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BR3 EVHEICETINE (RSOPIRE, AUC, CLELUKBEMOER S £ » 5 5Hi)

e E BEE5ETIEBEFR REE

olanzapine M>F  1A2 2D6, UGT Callaghan, J. T. (1999)

clozapine M>F  1A2, 3A4 Lane, H. Y. (1999)

mephenytoin F=M 2C19 Hulstek (1994) ; Laine, K. (2000)
F>M  2C19 May, D. G. (1994) ; Xie, H-G. (1997) ; Xie, H-G. (2000)
M>F  2C19 Tamminga, W. ]. (1999)

mephobarbital M>F 2C19 Hopper, W. D. (1990)

diazepam F>M  2Cl19, 3A4 Greenblatt, D. J. (1980) ; Ochs H. J. (1981)

chlorpromazine /o opg Yon Kers, K. A. (1992)

fluphenazine

triazolam F=M 3A4 Greenblatt, D. J. (2000)

nitrazepam F=M 3A4 Jochemsen, R. (1982)

bromazepam F=M 3A4 O’chs, H. J. (1981)

midazolam (iv) M=F e

. 3A4 Thummel, K. E. (1996) ; Kinirons, M. T. (1999)

midazolam (po) M>F

midazolam (iv) @M=F .

midazolam (po)  M<F 3A4 Gorski, J. C. (1998)

midazolam (v) M=F 3A4 Kashuba, A. D. (1998)

midazolam (po) F>M 3A4

oxazepam M>F UGT1A
temazepam M>F UGT1A
olanzapine M>F  UGT

Tsumoda, S. M. (1999)

Greenblatt, D. J. (1980) ; Wilson, K. (1984)
Divoll, M. (1981)

Skogh, E. (2002)

BERBMFER L T2vb 0RORS5 27T,

Db Bo

26 DR & IV THE & B L 22BF5 T,
UTOEREIELNTWS, Thbh, KEHIE
BRIISLDOETELHIIEEE»RDLN, £
DFTRTIZBWTEHDIIT) PEVWRETEEEZR
L7zo BARIOEBNILZHEDITZ) PKE P o7,
AL o TRUZEIROLNEI LB DD
A, TOEZHRTE MIBIT2EWEIROBA
ZIBOTKEND, HEHFEHEEEDD S
MEMLRVEELIOND, BLBOKE, B
BOEXZEETAHELDLIZ, SHBOELRHHE
PHEOERFHEHLPIZTALDILEL SRS
TH A9,

(3) B - BBiF&

e MBI EYESROBAZL, EEMETF
LEDIIRERFICIBEIAPREN, BRER
FOPRTH, FICEE, Tra—N, a—k—7i
EOBFHPLEROEICHE T AETFIEWEIE

INERRE— : ERAREMEIBFHETHE MR, 2003 & b E.

DEBHEEEZ 5,

B E Tk, FEBMEEICH L, fluvoxamine @
M BEFERECETLY, chidsEicty
CYPIA2HFEE I N LD L3N TWw5,

[ B quazepam 2% 5 L7234, MPRER
BHRIIRA L) BEERCRATALIVEER
KERTAZEF@ONTW Y, BWOEFH
IEEFZNW L2 6, EESEYORIIKEE
PEZHEEZLNTVS, BEIZE o THHHE
AEMUE®, BRSENT L0, BF
HOECEDIILEEEBICL o TRINEX LA T
%, Quazepam (ZBBEIE VD, BHEIZL -
TEHICBRREIEMTHLZ oM 5,

FL—T 70—y JVa— A% IRE L FRICER
T 5 Z &4 & B triazolam 72 & D I H iR BE A N
THILFHONATVED, THEFOATEL
MBIZHABVWIEEZ D TWwAHCYP3A4RE, 7
L—TF I NV— P a—RlLoCEDERLRE
ShBDeEZLNATVS,



St. John’s Wort (F#EEA F¥FVY VD) d3—0
yNTEEL L EHENICHVWLNRTE 298,
St. John’s Wort2 5 Ot T&H % L1160 %
amitriptyline & i L7z & & %, amitriptyline &
FOREWOMPBEFBERICETLE . Th
1ZCYP3A4%° MDRI1#3St. John's Wort{l & » T
FEINLDEEZLNT WA,

3. AEE

DR, —E0&BzHzyHETER SN
BRIRABR T — 7 IIRREEXERE LTRITARDS
hT&725, F— 3 ORAFI»2rbo, RIL-
S - AR - BREICBET 2Bk, RESERREICH
T 5 REB L CHBEBRAREOENBERART

— S ORMERDONTE, LAL, 19984

DBXEUEEGAWNBAMER S &
(International Conference on Harmonization of
Technical Requirements for Registration of
Pharmaceuticals for Human Use : ICH) D#gét
2%, BEAEE (4K) Ly, EEREFORE
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(BA) RAEXEHRHLLT, CE&aLF4ET
ERShBERART— 5 2 EHAT 5808
&8N0, ICH#EEH TR, EEROYRICE
THREKMERLZNEYE - AR 2EBRICHSHE
LTwa (1),

RS ODERDOPTRDFIELERIE, EDYH
B (BFICEDRY) ONEETHD. TFEYF
DEFICE T, BYRFOXRFE - BETFEH
WCETAMENSFEICED LN, EYRBORHA
B BEFEROSHBIANEICL > TRKELRR
BIEBHONB X ol TDX)REY
RFOANEZICET 2ERIE, B2s NEHOT
— DR ENRBEBIITHENYTRL, Hl
ZBERRBZETET 5 LTOBEICRY, O
ROMREEZH L, FHEAREAPHEEA
zHET L2 E, BRARICEAOBELZLLD
THDEEZ LN,

B COERRBICBVWTEELRIALHELT
WBDOMNCYPTH b, BREAHTHVLRTWY
BEHDO%IUL EAMCYPIZL - TR#SNAB L
whhTws, #¥IZCYP2D6 & CYP2C1913% <
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DEBFEREORBICES T 5, HARABRTEE
LBETHH, LLTIZ, CYP2D6& CYP2CI9®
ANEZICHETA28MEERT,

(1) CYP2D6

I—A VA4 FDOCYP2D6*3, CYP2D6*4,
CYP2D6*5D 7 L VEERZhEFHN, 002, 022,
004TH 5" HHEADEEE, CYP2D6*3,
CYP2D6*4, CYP2D6*50 7 L VX, 0,
0.002, 0.045THH™, ThLDT LIV EKET
b OBEKIIER AV, TRLDEREBIRF%Z
FETHOMEMEIE, CYP2D6RREBHEHAKRIEL,
a—# YV 4 F®Dpoor metabolizer @ 95% LA E ¢
CYP2D6*3, CYP2D6*4, CYP2D6*5ic X %R
BIEFCHHEAINSE, ¥/, THOLOEREET
2B ARRIET (CYP2D6*1) &~AFuThofF
b, CYP2D6*1% RETHOEMAKEHLRT,
CYP2D6 R BHEMAE T T %,

—h, REANIBREEOKTICEET S
CYP2D6*10D 7 L VEEEDREFARIZRVWTEHE
(0.381), COERBETEHRETHOMEE, H
BWE*10 & *5 % AT T TH OMEAIZ CYP2D6 4L
BHEWMET § 50 72, *1&*10b A0 iE*2E
*L0EATTTHOEED, EWICX o TERH
EHORTAEAONSE, ChOERBEFOLA
DEVIZE T, BYRFOANEZDOEE LS
VHBEEINBEEZONS,

IhITHEHHFEATIE, CYP2D6Dpoor
metabolizer DEEIZ1%UTTHB I b,
CYP2D6 D BRIZFLZMIIbTF VEER Sz h o
7278, *100BETFERICL - THEYRBHENE
WRESBERRBIEVFHLP LY, SHRERH
EBRIZBUIZ2BETFERENDEER ETIIEZE
A2bntBbhs,

72, 27 VVEEEMED oOBEIX, BEHE
WA % (ultrarapid metabolizer) Z & 12
o THEBLRIEYOMFTEBERTZ & 2T
2, TUVNVEERI—% VA FT0.01~0.035,
H 7 A Tl 0005~ 0.01 & #8 T 5™,

(2) CYP2C19
CYP2C19® poor metabolizer KX, T—

HVA FTCIEPH3%THHDIIHL, TV7-F
yIu4 FTR10~20%EELS, Ion7Io
2704 FCid®4%THB, 72, B L
extensive metabolizer (IZ3H S NAHETYH, 7V
T-®rduqf Fida—4vA4 FLba kB
FEHMENZ MO TEY, ThiZTREE
FEATOTHDEGBZ VI -DEEZONS,

CYP2C19*213 & ¥ SE L A TA L NS DS,
CYP2C19*3ix 7V 7 -y Tuf FTEIZADL
N5, HEADpoor metabolizerid 2 5200
ERREFTIEHIZI0%HATE L2, a—7
VA FTid8s5% LAHBTE 2N,

TED

HYRHRBIIERYRBAZSKRE L, 5
N7-EYI L o TR FOERHNBRICELWVEAZ
PELS, EWEHRBOBAZICLZ2EHOETR
FERERORBEZHT 5700, MMEEWIBE®H
% (therapeutic drug monitoring : TDM) ¥ 5%
ZEicky, EACEL-EY, BELHRS5TA
DEVDH 5, FRIC, BB ERE ZEAZED
BEDTEEOHI2EYORABZRITLZ LR,
BIEFEZREOREICLVEDHZR/BILVA, FF
BERPHBALLTOAZS LN LDRWELTE
&Y, GBOEERICE-TEELLRLTHA
Jo

BEHEZHRBAZLZODOTIRRNOBIH %
{, BRACHKCHATE2HEII RV, N
ZRIENDETRHEFRORBDOBEAZIE
B252 TV ARETSEOBANPES LT
bo

(SR ARHREAER, BOAME, HRXESE)
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4 . ESRI OIEWETE & 1S3
—INEEHFI Y, TR LF VAP

U BHIC

LHEIC BT 255 ORBEICE LT, ER
Bt o r = BE D AKBEEE (selective sero-

tonin reuptake inhibitor : SSRI) ®+t 1@ b= - -

AT FLH) yERDIAKEEIE (serotonin
noradrenaline reuptake inhibitor : SNRI) 7 &' %5,
HRO=ZBRI ) SRIcRb b, FBIREL

LTHERAZINDE L) Il EiRGEI 5V
ETHAEV, SSRIFFERD=ZTRARHL) DFIc
bR TASOERSREE LS, Ha) v
ERCLEE L o R BEEARS R, &2
HIEBTEWTHEZET 3,

—fic, E—%A, A—HAETH>THHEA
FTEDIMPBEICRELITS2ENH B L
BRESNTWS, BERIRCEERAOHERLE
HABOATFHT 2 LIZEETHY, Y
MmFEE=E =% 1) 7 (therapeutic drug moni-
toring : TDM) #*FIF L CEEEHE®II T3 2
LREENTO S, BRI ORICELT
i3 TDM BB ¢ 2 AV ER I, 0FH %
DRDSNTWBDITR L, SSRI % SNRI (ZB§
LT3 TODM OERBR EFHILTE 5T,
R L~V TRIFI NS £ TIIEE> Tz,
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+ ot *

F-RHBETRELAOFEEEESH LS
DEVEHALTLB I LR, HBTOEYIC
W RERENEE O TR I LR EDS, &l
EROFEBENSE V., X5 ICHFERLBTERERY
B4 OFETICRIT2EYOBNEEICEL V»
Elbdd s bAMon T3, BREZER
R OB E-CRIER 2 BREICEHE S 27217 T
%, HERATZEFNCOVWTE F X TR
B 2NEDEE - S, oA L OMEE
I DWTHBAIL TBABELVH S,

ITRIINMEFFIvEAnFF T
iz, SSRI DEMENEE & RFIC>WVTES T
3

-)}e 1. BREWEE - KB

£FIIU bic, ARSCHEST 3 %M SSRI 0
BB 5 A — 5 (RQ)) B LUEE
HREEE (FO)? 22N FRT,

1) ZKRxH I

ORAR - 590 - KB - B
BOBSIN-INVEXH I VL, BELRY
DEEZRZITICZEDIRELALE (F994%) W
L& X Y RIRE N B, Z0%, FETRE SN,



4. SSRIDEYEFESRF—JILRFTZY, ROFtFoERADIc—

#®O SSRI DBFAXRYBER/NS X —4

EHFHAEX  AREE S2HBBR O JUTFILX . FEY ERRENTY
(%) faatt %) (kg - (L/h) FH (h) B (h)  mHRE (ng/mL)
TNEFHI >53 77 >5 80 (33~220) 15 9~28 20~500
NOoxeF >64 93 17 36~167 18 7~65 10~600
-0/ AV >44 98 25 96 26 22~36 20~200
fluoxetine 80 95 25 10~36 45 24~144 90~300

(DeVane CL, 1998V X h & %31 H)

#@ SSRIDFEARRBME

CoBMEAW o EBaRBEs T 0 RReE.
TARFHIL BiZHL CYP1A2, CYP2D6
NnaQxteF CYP2D6
S desmethylsertraline CYP2C9, CYP3A4
fluoxetine CYP2C9 (CYP3A4, CYP2DS6)

INVEFHIVOEEHFBRICAZESIZN
53% & XTNTWV»3Y, 7ARFH I V25 50,
100mg Z2BERAIK 1 BIRELZBGEORE
MEHEE (Cmax) &, ZRFN17, 180,
38.1ng/mL & IZITERKICHEML, REES
BEILERR (Tmax) 13 2~8 B (P SH
) EHESINTS, LrL7ARFH IV
100, 200, 300mg &) EAE% 10 HERE
BRELERE MPBRESZENZN 88, 283,
546 ng/mL & FEEBRAICHEM L 72 WIHIHED
H5Y

7 NVERF Y I VIO ZBRI ) LTS
MIRE L RIRRIC, MF LD M- -BhED
FEABBTIVBVBELTRT I LIBYE
BTRENTwS, ZOIERIAVRFY IV
DEAKENE D THY, BNEELRE~D
TARXY IV OBASBETE L & 2 EK
LTw3, 7VEIXY I VOSHEREIIHNSL/
kg TH Y, FEDBEANDBRHELEBERIAD
BTV, |

TNVEXY I VOMBEOBEHEIZR 77%
THH, TRTHOSSRIFHRHBEHLEINTW
3, BEARBRAEORYRELTOMEER, FEES

(Greenblatt D et al, 1998% & h %Z81/)

RombEWBREL EEXE 52, 7LEXY
SVEBOTRERRESGEN LMOEY LD
HEEREHERID BB EEZ 5N BY,
UC-5 _NEZRAWRE 7RSI VO
SHBIC S, R58 71 REE CORTHK
HEERTEIRII T 4% TH DY, ZDHB7
WRFH I v OREMEIZ 4% U T TH - 79,
IR o~ BHETHHY, RERIZLD
FERH T vbrEZOSNTWVS, RIC
BEEB2ERL LSS, FiicEFREICET
23S BEBRETH S EELSNEY,
DREDO 7 ARFH I VE I HRAROERT
i3, 25, 50, 100, 200mg HE#EIC B} %

. Cmax 2 Z L4 9.14, 17.25, 43.77, 91.81ng/

mL, Tmax X ZNFH 517, 4.67, 3.50, 4.67
RETHH, 75mg D6 HEKERSTIX, 3
HECcEHIRE (10.6ng/ml) KELZEHE
EhTw3Y Ik 4 BROBERBRICE VT
LERERROONT, ¥H 100mg DRE5E
OEE I ARKEICI P EBESKI L T
7;\,_7).
INVEXFHFIvoRBICERFFIT—4
P450 (CYP) 2D6 B LU 1A2 B85 T B L X
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Part2 SSRI DEEKREE

Tw3 (BQ-O)?. CYP1A2 DBIEICDWVT
i3, BESCYPIA2 #FET BT L, 7AFX
I VHRPOBEZICEOTR7ARTY S
VI BENSIEREEI { SRTERIEN
EHSHEEN T EYY, F7, CYP2D6 K
VWTRTFTIVEFUVRTFXA A X L7 7y
PHRBEL L TCHVEHEICIBLT, 7URF
¥ I v OEYEEEIC CYP2D6 DS ® R L
1 BEDDH 20,
@ahE

7L EFHY I 50, 100mg % 65 KU ED
EEEICERRES LB S, Cmax 259 40% L
ALiEzEwiIgESEHD, ALRESETEER
BRI H 2 EE T, FRHAD 130~160%ER
Lzt dhTwal,
LHBETOEHRE 5RULE) H5o%K - 5
REEZICHT 2EEKEBICB LTS, FH0O
MFREHLEINT 2 EAHGRD 50T 312,
CORBTERIVEELEMERAIFED L
Bobon, BREICLEVLTRE VERED
SOBEELEANRENDHETHEZLEEION
3.
QFF: - BHEEEEE

L EOFBRERELZE T 5 BETRIF
KBI37VRFHI VDI YT S VAN
0% ERWPTEIEBTRINT VS I L
S, MPBENERT2HRENSTHE N, I
BHEEEDEBEEI 7 VXY I V285725
HIMMERAE,» SHBRIRETH S, —4, @
BEINT OB 7 VERXY I v OEYE
BILBEZEEERIHEBENAZTLEIATL
53)4)_
BREREELE T2 BECBVTR7ARY
VI VOMPTRENEM LV EWIRELH
B8, 7VERXY I CORBEHOIZEA LD
RPICEDOND T L, BEOBHEEREEDSAT
BEZETIETLEI LB EREELT,
BREEETH T 2BE LBV TLEREDLS
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DEEIELTH S HY,

2) NOFxtEFr
OB - A1 - K - Bttt

“Ue-s b EAwR A ax e F U DBER
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Abstract: Aripiprazole is the first atypical antipsychotic introduced to medical practice with partial dopamine-serotonin
agonist properties. Othef new molecular entities such as bifeprunox, a partial agonist at the dopamine D2 and serotonin 5-
HT, s receptors, are currently being evaluated in early stage drug development as potential antipsychotic agents. As a
partial agonist, whether aripiprazole displays an agonist effect or attenuates dopaminergic neurotransmission may depend
on regional variations in endogenous dopamine tone. Hence, aripiprazole offers a therapeutic advantage to differentially
modulate dopaminergic activity in brain regions in a graded fashion. This mechanism of action is intriguing when
considered in the context of the dopamine hypothesis of schizophrenia whereby positive symptoms (e.g. hallucinations
and delusions) are associated with increased mesolimbic dopaminergic activity while reduced activity in mesocortical
dopaminergic pathways underlies negative symptoms (e.g. avolition and anhedonia) and cognitive deficits. Despite its
therapeutic promise, antipsychotic response to aripiprazole is highly variable, and some patients do not respond at all to
drug therapy. Treatment-emergent adverse events associated with aripiprazole include insomnia, anxiety, akathisia or
worsening of psychosis in some patients. These observations suggest that the underlying mechanism of action of
aripiprazole in psychotic disorders is more complex than what would be anticipated solely by simple partial agonist
effects at the dopamine D2 receptor. For example, while aripiprazole attenuates dopaminergic hyperactivity it does not
increase locomotor activity in reserpinized (hypodopaminergic) rats, which is not fully consistent with a partial agonist
mode of action.

Aripiprazole can induce a diverse range of effects at dopamine D2 receptors (agonism, antagonism, partial agonism)
depending on the cellular milieu defined by promiscuous interactions with a host of signaling partners and variability in
local G protein complement and concentration. This diversity provides an opportunity to illustrate the importance of
integrating data on genetic variation in pharmacokinetic pathways and molecular targets for antipsychotics including
biogenic amine receptors and their downstream signaling partners. Theragnostics, a new subspecialty of molecular
medicine formed by combination of therapeutics with diagnostics, offers the potential to synthesize different types of
biomarkers (DNA and protein-based) in the context of antipsychotic treatment outcomes. Because the dopamine receptor
genetic variation is extensively reviewed elsewhere, we discuss the pharmacogenomic significance of variability in genes
encoding for the 5-HT,, (HTRI1A) and 5-HT;4 (HTR24) receptors and CYP2D6- and CYP3A4-mediated aripiprazole
metabolism. As the field moves toward predictive genetic testing for newer antipsychotics, we emphasize the need for
collaboration among pharmacogeneticists, bioethicists and specialists in science and technology studies.

Key Words: Aripiprazole, OPC-14597, pharmacogenomics, atypical antipsychotics, genetic biomarkers, personalized

therapeutics, CYP2D6, CYP3A4, HTR1A, HTR2A, bioethics.

1. INTRODUCTION

The discovery of chlorpromazine in 1952 led to
development of typical antipsychotics with full antagonistic
properties at the dopamine D2 receptor for the treatment of
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schizophrenia and other psychotic disorders. Over the past
two decades, serotonin/dopamine antagonists such as
clozapine signaled the development of a second wave of
“atypical” antipsychotic compounds that displayed enhanced
drug safety profiles, most notably through reduction of risk
forextrapyramidal symptoms (EPS), as well as improvements
in negative symptoms and cognitive deficits of schizophrenia
[Marder er al. 2002).

Aripiprazole isthe latest atypical antipsychotic introduced
to medical practice [Davies et al. 2004]. In contrast to

©2005 Bentham Science Publishers Ltd.
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previous atypical antipsychotics that act as full antagonists at
the serotonin and the dopamine receptors, aripiprazole
displays partial agonist actions on the dopamine D2, D3 and
the serotonin (5-hydroxytryptamine, 5-HT) 5-HT;, receptors
and antagonist effects on the 5-HT2, receptor [Aihara et al.
2004; Shapiro ef al. 2003; Jordan et al. 2002; Lawler et al.
1999]. The renewed optimism for the treatment of schizo-
phrenia, in large part driven by the availability of atypical
antipsychotics, has been hampered by the emergence of a
new class of side effects typified by excessive weight gain
and disturbances in lipid and glucose homeostasis [Nasrallah
and Newcomer, 2004]. In addition, similar to conventional
antipsychotics, 20% to 30% of patients treated with atypical
antipsychotics fail to respond while other patients may be
noncompliant to therapy due to weight gain or concerns for
drug safety. To this end, it is noteworthy that recent
systematic reviews of clinical trials have further reframed the
current thinking on aripiprazole and the broader discussions
on the effectiveness and safety of atypical antipsychotics
[Stip, 2002). For example, Leucht et al. [2003] conducted a
meta-analysis of randomized controlled trials where atypical
antipsychotics were compared with low-potency (equivalent
or less potent than chlorpromazine) typical antipsychotics.
They found that mean doses of chlorpromazine at less than
600 mg/day or its equivalent had no higher risk of EPS than
new generation drugs [Leucht ef al. 2003]. An earlier meta-
regression analysis by Geddes et al. [2000] of more than
12,000 patients drawn from 52 randomized trials comparing
atypical (amisulpride, clozapine, olanzapine, quetiapine,
risperidone, and sertindole) and typical antipsychotics (e.g.
haloperidol or chlorpromazine) suggested that the risk-
benefit ratio of typical antipsychotics may approach that
observed with newer generation antipsychotics when the
former are used at an optimal dose or concentration. Meta-
analyses may not, however, able to identify drug effects in
‘niche’ populations or qualitative measures of therapeutic
outcomes expressed by the patients [Kapur and Remington,
2000; Kerwin, 2001]}. Nonetheless, these data collectively
point toward the importance of developing biomarkers, or
predictive tests that can better delineate the patient
subpopulations wherein aripiprazole and the new generation
atypical antipsychotics may display improved therapeutic
efficacy and further differentiation from older typical
antipsychotics.

It is notable that numerous lead compounds are presently
being evaluated in clinical trials as atypical antipsychotic
candidates for therapeutic use in schizophrenia, bipolar
disorder or other psychotic disorders [Grady et al. 2003)]. For
example, bifeprunox (DU-127090) is another partial agonist
at dopamine D2 (K; = 3.2 nM) and 5-HT4 (K; = 10.0 nM)
receptors but appears to be devoid of activity at the 5-HT,,
receptor [Lieberman, 2004]. In this regard, the End-of-Phase
2A (EOP2A) meetings between the regulatory agencies and
the pharmaceutical industry are becoming an essential step
before critical [go/no-go] decisions are made to proceed with
costly confirmatory large-scale phase 3 trials [Ozdemir et al.
2005]. Hence, focused phase 1 and phase 2A trials in
patients identified with biomarkers that predict a higher
likelihood of therapeutic response can markedly facilitate the
EOP2A reviews by rational selection (or attrition) of new
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antipsychotic candidates and drug development timelines
[Ozdemir and Lerer, 2005].

Pharmacogenomics is the study of the role of genetics on
inter-individual and between population variability in drug
effects, using a broad survey of the human genome [Kalow,
2002; Evans and McLeod, 2003; Malhotra, 2003). According
to the definitions provided by the US National Institutes of
Health expert working group, a biological marker
(biomarker) is a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacological responses to a
therapeutic intervention [Biomarkers Definitions Working
Group, 2001]. Customization of antipsychotic drug therapy
by pharmacogenomic biomarkers is an area of growing
interest in clinical psychiatry [Collier, 2003; Lahdelma and
Koskimies, 2004; Malhotra, 2004). Initial investigations in
the field of psychiatric pharmacogenomics dealt with cross
sectional patient samples based on retrospective study
designs and focused on candidate genes concerned primarily
with drug metabolism and pharmacokinetic elements. These
studies provided an important baseline assessment for the
clinical promise of pharmacogenomic research that would
lead toward personalized prescribing [Kalow, 1962; Daly,
2004]. Increasingly, genetic variability in a broader array of
molecular drug targets (pharmacodynamics) and their
relevance for psychotropic drug efficacy and safety are being
studied [Masellis es al. 1995; Nebert, 2000; Lerer, 2002;
Lerer and Macciardi, 2002; Pickar, 2003; Reidenberg, 2003].
Yet despite numerous reports in the literature concerning
pharmacogenomic associations with antipsychotic drug
response phenotypes, there remains a lamentable gap in
pharmacogenomic research at the point of patient care to
translate these findings into genetic tests and therapeutic
policy or treatment guidelinies [Nebert et al. 2003; Albers
and Ozdemir, 2004]. Moreover, strategies for optimal study
design (and the attendant barriers) on how best to integrate
pharmacogenomic information on pharmacokinetic and
pharmacodynamic variability in the field of psychiatric
pharmacogenomics are in need of further evaluation.

Pharmacogenomic investigations of antipsychotic treat-
ment outcomes have focused largely on the prototype atypical
antipsychotic clozapine. There is a paucity of clinical
pharmacogenomic data with other atypical antipsychotics [de
Leon et al. 2005]. It is not yet clear whether the genetic
biomarker findings that have emerged from studies with
clozapine are drug specific or are applicable to other newer
antipsychotic agents. The reader is referred to existing
comprehensive reviews on pharmacogenomics of clozapine
and other serotonin-dopamine antagonist antipsychotics
[Correll and Malhotra, 2004; Malhotra et al. 2004; Ozaki,
2004; Scharfetter, 2004]. In the present overview, we discuss
instead the pharmacological mechanism of action of
aripiprazole as an example of a new class of antipsychotic
drug with functionally selective effects on dopamine D2
receptors and significant interactions with selected biogenic
amine receptors [Shapiro et al. 2003]. By examining the case
of aripiprazole and its proposed mode of action in psychotic
disorders, we review the potential sources of genetic
variation in primary pharmacodynamic and pharmacokinetic
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candidate pathways that are likely to play a role in
therapeutic response to aripiprazole.

2. GENETIC VARIATION IN DRUG TARGETS AND
PHARMACOKINETIC PATHWAYS

2.1. Candidate Pathway Approach to Pharmacogenomic
Study Design: A Balanced Compromise Between
Statistical Power and Scope of Genetic Inquiry

Investigations into the genetic basis of individual
variability in drug response started with the discipline of
pharmacogenetics {Motulsky, 1957; Kalow, 1962; Kalow,
2002). These early pharmacogenetic studies focused on
candidate SNPs or a limited number of genes. More recent
research, however, has clearly demonstrated that the
hereditary components of drug effects are often polygenic
[Evans and McLeod, 2003; Ozdemir et al. 2005]. With the
impetus provided by the Human Genome Project (HGP) and
the acceleration in the development of high throughput
genomic technologies, it became possible to begin exploring
complex polygenic factors involved in drug function,
variability and disease etiology. An editorial in the September
1997 issue of Nature Biotechnology [Marshall, 1997]
introduced, for the first time, the term pharmacogenomics
into the research literature [see Hedgecoe, 2003; for a detailed
account of the history of evolution of pharmacogenetics/
pharmacogenomics and related biotechnologies). Although
both pharmacogenetics and pharmacogenomics share
essentially the same goal of identifying the genetic basis of
variability in drug effects, pharmacogenomics takes a broader
scope of inquiry, usually on a genome-wide scale. Over the
past several years, a number of researchers from the fields of
biological psychiatry, human genetics, pharmacology, and
bioinformatics have played important roles in the
development of the discipline of pharmacogenomics and its
applications to clinical medicine. As research on the genetic
basis of individual differences in response to atypical
antipsychotics and other psychotropic drugs continues to
evolve, a number of issues pertinent for the optimal design
of study protocols (e.g. the use of haplotypes, genomic
controls or strategies for unequivocal description of pharma-
cological phenotypes) have been described and discussed in
detail [Devlin and Roeder, 1999; Bacanu ef al. 2000; Nebert
et al. 2003]. Notably, the interpretation of genetic studies of
many common complex diseases have been streamlined in
1990s by specific criteria outlined to prevent false positive
claims and standardized reporting of linkage results [Lander
and Kruglyak, 1995]. Hence, there are lessons that may be
drawn from previous experiences dealing with genetics of
human diseases [Jorde, 2000]. We herein focus our discussion
on how best to harness the promise of pharmacogenomics in
therapeutic decisions relating to atypical antipsychotic
medications through the integration of molecular genetic
data from pharmacokinetic and pharmacodynamic candidate
genes. .

A typical characteristic of pharmacogenomic studies is
the increase in the scope of queried genetic loci. Despite the
initial well-deserved enthusiasm for pharmacogenomics in
clinical psychiatry, the increased ability of the researchers to
characterize multiple genes brings with it a statistical
conundrum. In order to allow statistical correction for

Current Pharmacogenomics, 2005, Vol. 3, No. 4 307

multiple comparisons in treatment outcomes among various
genes or genetic loci, an adequate number of patients - on the
order of several thousands - has to be recruited in clinical
pharmacogenomic studies. As an alternative, hypothesis
testing in small samples of patients, studies with candidate
genes chosen by a careful consideration of the disease
biology, pharmacokinetics or molecular drug targets have
been advocated. On the other hand, candidate gene studies
are open to criticism as they may neglect the important
contributions of genes located upstream or down-stream the
biological pathway where the primary candidate gene of
interest is being investigated.

To address the concerns about the scope of molecular
genetic analysis and the issue of sample sizes that can be
realistically attained in clinical pharmacogenomic studies, a
“candidate pathway” approach is being advocated [Fourie
and Diasio, 2005]. In this approach, all or most genes
positioned on a biological pathway are considered. For
example, in the serotonin or dopamine system, it would be
necessary to analyze genes encompassing neurotransmitter
synthesizing enzymes, neurotransmitter receptors, trans-
porters and the enzymes that contribute to degradation of the
neurotransmitter molecules (see Fig. 1). Evans and McLeod
[2003] have recently provided a theoretical illustration of the
utility of evaluating genotypic data in tandem, from drug-
metabolism and drug-receptor related pathways, yielding
therapeutic indexes (efficacy:safety ratios) ranging from 13
to 0.125 (Fig. 2). Note, for example, that the same drug
concentration (e.g. AUC = 200) may lead to markedly
different percentage of patients responding to therapy
depending on the molecular genetic variation in the target
receptor pathway (middle panel in Fig. 2). Conversely, for
each genetic subtype of a receptor, different drug concen-
trations result in varying degrees of therapeutic response and
toxicity, illustrating the importance of controlling for genetic
or environmental sources of variability in drug metabolism,
pharmacokinetics and molecular drug targets in pharmaco-
genetic association studies.

Usingthe candidate pathway approach, it should therefore
be emphasized that there is much theoretical basis for a joint
investigation of genetic variability in pharmacokinetic and/or
serotonin-dopamine neurotransmitter pathways that may
underlie response to aripiprazole. For example, genetic
differences in aripiprazole metabolism mediated by CYP2D6
as well as the primary neurotransmitter receptor targets for
aripiprazole (e.g. 5-HTis, 5-HT,s, and dopamine D2
receptors) can now be investigated in concert with pharma-
cogenomic studies, as outlined in the subsequent sections.

The search for genetic biomarkers of response to
aripiprazole may also carry the risk for excessive
compartmentalization of various other biomarkers that may
otherwise provide complementary information. As with the
need to bridge genetic biomarker data from multiple
candidate pathways noted above, it will be necessary to
integrate biomarkers of response to atypical antipsychotics
along the biological cascade from genes to their expressed
products including the encoded proteins. Because the only
barrier between the patient and antipsychotic safety or
efficacy may rely on the accuracy of a pharmacogenomic
test, clinicians need to know both the genetic variants in
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Scope of Genetic Association Studies in
Clinical Pharmacology

Genome-wide Study

Candidate Pathway 1:3’
Candidate Gene J

Candidate SNP g

Study

Fig. (1). The scope of molecular genetic analyses in clinical pharmacogenomic association studies ranging from candidate SNP (feasible in
limited samples of study subjects) to genome wide investigations (typically in very large samples in the order of hundreds to several
thousand patients). A realistic scope of genetic inquiry, in the form of candidate pathway approach, is depicted by the vertical column on this

spectrum.

patients’ DNA as well as the corresponding protein function.
This is essential because (1) proteins are responsible for
the eventual functional or clinical significance of genes and,
(2) there may be marked differences or fluctuations in
protein function (than what is predicted solely by gene
structure) due to environmental factors or endogenous
physiological rhythms that may influence posttranscriptional/
posttranslational modifications of gene products and
proteins. Further, most drug effects are elicited within a
matter of minutes, hours or days which may demand a more
precise prediction of the present or acute state of the
pathophysiological pathway whose function is inferred
through a genetic test. Hence, an accurate prediction of
antipsychotic treatment outcomes may require a two-step
complementary strategy involving both genetic and
proteomic tests for the same gene and its protein product,
respectively. To this end, there is reason for guarded
optimism that theragnostics, a new subspecialty of molecular
medicine formed by combination of therapeutics with
diagnostics, may allow the synthesis of different types of
biomarker data (DNA and protein-based) in the context of
antipsychotic therapeutics [Funkhouser, 2002).

3. MOLECULAR TARGETS FOR ARIPIPRAZOLE:
MODE OF ACTION IN PSYCHOSIS

3.1. A Move Towards Partial Dopamine Agonists for
Treatment of Schizophrenia

The dopamine hypothesis of schizophrenia is predicated
on the idea that the positive symptoms of psychosis (e.g.
delusions and hallucinations) are in part attributable to an
elevated dopaminergic activity in the mesolimbic pathway,
while reduced activity in the mesocortical dopaminergic

pathway projecting to the frontal cortex is responsible for the
negative symptoms (e.g. avolition and anhedonia) and neuro-
cognitive deficits [Carlsson ef al. 2004; Lieberman, 2004).
Hence, drugs that can differentially modulate dopaminergic
activity in these brain regions would be ideal for alleviating
both positive and negative symptoms of schizophrenia.

Strategies in antipsychotic drug development have
recently witnessed a shift in emphasis from dopamine-
serotonin antagonists, a prime focus of the pharmaceutical
industry in 1990s, to dopamine partial agonists with the
introduction of aripiprazole in November 2002 by the US
Food and Drug Administration [Abilify®, 2002; Carlsson et
al. 2004]. Because partial agonists by definition have lower
intrinsic activity than the endogenous ligands (e.g.
dopamine), aripiprazole attenuates dopaminergic neurotrans-
mission in the presence of increased dopaminergic tone
while acting as an agonist in synapses with reduced
dopaminergic function [Stahl, 2001; Tamminga, 2002}.
Moreover, partial agonists may prevent complete blockade
of neurotransmission in brain regions with normal
dopaminergic activity, -thereby reducing the risk for
extrapyramidal side effects. Atypical antipsychotics with
partial agonist properties at dopamine receptors therefore
offer the possibility of being able to modify or ‘stabilize’
dopaminergic neurotransmission in a graded and nuanced
fashion depending on the existing dopaminergic tone in each
brain region. By contrast, typical antipsychotics that act as
full antagonists at dopamine D2 receptors lead to less
desirable “on” or “off” regulation of synaptic function in all
brain regions that project or receive dopaminergic innervation
(see also Section 3.3 on alternative explanations on the mode
of action of aripiprazole, and the “Functional Selectivity
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Fig. (2). A conceptual framework for genetic variability in drug metabolism and drug targets, and their integrated influence on response to
pharmacotherapy. Two genetic polymorphisms, one in a drug metabolizing enzyme (fop panel) and the second in a drug receptor (middle
panel), depict differences in drug clearance (or the area under the plasma concentration—time curve [AUC]) and receptor sensitivity in
patients who are homozygous for the wild-type allele (WT/WT); are heterozygous for one wild-type and one variant (V) allele (WT/V), or
have two variant alleles (V/V) for the two polymorphisms. The bottom panel displays the nine potential combinations of drug-metabolism
and drug-receptor genotypes and the corresponding drug-response phenotypes calculated from data at the top. “reprinted with permission

from Evans & McLeod, 2003".

Hypothesis™ proposed by Lawler ef al. 1999 and Shapiro er
al. 2003).

3.2. Aripiprazole Chemistry and Structure-Activity
Relationship

Antagonism of postsynaptic dopamine D2 receptors
appears to be essential not only for antipsychotic efficacy
against positive symptoms of schizophrenia but also
contributes to debilitating neurological side effects such as
EPS [Lieberman, 2004]. OPC-4392, the predecessor of
aripiprazole (OPC-14597), was initially synthesized to
modulate dopaminergic neurotransmission indirectly by way

of an alternate mechanism through the stimulation of
presynaptic dopamine D2 autoreceptors {Yasuda ef al.
1988]. This therapeutic strategy was based on the idea that
dopamine autoreceptors serve as part of an inhibitory
feedback mechanism regulating dopamine synthesis and
release from the presynaptic nerve terminals. The relatively
weak effects of OPC-4392 on the postsynaptic dopamine
receptors led to interest in the synthesis and development of
compounds such as aripiprazole that have dual actions on
both the pre- and postsynaptic dopamine receptors [Kikuchi
et al. 1995]. As a quinolinone derivative, aripiprazole differs
from its structurally related predecessor OPC-4392 by two
chloro substituents at positions 2 and 3 of the phenyl-



310 Carrent Pharmacogenomics, 2005, -Vol. 3, No. 4

piperazinyl moiety. The halogen replacement of the
phenylpiperazinyl ring is thought to increase the potency of
antagonist effects on the postsynaptic dopamine receptors
[Kikuchi et al. 1995; Oshiro et al. 1998; Ozdemir et al.
2002]. The affinities of aripiprazole toward the [*H]spiperone-
labeled D2 receptors in the rat frontal cortex, limbic
forebrain and striatum are about 7- to 20-fold higher than
OPC-4392 [Kikuchi ef al. 1995]. Notably, aripiprazole acts
as an antagonist at the postsynaptic D2 receptors at doses
that produce agonist effects at the presynaptic dopaminergic
nerve terminals [Kikuchi e al. 1995; Oshiro et al. 1998]. In
contrast, the EDsq values for the biological effects of OPC-
4392 as a presynaptic dopamine autoreceptor agonist and
postsynaptic dopamine receptor antagonist differ by two
orders of magnitude, thereby constraining the possibility of a
simultaneous dual pharmacological action on both dopamine
autoreceptors and those located on the postsynaptic
membrane [Oshiro et al. 1998].

3.3. Aripiprazole Mode of Therapeutic Action in
Psychosis

Aripiprazole displays partial agonist activity on the
dopamine D2, D3 and the serotonin 5-HT), receptors and
antagonist effects on the 5-HT:, receptor with K; values of
3.3, 1.0, 5.6 and 8.7 nM, respectively [Shapiro ef al. 2003].
In vitro receptor binding studies suggest that aripiprazole has
high affinity for several other neurotransmitter receptors
such as 5-HT5 (K; = 0.4 nM) and 5-HT; (K; = 10.3 nM)
[Shapiro et al. 2003].

Aripiprazole dose-dependently inhibits apomorphine-
induced stereotypy (an in vivo model of dopaminergic
hyperactivity) in animals [Kikuchi et al. 1995; Semba et al.
1995]. In contrast to typical antipsychotics, the latter effect
of aripiprazole is observed at doses (EDso = 12 pmol/kg, po)
about one order of magnitude lower than that which
produces catalepsy (EDso = 150 pmol’kg, po) [Oshiro et al.
1998]. Catalepsy has been used as a valid preclinical model
for detecting the EPS liability of compounds in humans. For
aripiprazole, its weak cataleptogenic effect in animal models
appears to correlate well with the lower incidence of EPS in
patients treated with aripiprazole [Marder et al. 2003].

By virtue of partial dopamine agonist properties,
aripiprazole has lesser agonist effects than the endogenous
naturally occurring ligand dopamine. It has been suggested
that aripiprazole acts as an agonist, or a functional antagonist
attenuating dopaminergic neurotransmission depending on
the endogenous neurotransmitter concentration at the receptor-
ligand biophase as well as the receptor reserve on the
neuronal membrane [Lieberman, 2004; Tadori ef al. 2005].
The dopamine autoreceptors are strategically positioned at
both the presynaptic nerve terminus and the neuronal soma
occurring as somatodendritic receptors. The agonist effects
of aripiprazole on these dopamine autoreceptors are
attributed in part to the high receptor reserve in the
presynaptic nerve terminus and the lower (than the synaptic
cleft) dopamine concentration in the vicinity of the
somatodendritic autoreceptors [Lieberman, 2004]. Consistent
with these theoretical considerations, aripiprazole exerts
agonistic effects on the inhibitory dopamine autoreceptors as
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reflected by the blockade of compensatory increase in
dopamine synthesis in reserpine treated rats [Kikuchi et al.
1995]. Excitability of dopaminergic neurons in the ventral
tegmental area as measured by the spontaneous firing of type
1 neurons is inhibited by aripiprazole treatment in rats
[Momiyama et al. 1996). Further evidence of this activity is
reflected by its reversal of reserpine- and gamma-
butyrolactone-induced increase in tyrosine hydroxylase
activity in the mouse and rat brain [Kikuchi ef al. 1995].

There are a number of observations, however, that are at
variance with the proposed partial agonist effects of
aripiprazole at dopamine D2 receptors. An in vivo micro-
dialysis study in rats showed a decrease in extracellular
dopamine concentration following aripiprazole treatment,
but only at doses (10 and 40 mg/kg) markedly higher than
those that produce behavioral effects in the animal models
described above [Semba ez al. 1995). Moreover, aripiprazole
did not influence behavioral measures indicative of
postsynaptic dopamine receptor stimulation such as hyper-
locomotion in mice treated with reserpine, or contralateral
rotation in rats with unilateral striatal 6-hydroxydopamine
lesions [Kikuchi et al. 1995]. Aripiprazole can induce a
diverse range of effects at dopamine D2 receptors (agonism,
antagonism, partial agonism) in different cell lines, or in the
postsynaptic membrane and dopamine autoreceptors,
depending on the cellular milieu defined by promiscuous
interactions with a host of signaling partners and variability
in local G protein complement and concentration [Lawler et
al. 1999; Shapiro et al. 2003). This ability of aripiprazole to
elicit different functional effects at the same molecular
isoform of the dopamine receptor expressed in different
neuroanatomical or cellular locations has been referred to as
the “Functional Selectivity Hypothesis™ [Lawler et al. 1999;
Shapiro et al. 2003], as an alternative to explanations based
on a dopamine receptor partial agonist mechanism of action
{Carlsson et al. 2004; Lieberman, 2004; Tamminga, 2002;
Stahl, 2001]. To this end, it should be noted that the
“Functional Selectivity Hypothesis” raises additional
possibilities for future pharmacogenomic research: genetic
variations in signaling partners for dopamine receptors may
also contribute to individual differences in antipsychotic
response to aripiprazole [Roth, 2000].

Aripiprazole and other atypical antipsychotics uniformly

" display a high affinity for the 5-HT,, receptor, a property

that may contribute to their reduced liability for EPS and
tardive dyskinesia. For example, serotonergic neurons
projecting from the dorsal raphe nuclei exert a tonic
inhibitory control on the nigrostriatal pathway through 5-
HT,4 receptors located on the dopaminergic neuronal soma
in the substantia nigra and the nerve termini in the striatum.
In effect, stimulation of the 5-HT,5 receptors on the
nigrostriatal pathway results in a decrease in dopamine
release in the striatum {Lieberman ef al. 1998). The blockade
of 5-HT,a receptors by antagonists such as aripiprazole
counteracts the serotonergic inhibition of dopamine release.
Hence, 5-HT,4 receptor antagonism can help offset the
antipsychotic-induced reduction in dopaminergic function in
the striatum and the basal ganglia where excessive blockade
of dopamine function can lead to EPS.
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Aripiprazole displays antipsychotic efficacy both for
positive and negative symptoms of schizophrenia [Marder et
al. 2003; DeLeon et al. 2004]. Despite these advantages, the
extent and the time course of antipsychotic response to
aripiprazole may vary considerably among patients. For
example, in a 52-week trial assessing long-term efficacy, as
defined by a 30% or more reduction in PANSS scores, about
half of the patients could be classified as nonresponders
[Kasper et al. 2003; DeLeon ef al. 2004). Advances in our
understanding of pharmacogenomic factors that influence
patient-to-patient variability in response to aripiprazole may
thus contribute to rational prescription of partial dopamine
receptor agonists in patients with schizophrenia. In addition,
genetic biomarkers of anti-psychotic response may help to
further differentiate aripiprazole from other atypical
antipsychotics.

For antipsychotic safety related endpoints, the available
clinical data thus far suggest that aripiprazole is not
associated with a marked increase in prolactin levels and
EPS associated with typical antipsychotics, nor does it
appear to pose a significant risk for metabolic disturbances
observed with other atypical antipsychotics [Swainston-
Harrison and Perry, 2004]. We suggest, therefore, that the
study of inter-individual variability in aripiprazole efficacy
toward various clinical diménsions of schizophrenia may
warrant priority over those phenotypes related to safety
endpoints in future pharmacogenomic investigations.

Endophenotypes of psychotic disorders or intermediary
biochemical "and neuroimaging endpoints are receiving
increasing attention in pharmacogenomics [Heinz et al.
2003; Noble, 2003; Reist et al. 2004]. For aripiprazole and
partial receptor agonists, clinical interpretations of neuro-
imaging findings may require additional considerations. For
example, Yokoi et al. [2002] found that administration of
aripiprazole in humans for 14 days led to a dose-dependent
(0.5 to 30 mg/day) increase in dopamine D2 and D3 receptor
occupancy of between 40% and 95% as measured by
positron emission tomography (PET). In patients treated with
typical antipsychotics, the risk of EPS increases at D2
receptor occupancies above 80% [Nyberg er al. 1998].
Interestingly, EPS was not observed with aripiprazole even
at striatal D2 receptor occupancy values above 90%, likely
attesting to its low intrinsic activity; further, this suggests
that the endophenotypes dealing with in vivo receptor
occupancy need to be complemented with other measures of
treatment outcome in search for genetic biomarkers of
aripiprazole response [Grunder et al. 2003].

Taken together, and from a clinical pharmacogenomic
standpoint, individual variations in dopamine D2 or
serotonin 5-HT 4 or 5-HT;, receptor genes (DRD2, HTRIA
and HTR2A, respectively) emerge as prime candidates for
developing genetic biomarkers of therapeutic response (or
failure) to aripiprazole treatment. It should be mentioned that
other receptors such as 5-HT,g and 5-HT,; for which
aripiprazole displays a high binding affinity may deserve
additional attention as putative molecular targets. However,
genetic variation in these receptors and their pathophysio-
logical significance remain less well understood. Because
genetic variability in dopamine D2 and D3 receptors has
been reviewed in detail previously [Noble, 2003; Staddon et
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al. 2005], we focus our attention in this synopsis on recent
advances in our understanding of genetic differences in
HTR24 and HTRIA genes that are likely to impact the
attendant receptor function and treatment response to
aripiprazole. Pharmacogenomic variations in other élements
of the serotonergic pathway are beyond the scope of the
present review and can be found elsewhere [Veenstra-
VanderWeele et al. 2000; Glatt ef al. 2004).

3.4. Response to Aripiprazole and Genetic Variation in 5-
HT;, and 5-HT;, Receptors

Aripiprazole is a high affinity (K; = 8.7 nM) antagonist at
the 5-HT1a, a G protein-linked receptor that activates phos-
phoinositide hydrolysis [Shapiro et al. 2003]. Antagonism of
the 5-HTa, receptor is a shared pharmacological attribute of
clozapine and other atypical antipsychotics [Meltzer et al.
2003]. Conversely, stimulation of the 5-HT, receptor by
agonists such as lysergic acid diethylamide (LSD) can mimic
psychosis, for example, by induction of hallucinations
[Aghajanian and Marek, 1999]). The 5-HT,, receptor gene,
HTR24, maps to chromosome 13q14.1-14.2. Pharmaco-
genomic studies of HTR2A4 have thus far concentrated on
three single nucleotide polymorphisms (SNPs), one in the
promoter (A-1438G) and two in the coding region (T102C,
synonymous; His452Tyr, nonsynonymous) [Veenstra-
VanderWeele ef al. 2000]. Among these, the frequency of
the commonly occurring 102C-allele of the T102C SNP in
healthy controls was reportedly 58.3% in Caucasians of
British origin and 45.9% in an Israeli sample [Spurlock ef al.
1998; Segman et al. 2001]. Notably, T102C genetic variation
in HTR24 was previously associated with antipsychotic
response to clozapine, serotonin induced platelet aggregation,
prolactin response to fenfluramine and for predisposition to
tardive dyskinesia, a movement disorder associated primarily
with typical antipsychotic drugs [Arranz et al. 1995; Segman
et al. 2001; Reist ef al. 2004; Ozdener et al. 2005). In
addition, some, but not all, genetiéc studies of schizophrenia
suggest a possible association” with HTR2A4 [Veenstra-
VanderWeele ef al. 2000). Postmortem allele specific gene
expression studies in the temporal cortex of normal
individuals found a lower expression of the 102C-allele than
the T102 variant in HTR24 [Polesskaya and Sokolov, 2002],
although another postmortem study could not replicate this
observation {Bray et al. 2004].

The T102C SNP is in complete linkage disequilibrium
with the A-1438G SNP in the HTR24 promoter region
[Spurlock et al. 1998; Segman ef al. 2001]. A study of A-
1438G and T102C polymorphisms found an association with
5-HT;4 receptor binding in postmortem brains [Turecki e al.
1999], but this finding could not be confirmed in another
study [Kouzmenko er al. 1999]. The A-1438G poly-
morphism does not affect basal or protein kinase C-induced
gene transcription in HeLa cells [Spurlock ef al. 1998].
However, the A-1438G SNP is positioned upstream of two
alternative promoters for the HTR2A4. Using two reporter
gene assays and cell lines that express endogenous 5-HT,, a

- recent study found that the promoter activity was higher in

the presence of the A allele compared to the G allele
[Parsons et al. 2004). Due to the significance of the 5-HT,a
receptor in serotonergic neurotransmission and the high
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frequency of the T102C and A-1438G SNPs in human
populations, further studies are necessary to delineate the
mechanisms by which these genetic polymorphisms may
lead to differences in 5-HT,4 receptor function.

A less common His452Tyr SNP in the C-terminal region
of the 5-HT;4 receptor (9% frequency for the 452Tyr-allele
in Caucasians) was previously associated with 5-HT-induced
intracellular calcium mobilization [Ozaki ef al. 1997). Thus,
the His452Tyr genetic variation may also explain individual
differences in pharmacological effects of aripiprazole on the
5-HT;, receptor.

HTRI1A is an intronless gene encoding the 5-HT;,, a G
protein-linked receptor expressed both on pre- and
postsynaptic membranes, acting primarily by inhibition of
adenylate cyclase activity. HTRIA maps to human chromo-
some 5q12.3. Interest in the 5-HT,o receptor, and by
extension in HTRI1A, stems from its role in the
pathophysiology of anxiety and affective disorders [Strobel
et al. 2003; Lesch and Gutknecht, 2004]. For example,
HTRI4 knockout mice display increased anxiety [Parks es
al. 1998]. In vitro, several clinically efficacious atypicat
antipsychotics (such as ziprasidone) have high affinity for
the 5-HT, [Richelson and Souder, 2000], while clozapine
displays partial agonist activity at this receptor [Newman-
Tancredi et al. 1996; Richelson and Souder, 2000].
Moreover, the documented anxiolytic and antidepressant
properties of the 5-HT,, receptor agonists (e.g. buspirone)
[Blier and Ward, 2003] suggest that HTRIA may serve as an
ancillary molecular target for the development of
antipsychotic drugs directed both at psychosis and mood
disorders that can occasionally co-exist, for example, in
schizoaffective disorder or psychotic depression.

Allelic variation in HTR1A coding sequence has been
extensively studied in African-American and Caucasian
populations {Glatt ef al. 2004]. Although a number of rare or
low frequency nonsynonymous SNPs were identified within
the HTRIA coding region, their low abundance (<3% allele
frequency) in these populations would require large patient
samples to discern clinical significance for individualization

" of antipsychotic therapy with aripiprazole. In an earlier
functional study of a low frequency Gly22Ser variant (0.2%
in Caucasians), Rotondo ef al. [1997] found that the
rare 22Ser allele did not influence receptor binding
profile, although this variant was insensitive to receptor
down-regulation [Nakhai ef al. 1995]. 5-HT,;, receptor
concentration-response curves were not influenced by the
[le28Val SNP, another rare nonsynonymous variant (0.55%
in Caucasians) [Bruss ef al. 1995; Nakhai et al. 1995].

Recently, Lemonde ef al. [2003] proposed a transcrip-
tional model for a new functional C(-1019)G SNP, located in
a 26-bp palindrome, that binds transcription factors such as
NUDR (nuclear deformed epidermal autoregulatory factor
(DEAF-1))in the transcriptional control region of the HTRIA.
Interestingly, the (-1019)G variant of this SNP abolished the
repression of 5-HT,, autoreceptor expression, thereby
leading to reduction in serotonergic neurotransmission. The
regulatory C(-1019)G SNP of .the HTRIA occurs in high
frequency in the population. In Ontario, Canada, for example,
the (-1019)G allele frequency was 37.3% in healthy controls
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of predominantly Caucasian descent [Lemonde ef al. 2003].
A spectrum of psychopathologies ranging from schizophrenia
to substance abuse [Huang et al. 2004] as well as therapeutic
response to tricyclic and selective serotonin reuptake
inhibitor antidepressants [Lemonde ef al. 2004; Serretti et al.
2004}, appear to be associated with the HTRIA C(-1019)G
allelic variation. We suggest, therefore, that HTRIA4 genetic
variation deserves further study in future clinical
pharmacogenomic studies, particularly in relation to the
clinical effects of aripiprazole on affective dimensions of
psychopathology co-morbid with schizophrenia.

4. PHARMACOKINETICS OF ARIPIPRAZOLE AND
PHARMACOGENETIC VARIATION

There are limited published data on mechanisms of
inter-individual variability in aripiprazole pharmacokinetics
[Mallikaarjun et al. 2004; Raggi ef al. 2004]. The absolute
oral bioavailability of aripiprazole is reportedly 87%
[Abilify®, 2002]. After a single oral dose of [**C]-labeled
aripiprazole, less than 1% of the dose is excreted as
unchanged parent drug in the urine while about 18% is
recovered unchanged in the feces. In healthy male
volunteers, aripiprazole displays linear pharmacokinetics at
doses ranging from 5 mg to 30 mg daily. In healthy
volunteers, the coefficient of variation (CV) for area under
the plasma concentration-time curve (AUCp.24) and the
elimination half-life (t,) at a dose of 20 mg/day was 51%
and 34%, respectively [Mallikaarjun e al. 2004]. It should
be noted that the extent of variability in aripiprazole
disposition in patients with schizophrenia or other
populations under real life clinical settings deserves further
investigations. In vitro, it appears that aripiprazole is not
subject to metabolism by CYP1A1, CYP1A2, CYP2AS6,
CYP2B6, CYP2C8, CYP2C9, CYP2C19 and CYP2El
enzymes and does not undergo direct glucuronidation
[Abilify®, 2002]. Conversely, the effects of aripiprazole
(inhibition or induction) on drug metabolizing enzymes are
not presently known.

The primary routes of aripiprazole metabolism are
reportedly dehydrogenation, hydroxylation and N-deal-
kylation [Abilify®, 2002}, but virtually no information is
available in the public domain on the relative quantitative or
clinical significance of these metabolic pathways. Both
CYP2D6 and CYP3A4 enzymes appear to contribute to
formation of the dehydrogenated metabolite which,
according to the drug label by the manufacturer, exhibits
activity at the dopamine D2 receptor similar to the parent
compound [Abilify®, 2002]. The AUC for the active
dehydrogenated metabolite is about 40% of that for
aripiprazole. To this end, the pharmacological activity profile
of the dehydrogenated aripiprazole metabolite toward other
neurotransmitter receptors is unknown.

CYP2D6 is one of the most extensively studied genetically
polymorphic drug metabolizing enzymes with, for example,
7% of Caucasians classified as poor metabolizers (PMs)
while the rest are extensive metabolizers (EMs) [Aklillu et
al. 2002; Bertilsson ef al. 2002; Ingelman-Sundberg, 2005].
Moreover, there are marked inter-ethnic variations in
CYP2DS6 catalytic function. In Asian populations (Chinese,



