a., 2002). Aryl
hydrocarbon receptor (AhR) has been shown to play
central roles in the regulation and induction of
CYP1A1l and CYP1A2 by a prototype inducer,
2,3,7,8-tetra-chlorodibenzo-p-dioxin  (TCDD; Whi-
tlock, 1999). In addition to the two members of the
CYP1A subfamily, CYP1B1, a reatively new
member of the superfamily 1 (Savas et a., 1994;
Brake, 1999; Ryu and Hodgson, 1999), has been
postulated to be involved in the metabolism of PAHs
such as TCDD through AhR and the AhR nuclear
translocator (ARNT)-mediated pathway (Savas et d.,
1994; Ryu and Hodgson, 1999). Congtitutive
expression of CYP1B1 was detected in steroidogenic
tissues such as adrena glands, ovaries, and testes, but
it was not detected in xenobiotic-metabolizing organs
such as liver, kidney, and lung (Iwanari et al., 2002;
Savas et a., 1994). Since CYPL is responsible for
activating carcinogenic aromatic amines and hetero-
cyclic amines, to which we are exposed to every day
via tobacco smoke, cooked food, automobile exhaust,
and industrial processes where such exposures have
been causatively linked to an increased incidence of
cancers in certain population (Procter, 2001), the
metabolic activation of CYPL isacritical step for risk
assessment of cancer, and its regulation is also of
clear interest.

Phytomedicine: Andrographis paniculata

An herb is a plant or plant part used for its scent,
flavor, or therapeutic properties. Herbal medicind
products are dietary supplements that are taken to
improve health. Many herbs have been used for a
long time for claimed health benefits. Herbs are eaten
in combinations, in relatively large, unmeasured
quantities under highly socialized conditions. The
real challenge lies not in proving whether herbs have
health benefits, but in defining what these benefits
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are and developing the methods to expose them by
scientific means (Tapsell et a., 2006).

The metabolism of a drug can be altered by
another drug or foreign chemical and such inter-
actions can often be clinically significant. The
observed induction and inhibition of CYP enzymes
by natural products in the presence of a prescribed
drug has (among other reasons) led to the genera
acceptance that natural therapies can have adverse
effects, contrary to the popular beliefs. Herbal
medicines such as St. John's wort (Hypericum
perforatum), garlic (Allium sativum), ginseng (Panax
ginseng), echinacea (Echinacea angustifolia, E.
purpurea, E. pallida), saw pametto (Serenoa
repens), and ginkgo (Ginkgo biloba) have given rise
to serious clinical interactions when co-administered
with prescription medicines (Obach, 2000; 1zzo and
Ernst, 2001; Delgoda and Westlake, 2004; Strandell
et al., 2004). Such adversities have spurred various
pre-clinical and in vitro investigations on a series of
other herbal remedies, with their clinical relevance
remaining to be established. Although the presence of
numerous active ingredients in herbal medicines
complicates experimentation, the observable inter-
actions with CYP enzymes warrant systematic
studies. Hence metabolism-based interactions can be
predicted and potential adverse drug reactions
avoided more readily.

Andrographis paniculata Nees. (Family Acantha
ceae), traditionally employed for centuries in Asia
and Europe as a folklore remedy for a wide spectrum
of ailments, or an herbal supplement for health
promotion, is nowadays incorporated into a humber
of herbal medicinal preparations. It is found in the
Indian Pharmacopoeias and is a prominent com-
ponent in at least 26 Ayurvedic formulas (Madav et
al., 1995). In traditional Chinese medicine, it is an
important “cold property” herb used to rid the body
of heat, as in fevers, and to dispel toxins from the
body (Deng, 1978). In Scandinavian countries, it is
commonly used to prevent and treat the common cold
(Caceres et a., 1997). Andrographis paniculata is
one of the top 10 herbal medicines, which the Thai
FDA has promoted as an dternative medicina
therapy for fever and inflammation.

Andrographolide is the most medicinaly active
phytochemical found in the plant, including other
constituents such as deoxyandrographolide, 19p-D-
glucoside, neo-andrographolide, 14-deoxy-11,12-di-
dehydroandrographolide, homoandrographolide, an-
drographan, andrographosterin, and stigmasterol
(Cavaet al., 1965; Chem and Liang, 1982; Shama et
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a., 1992; Siripong et a., 1992). Extensive research
has revealed that the whole-plant extract possesses
many useful bioactivities, such as anti-inflammatory
(Shen et a., 2002), antiviral (Calabrese et a, 2000),
anticancer (Kumar et a., 2004), and immuno-
stimulatory (Puri et a., 1993; Iruretagoneya et al.,
2005) activities. On the other hand, male repro-
ductive toxicity (Akbarsha and Murugaian, 2000) and
cytotoxicity (Nanduri et al., 2004) of this plant have
been reported as well. Pharmacokinetic studies
showed that andrographolide is quickly absorbed and
extensively metabolized in rats and humans
(Panossian et a., 2000). Andrographolide metabolites
are mainly identified as sulfonic acid adducts and
sulfate compounds (He et al., 20033, b, ¢), as well as
glucuronide conjugations (Cui et al., 2005). One of
the metabolites, 14-deoxy-12(R)-sulfoandrographo-
lide, was reported to be identica to the anti-
inflammatory drug, Lianbizhi, which being clinically
used in China (Meng, 1981). To gain additional
insight into metabolic pathway of Andrographis
paniculata, study of its components within the
chemical pool of the plant affecting regulatory
pathway of CY Ps expression is of current interest.

Potential of Andrographis paniculataon CY Ps
induction

Besides attempts to determine the regulatory
mechanism of CYPs expression by chemicals or
endogenous factors, herbal medicines and/or their
active constituents, as well as chemical-herbal medi-
cine interactions are worth investigating to discover
their influences on the regulatory pathway of CYPs
expression. Understanding such regulation may
ascertain how restoration of health or recovery from
disease can be accomplished by consuming herbal
medicines.

Phytochemicals present in herbal medicines have
been reported to possess many pharmacological
activities. Extensive studies have been performed to
explore their potential for treatment or prevention of
ailments. The aerial parts of Andrographis paniculata
have been traditionally used as a hepatoprotective
and hepatostimulative agent in Southeast Asian
folklore remedy to treat a broad range of disorders
including liver disorders and jaundice (Kapil et al.,
1993; Trivedi and Rawal, 2000). The extract of
Andrographis paniculata including andrographolide,
a major diterpenoid component and its analogues
have been reported to exhibit a marked effect on
hepatic bio-transformation enzymes, i.e, aniline
hydroxylase, N- and O-demethylase (Choudhary and

Bol. Latinoam. Caribe Plant. Med. Aromaticas Vol. 7 (2) 2008

Jarukamjorn

Poddar, 1984), adanine aminotransferase and
aspartate aminotransferase (Trivedi and Rawal,
2000), including phase Il enzymes, i.e., glutathione S
transferase and DT-diaphorase (Singh et al., 2001).
Modulatory influence of Andrographis paniculata
extract on a responsive isoform of hepatic CY Ps was
recently reported in mouse hepatic microsomes
compared to typica CYP-inducers (3-MC for
CYP1A and PB for CYP2B), in terms of total CYP
content and related akoxyresorufin O-dealkylase
activities (Jarukamjorn et al., 2006). In mice
administered with either the aqueous or alcoholic
extract of Andrographis paniculata including 3-MC
treated mice, the CY P content was comparable to the
untreated mice, whereas for those PB treated, the
CYP content was markedly increased. The purified 3-
MC-induced CYP1A1 and CYP1A2 showed subs-
trate-selectivity for ethoxyresorufin and methoxy-
resorufin, respectively (Burke et al., 1994), while that
of pentoxyresorufin was selectively measured
CYP2B10 in PB-induced microsome (Sakuma et al.,
1999; Jarukamjorn et a., 1999). 3-MC significantly
increased EROD and MROD, whereas PROD was
markedly elevated by PB. With respect to treatment-
duration, the increase of EROD and PROD activities
by the extract of Andrographis paniculata show a
time-dependent pattern (Jarukamjorn et al., 2006).
These results conveyed CYP1A1 and CYP2B10 as
responsive CY P isoforms for Andrographis panicu-
lata.

How the components within the chemical pool of
the crude extract of Andrographis paniculata affect
the hepatic CYP pathway is not well understood; to
date evaluation of the individua chemica com-
ponents present in the plant extract on the aspect of
specific CY P isoforms has not been carried out. The
impact of andrographolide, a major diterpenoid
isolated from this plant, on hepatic CYP enzymes,
especially CYPL family, is further crucial step in the
field of bio-tranformation and drug interaction. The
results of such an inquiry might provide valuable
guidelines for the rational administration and pre-
cautions for the use of the herbal plant. Moreover,
since several confounding substances in the crude
extract contribute effectively in a synergistic or anta-
gonistic pattern to the expression of bioactivation and
detoxification machinery as well as the hepatic
microsomal CY P-associated activity’s profile, their
inserted pathways cannot be precluded.
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Impact of andrographolide on CYP1 family

Andrographolide (3-[2-[decahydro-6-hydroxy-5-
(hydroxylmethyl)- 5,8a-dimethyl-2-methylene-1-nap-
thalenyl]ethylidene] dihydro-4-hydroxy-2(3H)-fura-
none) is the major diterpenoid constituent of the plant
Andrographis paniculata, and has been reported to
show hepatoprotective activity in mice against carbon
tetrachloride and paracetamol intoxication (Handa
and Sharma, 1990a; Handa and Sharma, 1990b), and
to possess pharmacological activity, including
inhibition of iINOS expression (Chiou et al., 1998;
Chiou et a., 2000), Mac-1 expression, and ROS
production (Shen et al., 2000; Shen et a., 2002), and
a protective effect against cytotoxicity (Kapil et al.,
1993). This compound has recently been shown to
work as an anti-inflammatory agent by reducing the
generation of ROS in human neutrophils (Shen et a.,
2002), as well as preventing microglia activation
(Wang et a., 2004) and interfering with T cell
activation (Iruretagoneya et a., 2005).

The different mechanisms of transcriptiona
regulation among CYP1A1, CYP1A2, and CYP1B1
(Guengerich and Shimada, 1998; Iwanari et a.,
2002), explained the observations that androgra-
pholide-inducibility of the expression of those
isoenzymes differed: andrographolide extensively
induced CYP-1A1 expression, while it induced
CYP1A2 less markedly, and did not induce CYP1B1
expression (Jaruchotikamol et al., 2007). Androgra-
pholide significantly up-regulated the expression
level of CYP1A1 mRNA, protein, and enzyme in a
concentration-dependent manner in monolayer-cultu-
red hepatocytes. In addition, a robust increased
expression of UGT1A6 mRNA, which belongs to a
battery of AhR-mediated genes by andrographolide
was noted (our unpublished observations). Co-
treatment with andrographolide and B[a]A synergisti-
cally enhanced the expression of CYP1A1 mRNA, in
which the expression was blocked by resveratrol, an
AhR antagonist (Jaruchotikamol et al., 2007). These
observations hint at the possibility that an AhR-
mediated transcription activation pathway partici-
pates in the synergistic effect of concomitant treat-
ment with andrographolide and B[a]A on CYP1Al
MRNA expression. The increase of |uciferase activity
seen in TCDD-treated cells transfected with the
3x(DRE), with no enhancement by co-treatment with
andrographolide, supported a possibility of androgra
pholide induced CYP1Al after AhR activation.
Therefore, andrographolide might influence the
expression mechanism of CYP1Al by enhanced

Bol. Latinoam. Caribe Plant. Med. Aromaticas Vol. 7 (2) 2008

Jarukamjorn

efficiency of mMRNA processing or inhibition of
MRNA turnover.

CONCLUSION AND PERSPECTIVES

As alteration of CYP activities lead in some cases
to severe clinical events, an approach to investigating
the effects of herbal medicines on the regulation of
CYP enzymes and determining critical potential
CYPs interaction with pharmaceuticals are of clear
necessity. For example, reduction of an HIV-1
protease inhibitor indinavir by St John's wort could
lead to the development of drug resistance and
treatment failure (1zzo and Ernst, 2001).

Compared with the typica CYP1A inducers,
andrographolide, a single substance extracted from
Andrographis paniculata, interestingly demonstrated
amarked synergistic modification of the induction of
CYP1A1 mRNA expression (Jaruchotikamol et al.,
2007). The expression of CYP1A1l markedly
influences the activation of human-related chemical
carcinogens (Kimura et al., 1986; Nemoto et a.,
1989; Nemoto and Sakurai, 1992; Iwanari et a.,
2002). Some possible advice for the rationa
administration and precautions for using the herbal
medicine Andrographis paniculata, therefore, is
considerably recommended. Moreover some risks
associated with the use of Andrographis paniculata
or andrographolide might be of clear interest, and
further evaluation of andrographolide analogs and/or
their metabolites seems worthwhile. However, since
resveratrol possesses several pharmacological ac-
tions, which suggests involvements of several
signaling pathways (Chun et al., 1999; Le Corre et
al., 2006; Park et al., 2007), further investigations not
restricted to the AhR-mediated pathway to reveal the
synergistic mechanism might be of value and awaits
elucidation.

A couple of recent publications concerning
CYP1A induction and drug development testing
stated that a candidate drug, which exhibited CY P1A
inducibility might be generally discontinued for fear
of possible toxic or carcinogenic effects (Nebert et
a., 2004; Uno et al., 2004). However, although
potential induction of drug-drug interactions and
bioactivation of toxic or carcinogenic compounds due
to the induction of CYP1A1/CYP1A2 have been a
concern for safety in drug development, induction of
CYP1A has rarely been the deciding factor to
determine whether a compound should be dropped
for further testing because of its inducibility of
CYP1A (Vdlles et d., 1995; Gastel, 2001). In the
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field of drug development, a drug candidate is
dropped only if it has very serious safety issues or
clinically relevant drug-drug interactions (Farrell and
Murray, 1990). According to these controversies,
some advice for the rational administration, risks, and
precautions for using the herba medicine Andro-
graphis paniculata and/or andrographolide should be
heeded.
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