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Biotransformation is the major clearance mechanism of therapeutic agents from the body. Biotransformation is
known not only to facilitate the elimination of drugs by changing the molecular structure to more hydrophilic, but also
lead to pharmacological inactivation of therapeutic compounds. However, in some cases, the biotransformation of
drugs can lead to the generation of pharmacologically active metabolites, responsible for the pharmacological actions.
This review provides an update of the kinds of pharmacologically active metabolites and some of their individual phar-
macological and pharmacokinetic aspects, and describes their importance as resources for drug discovery and develop-
ment.
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INTRODUCTION

Xenobiotics are chemical substances found in living
being but not normally produced or present in body,
including pollutants, dietary components and drugs.
To defense the body against xenobiotic substances, an
array of biotransformation reactions (or metabolic
reactions) is undergone. Due to the biotransforma-
tion, the molecular structure of a drug is commonly
changed to be more hydrophilic and the substances
can be readily eliminated from the body.1)

Biotransformation reactions are usually divided
into two broad categories known as phase I and phase
II reactions. In the phase I reaction mediated by en-
zymes such as cytochrome P450 (CYP), ‰avin-con-
taining monooxygenase, esterases and amidases, po-
lar functional groups are introduced into the molec-
ules, aŠording it a suitable substrate for direct excre-
tion. On the other hand, the phase II metabolism,
mediated by enzymes such as glucuronosyltrans-
ferase, sulfotransferase and N-acetyltransferase,
causes conjugation of phase I metabolites or xeno-
biotics with highly water-soluble endogenous materi-
als such as glucuronic acid, sulfate, amino acids or
glutathione.2) After this metabolic process, the drugs
are excreted through the bile route.1,3)

However, the structural alteration of therapeutic a-

gents exhibited by biotransformation can sometimes
lead to the generation of pharmacologically active
metabolites, which can responsible for the pharmaco-
logical responses.1,46) It has been reported that about
22％ of the top 50 drugs prescribed in the USA in
2003 undergo biotransformation into metabolites
that play signiˆcant roles in the pharmacological ac-
tions of the corresponding drugs.6)Active metabolites
exerting improved pharmacological, pharmacokinetic
behaviors or lower toxicity than its parent drug were
already developed as new drugs in some cases.

In this regard, recognizing the pharmacologically
active metabolites as signiˆcant resources for drug de-
velopment would be beneˆcial. This paper provides
an update on pharmacological active metabolites with
their pharmacological and pharmacokinetic aspects,
and further describes their values as resources for
drug discovery and development.

FORMATION OF PHARMACOLOGICALLY AC-
TIVE METABOLITES

Pharmacologically active metabolites are generated
through mainly primary and/or secondary, and ter-
tiary metabolism by phase I and phase II reactions.
Although metabolites are chemical structurally diŠer-
ent from the parent drug, if they have structural
similarities to the parent molecules, they might attain
biological activities similar to the parent drug in some
cases.6) Table 1 lists the active metabolites produced
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from currently marketed drugs. As shown in Table 1,
simple reactions mediated via CYP generate active
metabolites in many cases such as aromatic or
aliphatic hydroxylation, O- or N-dealkylation, and
dehydrogenation or in combinations.1,46)

Many of the pharmacologically active metabolites
are generated via hydroxylation or dealkylation reac-
tions. For instance, atorvastatin (Fig. 1(a)),7) pro-
paferone,8)alprazolam,9)atomoxetine,10)‰utamide,11)

nefazodone,12) acetohexamide,13) cyclosporine,14)

propranolol,15) risperidone,16) itraconazole,17) and
bupropion (Fig. 1(b))18) generate their active meta-
bolites via aromatic or aliphatic hydroxylations.
Bupropion also forms two other active metabolites,
namely threohydrobupropion and erythrohydro-
bupropion through carbonyl reduction.18) O-Deme-
thylation of venlafaxine (Fig. 1(c)), ivabradine and
artemether gives pharmacologically active O-des-
methylvenlafaxine, O-desmethylivabradine and dihy-
droartemisinin, respectively.1921) Ivabradine also
forms active metabolite by N-demethylation.20) N-
Demethylation signiˆcantly contributes to produce
active metabolites in cases of ‰uoxetine (Fig. 1
(d)),22,23) sibutramine,24) ferroquine25) and azonaˆde.26)

S-Oxidation of thioridazine and epoxidation of car-
bamazepine lead to the formation of mesoridazine27)

and carbamazepine-10, 11-epoxide,28) respectively.
There are also numerous examples of active

metabolites that are produced by phase II enzymes.
Glucuronidation is normally considered to be detox-
ifying process, because glucuronides usually possess
less intrinsic biological or chemical activity than their
parent forms and exhibit higher polarity and ex-
cretability.29) However, some glucuronide conjugates
are active and may contribute to pharmacological ac-
tivities. The N, O-glucuronides of hydroxamic acid30)

and the acylglucuronides of carboxylic acids form ac-
tive metabolites.31,32) Particularly, the 6-O-glu-
curonide of morphine constitutes the most well-
known example of a glucuronide possessing phar-
macological activity greater than the parent drug.33)

And, the sulfation of minoxidil (Fig. 1(e)), N-acety-
lation of acebutol or procainamide has also contribut-
ed the production of the pharmacologically active
metabolites.3436)

PHARMACOLOGICALLY ACTIVE METABO-
LITES OF MARKETED DRUGS

Generally, most of the pharmacologically active

metabolites have more hydrophilic property and bet-
ter in vivo metabolic stability compared to their cor-
responding parent molecules.1,5,6) Although active
metabolites have structural similarities to the parent
drugs, their protein binding, membrane permeability,
tissue distribution, and pharmacological potency
might be diŠerent from those of the parent com-
pounds.

The degrees of pharmacological activities of
metabolites compared to parent drugs are diŠerent
from each other, but in most cases, metabolites are
less potent than parent drugs. For instance, 3-hydr-
oxyquinidine,37) hydroxymetronidazole,38) (R)-nor-
‰uoxetine,22,23) norverapamil,39) hydroxycyclospo-
rine,14) N-desmethylazonaˆde,26) hydroxybupropion
and threohydrobupropion,18) and many active meta-
bolites have weaker activities than their parents. But,
in some cases, metabolites are more potent or have
similar biological activities to parent drugs. 2- or
4-Hydroxyatorvastatin,7) 2-hydroxy‰utamide,11) hy-
droxynefazodone,40) hydroxyacetohexamide,41) 5-hy-
droxypropafenone,8) minoxidil sulfate,34) desme-
thylclomipramine,42) mesoridazine,27) (S)-nor‰uoxe-
tine,22,23) O-desmethylvenlafaxine19) and S-hydrox-
yrisperidone16) showed comparable activities with
parent drugs in vitro or vivo experiments.

In this part, pharmacological activities and phar-
macokinetic behaviors of active metabolites were il-
lustrated as follows.

Acebutolol Acebutolol is a cardioselective be-
ta-adrenoreceptor blocking agent. The major meta-
bolite, N-acetyl derivative, diacetolol is pharmacolog-
ically active. This metabolite was reported to be e-
quipotent to acebutolol in cats and is more cardio-
selective than acebutolol.35)

Acetohexamide Acetohexamide is an oral anti-
diabetic drug possessing a moderate duration of ac-
tion. S-Hydroxyacetohexamide and R-hydroxyaceto-
hexamide exhibit similar hypoglycemic eŠects in rats.
Particularly, S-hydroxyacetohexamide demonstrated
a more potent hypoglycemic activity than acetohex-
amide, implying that S-hydroxyacetohexamide plays
an important role in overall hypoglycemic eŠect.13,41)

Both acetohexamide and S-hydroxyacetohexamide
are rapidly eliminated from the body.43)

Alprazolam Alprazolam is a benzodiazepine,
which is used for the treatment of anxiety, panic dis-
orders, depression and sleeping disorders. It is meta-
bolized to 4-hydroxyalprazolam and 4a-hydroxyal-
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Table 1. Pharmacologically Active Metabolites of Currently Marketed Drugs

Drug Active metabolites Biotransformation Therapeutic actions

Atomoxetine 10) 4-Hydroxyatomoxetine

Aromatic hydroxylation

Treatment of attention-deˆcit
hyperactivity disorder

Atorvastatin 7) 2- or 4-Hydroxyatorvastatin Anti-hypercholesterolemia
Chlorpromazine 119) 7-Hydroxychlorpromazine Anti-depressive
Clomiphene 120) 4-Hydroxyclomiphene Anti-uterotrophic
Granisetron 121) 7-Hydroxygranisetron Anti-nausea
Indapamide 122) 5-Hydroxyindapamide Anti-hypertensive
Levamisole 82) 4-Hydroxylevamisole Anthelmintic
Propafenone 8) 5-Hydroxypropafenone Anti-arrhythmic
Propranolol 15) 4-Hydroxypropranolol Anti-arrhythmic

Alprazolam9) 4-Hydroxyalprazolam

Aliphatic hydroxylation

Anti-depressant
Bupropion18) Hydroxybupropion Anti-mental depression
Clarithromycin65) 14-Hydroxyclarithromycin Anti-biotic
Cyclosporin A 14) Hydroxycyclosporin A Immunosuppressive
Ibuprofen 123) Hydroxyibuprofen Anti-in‰ammatory
Itraconazole 17) Hydroxyitraconazole Anti-mycotic
Metronidazole 38) Hydroxymetronidazole Anti-biotic
Midazolam124) 1′-Hydroxymidazolam Anxiolytic eŠect
Nebivolol 125) 4- or 4′-Hydroxynebivolol Vasodilation
Nefazodone 12) Hydroxynefazodone Anti-depressant
Praziquantel 126) 4-Hydroxypraziquantel Anti-neurocysticercosis
Quinidine 37) 3-Hydroxyquinidine Anti-arrhythmic
Risperidone 16) 9-Hydroxyrisperidone Anti-psychotic
Simavastatin 127,128) Simavastatin hydroxylic acid Anti-hypercholesterolemia

Amiodarone45) Desethylamiodarone

N-Dealkylation

Anti-arrhythmic
Azonaˆde 26) N-Desmethylazonaˆde Anti-tumoral
Chlordiazepoxide 61) Desmethylchlordiazepoxide Anxiolytic
Citalopram 62) Desmethylcitalopram Anti-depressant
Clobazam 66) N-Desmethylclobazam Anti-epileptic
Clomipramine 42) N-Desmethylclomipramine Anti-depressant
Clozapine 69) Norclozapine Anti-psychotic
Ferroquine 25) N-Demethylferroquine

N,N-Didemethylferroquine
Anti-malarial

Fluoxetine 22) Nor‰uoxetine Anti-depressant
Ivabradine 20) N-Desmethylivabradine Bradycardia
Lumefantrine 129) Desbutyllumefantrine Anti-malarial
Mianserin 90) N-Desmethylmiaserin Anti-depressant
Verapamil 130) Norverapamil Anti-arrhythmic
Oxybutynin 95) N-Desethyloxybutynin Smooth muscle relaxant
Rosuvastatin 131) N-Desmethylrosuvastatin Anti-hypercholesterolemia
Sertraline 102) N-Desmethylsertraline Anti-depressant
Sibutramine 24) N-Desmethylsibutramine

N,N-Didesmethylsibutramine
Treatment of obesity

Zolmitriptan 132) N-Demethylzolmitriptan Treatment of migraine
Zopiclone 133) (S)-Desmethylzopiclone Treatment of insomnia

Artemether 21) Dihydroartemisinin

O-Dealkylation

Anti-malarial
Ivabradine 20) O-Demethylivabradine Bradycardia
Tramadol 134) O-Demethyltramadol Centrally acting analgesic
Venlafaxine 19) O-Desmethylvenlafaxine Anti-depressant

Acebutol 35) Diacetolol N-Acetylation Anti-hypertensive
Albendazole 135) Albendazole sulfoxide Sulfoxidation Anti-parasitic
Aripiprazole 48) Dehydroaripiprazole Dehydrogenation Anti-psychotic
Bupropion18) Threo/erythro-hydrobupropion Carbonyl reduction Anti-depressant
Carbamazepine 28) Carbamazepine-10,11 epoxide Epoxidation Anti-epilepsy
Diacerein 136) Rhein Deacetylation Treatment of osteoarthritis
Isosorbide dinitrate 137) 5- or 2-Isosorbide mononitrate Denitration Treatment of angina pectoris
Losartan 83) Carboxylosartan Carboxylation Anti-hypertensive
Minoxidil 34) Minoxidil sulfate Sulfation Stimulating hair growth
Oxcarbazepine 138) 10-Hydroxy-10,11-dihydrocarbamazepine Hydroxylation & Dehydrogenation Anti-epileptic
Procainamide36) N-Acetyl procainamide N-Acetylation Anti-arrhythmic
Rifampicin 139) 25-Desacetylrifampicin Deacetylation Treatment of tuberculosis
Thiocolchicoside 106) 3-O-Glucuronidated-Thiocolchicoside Glucuronidation Muscle relaxant
Tramadol 134) O-Demethyl-N-demethyltramadol N,O-Dealkylation Centrally acting analgesic
Triamterene 140) Hydroxytriamterene sulfate Sulfation Diuretic
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Fig. 1. Examples of Structural Changes of Parent Drugs to Pharmacologically Active Metabolites
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prazolam which are the main metabolites in
plasma.44) The two metabolites were pharmacologi-
cally active accounting for 20 and 60％ of the phar-
macological activity of alprazolam, respectively.9)

Amiodarone Amiodarone, an anti-arrhythmic
agent, is mainly metabolized to desethylamiodarone.
The main metabolite, desethylamiodarone, showed
signiˆcant electrophysiologic and anti-arrhythmic
eŠects similar to amiodarone itself in animals. The

long-term eŠects of amiodarone therapy were sug-
gested mainly due to desethylamiodarone.45,46) The
elimination half-life of amiodarone was 15 h after a
100 mg/kg dosage and 105 h after a 200 mg/kg
dosage, respectively. Desethylamiodarone was detect-
ed over 24 h in relatively low levels in rats after oral
administration of amiodarone.47)

Aripiprazole Dehydroaripiprazole is the main
metabolite of aripiprazole and was reported that it
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possesses the anti-psychotic activity equivalent to that
of aripiprazole.48,49) The elimination half-life of
aripiprazole was between 75 h and 94 h after oral
administration.50)

Astemizole Astemizole has been found to be a
useful histamine H1 receptor antagonist with little or
no eŠect on the central nervous system. The major
metabolites identiˆed were desmethylastemizole, 5-
and 6-hydroxyastemizole and norastemizole.51) The
metabolites were also eŠective against allergic reac-
tions.51,52) The higher plasma levels and longer half-
life of desmethylastemizole than astemizole appear to
contribute to the anti-histamine activity.53)

Atorvastatin Atorvastatin is a second-genera-
tion potent inhibitor of 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) reductase, clinically approved for
lowering plasma cholesterol. Atorvastatin undergoes
extensive metabolism to form two active metabolites,
2-hydroxyatorvastatin and 4-hydroxyatorvastatin
(Fig. 1(a)). The activity of in vitro inhibition of
HMG-CoA reductase by 2-hydroxyatorvastatin and
4-hydroxyatorvastatin was known to be equivalent to
that of atorvastatin.7) 2-Hydroxyatorvastatin also
showed the atheroprotective eŠect in a dose-depen-
dent manner, unlike its parent and other statins
(pravastatin, rosuvastatin and simvastatin).54) Two
active metabolites have similar plasma concentration-
time proˆle to that of their parent drug with slightly
shorter elimination half-life.55)

Azathioprine Azathioprine is a chemotherapy
agent, now rarely used for this purpose but popular as
an immunosuppressant in organ transplantation and
autoimmune disease. Its metabolite 6-mercaptopu-
rine is an important pharmacologic agent used for the
therapy of a variety of diseases including autoimmune
hepatitis and rheumatoid arthritis.56,57) In addition, 6-
thioguanine, another metabolite, is frequently used in
the treatment of leukemia.58,59)

Chlordiazepoxide Chlordiazepoxide was the
ˆrst benzodiazepine derivative made available for
clinical use. The drug is biotransformed to pharmaco-
logically active products such as desmethylchlordia-
zepoxide, demoxepam, desmethyldiazepam, and ox-
azepam. The elimination half-life of chlordiazepoxide
following a single dose in healthy individuals general-
ly was observed to be from 5 to 30 h.60) It is reported
that desmethylchlordiazepoxide and demoxepam
demonstrated highly signiˆcant anti-anxiety property
which surpass that of chlordiazepoxide itself.61)

Citalopram Citalopram is chemically a bicyclic
phthalate and a selective serotonin reuptake inhibitor.
Citalopram is metabolized to desmethylcitalopram,
which can also inhibit 5-HT reuptake, but its potency
was much weaker than that of parent drug. In vitro
study showed that citalopram is at least 8 times more
potent than its metabolite in the inhibition of seroto-
nin reuptake.62)

Clarithromycin Clarithromycin is an anti-biot-
ic drug that displays good anti-microbial activity. It is
primarily metabolized to its biologically active 14-
hydroxyclarithromycin.63,64) The compound has
demonstrated excellent in vitro activity against
Legionella species than erythromycin. The activity of
14-hydroxyclarithromycin against penicillin-inter-
mediate, penicillin-resistant or erythromycin-resistant
Streptococcus pneumoniae was approximately a half
of that of parent drug. The combination of parent
and metabolite was more rapidly bactericidal than
clarithromycin alone. Also, 14-hydroxy metabolite
signiˆcantly increased the activity of ‰uoroquinolone
/clarithromycin combinations.65)

Clobazam Clobazam is a 1,5-benzodiazepine
with anxiolytic and anti-convulsant properties. N-
Desmethylclobazam is the major metabolite possess-
ing pharmacological action similar to the parent
drug.66) Moreover, N-desmethylclobazam was ac-
cumulated during long-term treatment achieving
concentration levels up to 8-times greater than clobaz-
am.67) Clobazam has a half-life of 18 h, but that of N-
desmethylclobazam was found to be about 50 h.66)

Clomipramine Clomipramine, a typical tricy-
clic anti-depressant, is extensively biotransformed to
desmethylclomipramine and other metabolites, and
their glucuronide conjugates. Desmethylclomipra-
mine, pharmacologically active metabolite, was ap-
peared in plasma in higher concentrations than the
parent compound and was a more potent inhibitor of
noradrenaline and dopamine uptake than clomipra-
mine.42) It was also reported that the metabolite has
anti-depressant activity associated with its mono-
amine uptake inhibitory properties. The elimination
half-life of parent compound was 1.62.7 h, but that
of its active metabolite, desmethylclomipramine was
estimated to be 2.23.4 h.68)

Clozapine Clozapine is the atypical anti-psy-
chotics and is mainly metabolized to norclozapine
and clozapine-N-oxide. Among them, norclozapine
was reported to possess the neurobiological activity.69)
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Additionally, norclozapine was reported to possess
the same dopamine D2 receptor a‹nity as clozapine
and even a higher a‹nity to the 5-HT receptor.70,71)

The plasma concentrations of norclozapine were cor-
related positively with granulocyte counts in schizo-
phrenic patients.72)

Cyclosporine Cyclosporine is an immunosup-
pressive agent. Thirteen metabolites of cyclosporine
were isolated from the bile of rabbits receiving in-
travenous cyclosporine. Of these metabolites, only
monohydroxylated metabolites were found to have
signiˆcant activity being between 5 and 10％ of the
activity exhibited by the parent drug in an in vitro
study.14)

Etretinate Etretinate is a synthetic aromatic
derivative of vitamin A used for the treatment of se-
vere psoriasis. Acitretin is the primary and active
metabolite of etretinate and has been eŠective in the
treatment of psoriasis and other skin diseases.73) The
absolute oral bioavailabilities of etretinate and acitre-
tin in humans are approximately 40 and 60％,
respectively.74)

Ferroquine Ferroquine is an anti-malarial drug
and is metabolized mainly via an oxidative pathway
into the major metabolite, N-demethylferroquine and
then into N,N-didemethylferroquine. The activity of
the two main metabolites decreased compared to that
of ferroquine; however, the activity of the mono-N-
demethyl derivative was signiˆcantly higher than that
of chloroquine and these results support the potential
use against malaria infection of humans.25)

Fluoxetine Fluoxetine is a widely used anti-
depressant agent, based on inhibition of serotonin-
reuptake in the central nervous system. S-Nor‰uoxe-
tine (Fig. 1(d)) is a potent and selective inhibitor of
serotonin uptake and has the activity essentially e-
quivalent to R- or S-‰uoxetine. R-Nor‰uoxetine is
signiˆcantly less potent than the parent drug in the in-
hibition of serotonin uptake.22,23) Also, it was report-
ed that the e‹cacy of these two compounds in neu-
ronal tissues was equal, either in preventing seizure
activity or in blocking the neuronal Ca2＋ channels. A
signiˆcant part of the therapeutic activity of ‰uoxe-
tine is attributable to its most important active
metabolite, nor‰uoxetine.75)

Flutamide Flutamide is an oral anti-androgen
drug primarily used to treat prostate cancer. A major
metabolite in plasma is biologically active, 2-hydrox-
y‰utamide.11,76) 2-Hydroxy‰utamide is a more potent

androgen receptor antagonist than parent drug. It
was reported that elimination half-life of 2-hydrox-
y‰utamide after oral administration was 2.7 h.77,78)

Irinotecan Irinotecan is a synthetic analog of
naturally occurring alkaloid, camptothecin and has
demonstrated pronounced antitumor activity against
a variety of tumors. In humans, irinotecan is rapidly
metabolized by an endogenous carboxylesterase
present in the intestinal mucosa, plasma and liver into
a highly active metabolite, SN-38.79) An in vitro
preclinical study demonstrated that the cytotoxic ac-
tivity of SN-38 is 100- to 1000-times greater than that
of the parent drug.80) Another study also revealed
that systemic exposure of SN-38 measured by AUC
was deeply related to antitumor activity of irinotecan,
despite the fact that SN-38 serum levels were observed
to be about 100 times lower than the corresponding
irinotecan levels.81)

Levamisole Levamisole is an anti-biotic medi-
cation which has been tested in combination with
‰uorouracil to treat colon cancer. The metabolite
identiˆed in humans is p-hydroxylevamisole and its
glucuronide conjugate. The p-hydroxy metabolite has
been assessed as being equivalent to the parent drug in
terms of potency in modulating the anti-proliferative
activity of 5-‰uorouracil.82)

Loratadine Loratadine is a tricyclic anti-hista-
mine agent with selective peripheral histamine H1-
receptor antagonist activity. It is extensively metabo-
lized by N-demethylation in liver. Descarboethox-
yloratadine, a main metabolite, showed similar anti-
histamine activity to loratadine and other nonsedat-
ing anti-histamines.83) The elimination half-life of
loratadine was 814 h, but that of descarboethox-
yloratadine was longer and estimated to be 1724
h.84,85)

Losartan Losartan is an angiotensin II receptor
blocker, used mainly to treat hypertension. The an-
giotensin-II blocking activity of losartan is pre-
dominantly caused by carboxylosartan. It has proven
to eŠectively lower elevated arterial blood pressure up
to 24 h post-dose and, furthermore, to exert a beneˆ-
cial eŠect on the regression of vascular and myocardi-
al hypertrophy associated with hypertension.86)

Metronidazole Metronidazole is widely used
for the treatment of protozoal and anaerobic bacteri-
al infections. Metronidazole is metabolized to the two
major metabolites being hydroxymetronidazole and
2-methyl-5-nitroimidazole-l-acetic acid. Hydroxyme-
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tronidazole demonstrated an anti-microbial potency
approximately 30％ of that of metronidazole against
certain strains of bacteria.38,87) The serum half-life of
metronidazole was 7.1 h in the healthy subjects and
similar values were observed in the subjects with
reduced renal function. The half-life of hydrox-
ymetronidazole was measured to be 18.0 h in the
healthy subjects and ranged 9.685.5 h in renal im-
paired patients.88)

Mianserin Mianserin is a tetracyclic anti-
depressant and is administered as a racemate of R
(－) and S (＋) mianserin. It is metabolized mainly
by N-demethylation, aromatic hydroxylation, N-oxi-
dation and N-glucuronidation.89) N-Desmethylmian-
serin is the major metabolite of mianserin in plasma
and contributes substantially to the overall therapeu-
tic eŠects of mianserin in patients.90) N-Desmethyl-
mianserin showed the longer elimination half-life
than parent drug.91)

Minoxidil Minoxidil is an anti-hypertensive a-
gent and hair growth promoter that is metabolized by
sulfation to the active compound, minoxidil sulfate
(Fig. 1(e)). Dose-response studies displayed that
minoxidil sulfate was 14 times more potent than
minoxidil in stimulating cysteine incorporation in cul-
tured follicles. It was reported that sulfation is a criti-
cal step for hair-growth eŠect of minoxidil and sulfat-
ed metabolite directly aŠects hair follicles.34)

Nefazodone Nefazodone, an anti-depressant
drug, is metabolized to several pharmacologically ac-
tive as well as non-active metabolites.12,40) Among
them, hydroxynefazodone showed the equipotent 5-
hydroxytryptamine (5-HT) and noradrenalin reup-
take inhibition activity. Both parent compound and
hydroxynefazodone have short elimination half-
lives.92)

Oxybutynin Oxybutynin is an anti-cholinergic
agent acting as a smooth muscle relaxant. Oxybutynin
is metabolized in the liver and the gut wall to form an
active metabolite, N-desethyloxybutynin.93) Con-
siderably larger values of area under the curve
(AUC) of N-desethyloxybutynin were observed com-
pared to the parent drug after oral administration of
oxybutinin.94) In vitro experiment revealed that N-
desethyloxybutynin exerted comparable anti-cho-
linergic eŠects as its parent compound in human.95) It
has been suggested that N-desethyloxybutynin is lar-
gely responsible for the anti-cholinergic activity after
oral administration of oxybutynin.96)

Propafenone 5-Hydroxypropafenone is a main
metabolite of propafenone and has various phar-
macological eŠects related to anti-arrhythmic action.
It has a greater anti-arrhythmic potency in rats and
dogs, and a greater negative inotropic eŠect and Ca2＋

antagonistic eŠect, and a very distinctly weaker beta-
adrenoceptor blocking eŠect than propafenone have
been observed.8) Moreover 5-hydroxypropafenone
accelerates the deactivation and inactivation process-
es of hERG and blocks the hERG channel to a similar
extent to propafenone.97) Mean elimination half-life
values of (S) and (R) propafenone, and (S) and (R)
5-hydroxypropafenone after oral administration of
300 mg were 2.1, 2.2, 3.3, and 2.9 h, respectively, in
healthy Chinese volunteers.98)

Propranolol Propranolol is a b-adrenoceptor
antagonist, widely used in the treatment of ar-
rhythmia, angina pectoris and hypertension. 4-
Hydroxypropranolol, the main metabolite, is phar-
macologically active with a slightly shorter elimina-
tion half-life than parent drug. It has hemodynamic
and electrophysiologic eŠects similar to those of other
beta-blocking drugs.15) Also, it is 4- to 8-fold more
potent than vitamin E and 100-fold more active than
propranolol as a anti-peroxidatant against biomem-
brane.99)

Risperidone Risperidone is an atypical anti-
psychotic drug, acting through selective antagonism
of serotonin 5-HT2 and dopamine D2 receptors. The
main metabolite, 9-hydroxyrisperidone, has similar
pharmacological activity to risperidone.16) The plas-
ma concentration of 9-hydroxyrisperidone is in sig-
niˆcant correlation with an increase in plasma prolac-
tin, suggesting that the 9-hydroxy metabolite plays a
predominant role in risperidone eŠect on prolactin
release. The mean elimination half-life values of
risperidone and 9-hydroxyrisperidone are 14.8 and
13.7 h, respectively, after oral administration of
risperidone in rats.100)

Sertraline Sertraline is an anti-depressant agent
belonging to the selective serotonin reuptake inhibi-
tor. N-Desmethylsertraline, a main metabolite of ser-
traline, showed longer half-life than sertraline, thus
leading to higher concentrations in plasma at
steady-state.101) N-Desmethylsertraline showed 10 to
20-fold less potency at blocking serotonin (5-HT) re-
uptake as measured in vitro but desmethylsertraline
was considered, nonetheless, to inhibit the serotonin
transporter after sertraline administration.102)
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Table 2. Pharmacologically Active Metabolites Developed as New Drugs

Parent drugs Metabolite drugs Biotransformation Brand name

Allopurinol 141) Oxypurinol Oxidation of xanthine Oxyprim
Amitriptyline 142) Nortriptyline N-Demethylation Aventyl
Bromhexine 143) Ambroxol N-Demethylation & Hydroxylation Mucosovan
Diazepam 144) Oxazepam N-Demethylation & Hydroxylation Serax
Etretinate 73) Acitretin Deesteriˆcation Soriatane
Hydroxyzine 114) Cetirizine Carboxylation Zyrtec
Imipramine 145) Desimipramine N-Demethylation Norpramin
Loratadine 83) Desloratadine Descarboethoxylation Clarinex
Loxapine 146) Amoxapine N-Demethylation Asendin
Phenacetin 147) Acetaminophen O-Deethylation Tylenol
Terfenadine 114) Fexofenadine Carboxylation Allegra
Thioridazine 27) Mesoridazine S-Oxidation Serentil
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Sibutramine Sibutramine is a monoamine-
reuptake inhibitor involved in the regulation of food
intake in humans. Main metabolites, N-desmethyl-
sibutramine and N,N-didesmethylsibutramine, showed
similar pharmacological proˆles to sibutramine in
vivo, but were up to 100-fold more active than sibu-
tramine as monoamine uptake inhibitors in vitro.103)

In vivo eŠects of this drug are mainly due to the ac-
tion of these two metabolites.24) Also, the sibutra-
mine metabolite, N,N-didesmethylsibutramine im-
proved glucose uptake by muscle and reduced hepatic
glucose output, thus suggesting that N,N-dides-
methylsibutramine could reduce glycaemia.104) And it
was known that N,N-didesmethylsibutramine could
act directly on human adipose tissue to increase
lipolysis via a pathway involving beta-adrenoceptors.105)

Thiocolchicoside Thiocolchicoside has been
prescribed for several years as a muscle relaxant drug.
It is metabolized mainly to 3-O-glucuronidated agly-
cone (M1) and de-glycosylation of thiocolchicoside
(M2). The muscle relaxant activity of M1 was similar
to that of thiocolchicoside whereas M2 was devoid of
any activity.106)

Thioridazine Thioridazine, a piperidine anti-
psycholic drug undergoes S-oxidation in the thiazine
ring, as well as aromatic hydroxylation, N-demethyla-
tion, and N-oxidation.107,108) Mesoridazine and
sulforidazine, formed by S-oxidation, were more po-
tent than thioridazine in blocking dopaminergic D2

and noradrenergic a1 receptors. Moreover, N-des-
methylthioridazine still retains the a‹nity for a1

receptors.27,109)

Tibolone Tibolone is used for the treatment of
climacteric symptoms and osteoporosis in meno-

pausal women. 3a- and 3b-Hydroxytibolone are the
main metabolites in the circulation with a half life of
about 7 h, and are responsible for the eŠectiveness of
tibolone in alleviating climacteric symptoms and
prevention of bone loss.110) Tibolone and 7a-methyl-
norethisterone have produced similar inhibition of
aromatase activity, 58％ and 65％, respectively, to
those obtained from MCF-7 cell study.111)

Venlafaxine Venlafaxine is a phenethylamine
bicyclic anti-depressant. O-Desmethylvenlafaxine
(Fig. 1(c)), a major metabolite, was reported to
have an activity proˆle similar to that of venlafaxine.19)

The elimination half-lives of venlafaxine and O-des-
methylvenlafaxine are measured to be about 49 and
1113 h, respectively.112)

ACTIVE METABOLITES AS RESOURCES FOR
DRUG DISCOVERY AND DEVELOPMENT

With the recent advances in molecular biology,
genomics and chemical synthetic techniques, a num-
ber of new drug candidates have tremendously been
discovered. However their possibility to be developed
to the market product is extremely low because of
poor pharmacological activity, unfavorable phar-
macokinetic and pharmacodynamic behaviors or high
toxicity.113)

As an alternative approach in new drug develop-
ment, pharmacologically active metabolites might be
used as potential resources for drug discovery and
development.6) Actually, active metabolites having
improved pharmacological activity or lower toxicity
than those parent compounds were already marketed
as new drugs (Table 2). For example, fexofenadine
(Fig. 1(f)), the primary metabolite of terfenadine,
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was developed as anti-histamine agent with selective
peripheral histamine H1-receptor antagonist activity.
It shows better metabolic stability and lower toxicity
than the parent compound. The elimination half-life
of fexofenadine was quite long (13.4 h) following
oral administration in healthy subjects and mainly
eliminated in the feces and urine, in the form of
fexofenadine.114,115) Also cetirizine (Fig. 1(g)), a pri-
mary metabolite of hydroxizine, was developed as
new drug. It has equivalent anti-histamine activity to
parent drug with lower side eŠects.114)

Furthermore pharmacologically active metabolites
can be used as candidates during optimization phase
of drug discovery. Through some structural modiˆca-
tion, the enhancement of metabolic stability and
receptor binding a‹nity can successfully be
achieved.116) In particular, improvement of the half-
life in plasma and the metabolic stability of drugs has
been widely investigated with active metabolites.
Several strategies such as deactivation of aromatic
ring with strongly electron-withdrawing groups (e.g.,
CF3, SO2NH2) and/or introduction of N-butyl group
to prevent N-dealkylation have been investigated to
enhance in vivo metabolic stability.117,118) Speciˆcally
this type of approach was used for example, in the
discovery of ezetimibe, a cholesterol absorption
inhibitor.148) In this work, an active metabolite that
was already ＜30-fold more potent than the parent
was further modiˆed to generate the ˆnal drug candi-
date (ezetimibe), which was 400-fold more potent
than the original drug.

CONCLUSION

In this paper, pharmacologically active metabolites
were introduced with their individual pharmacologi-
cal and pharmacokinetic aspects. Although meta-
bolism is a procedure to inactivate and/or eliminate
the drug administered, and is generally true, in some
cases, it generates pharmacologically active metabo-
lites. Tracking active metabolites is not only im-
portant to correctly interpret the pharmacological
eŠects in preclinical studies but may also be used as a
promising tool to identify drug candidate for drug
discovery and development. A number of active
metabolites showed better or equivalent pharmaco-
logical potencies compared to their parent com-
pounds. As an alternative approaches in drug discov-
ery, pharmacologically active metabolites can be used
as potential drug candidate to obtain better phar-

macokinetic and pharmacodynamic proˆles by struc-
ture modiˆcation.

Acknowledgement This Research was support-
ed by the Chung-Ang University Research Grants in
2010.

REFERENCES

1) Kumar G. N., Surapaneni S., Med. Res. Rev.,
21, 397411 (2001).

2) Hodgson E., Rose R. L., Pharmacol. Ther.,
113, 420428 (2007).

3) Baillie T. A., Cayen M. N., Fouda H., Gerson
R. J., Green J. D., Grossman S. J., Klunk L.
J., LeBlanc B., Perkins D. G., Shipley L. A.,
Toxicol. Appl. Pharmacol., 182, 188196
(2002).

4) Guengerich F. P., Chem. Res. Toxicol., 14,
611650 (2001).

5) Fura A., Shu Y. Z., Zhu M., Hanson R. L.,
Roongta V., Humphreys W. G., J. Med.
Chem., 47, 43394351 (2004).

6) Fura A., Drug Discov. Today, 11, 133142
(2006).

7) Jacobsen W., Kuhn B., Soldner A., Kirchner
G., Sewing K. F., Kollman P. A., Benet L. Z.,
Christians U., Drug Metab. Dispos., 28, 1369
1378 (2000).

8) von Philipsborn G., Gries J., Hofmann H. P.,
Kreiskott H., Kretzschmar R., M äuller C. D.,
Raschack M., Teschendorf H. J., Arzneimit-
telforschung, 34, 14891497 (1984).

9) Greenblatt D. J., Wright C. E., Clin. Phar-
macokinet., 24, 453471 (1993).

10) Creighton C. J., Ramabadran K., Ciccone P.
E., Liu J., Orsini M. J., Reitz A. B., Bioorg.
Med. Chem. Lett., 14, 40834085 (2004).

11) Katchen B., Buxbaum S., J. Clin. Endocrinol.
Metab., 41, 373379 (1975).

12) S áanchez C., Hyttel J., Cell Mol. Neurobiol.,
19, 467489 (1999).

13) Imamura Y., Sanai K., Seri K., Akita H., Life
Sci., 69, 19471955 (2001).

14) Hartman N. R., Jardine I., Drug Metab. Dis-
pos., 15, 661663 (1987).

15) Muir W. W., Sams R. A., Schall S. F., J. Vet.
Pharmacol. Ther., 19, 259267 (1996).

16) Knegtering R., Baselmans P., Castelein S.,
Bosker F., Bruggeman R., van den Bosch R.,



hon p.10 [100%]

13341334 Vol. 130 (2010)

Am. J. Psychiatry, 162, 10101012 (2005).
17) Odds F. C., Bossche H. V., J. Antimicrob.

Chemother., 45, 371373 (2000).
18) JeŠerson J. W., Pradko J. F., Muir K. T.,

Clin. Ther., 27, 16851695 (2005).
19) Muth E. A., Moyer J. A., Andree T. H., Soc.

Neurosci. Abstr., 12, 473 (1986).
20) Ragueneau I., Laveille C., Jochemsen R.,

Resplandy G., Funck-Brentano C., Jaillon P.,
Clin. Pharmacol. Ther., 64, 192203 (1998).

21) Sandrenan N., Siouˆ A., Godbillon J., Netter
C., Donker M., van Valkenburg C., J. Chro-
matogr. B Biomed. Sci. Appl., 691, 145153
(1997).

22) Wong D. T., Bymaster F. P., Reid L. R.,
Mayle D. A., Krushinski J. H., Robertson D.
W., Neuropsychopharmacology, 8, 337343
(1993).

23) Hiemke C., H äartter S., Pharmacol. Ther., 85,
1128 (2000).

24) Connoley I. P., Liu Y. L., Frost I., Reckless I.
P., Heal D. J., Stock M. J., Br. J. Phar-
macol., 126, 14871495 (1999).

25) Daher W., Pelinski L., Klieber S., Sadoun F.,
Meunier V., Bourri áe M., Biot C., Guillou F.,
Fabre G., Brocard J., Fraisse L., MaŠrand J.
P., Khalife J., Dive D., Drug Metab. Dispos.,
34, 667682 (2006).

26) Mayr C. A., Sami S. M., Remers W. A., Dorr
R. T., Drug Metab. Dispos., 26, 105109
(1998).

27) Axelsson R., Curr. Ther. Res. Clin. Exp., 21,
587605 (1977).

28) Potter J. M., Donnelly A., Ther. Drug
Monit., 20, 652657 (1998).

29) Ritter J. K., Chem. Biol. Interact., 1, 171193
(2000).

30) Miller E. C., Lotlikar P. D., Miller J. A., Bu-
tler B. W., Irving C. C., Hill J. T., Mol. Phar-
macol., 4, 147153 (1968).

31) Faed E. M., Drug Metab. Rev., 15, 12131249
(1984).

32) Spahn-Langguth H., Benet L. Z., Drug
Metab. Rev., 24, 547 (1992).

33) Osborne R., Joel S., Trew D., Slevin M., Lan-
cet, 1, 828828 (1988).

34) Buhl A. E., Waldon D. J., Baker C. A., Joh-
nson G. A., J. Invest. Dermatol., 95, 553557
(1990).

35) Basil B., Jordan R., Eur. J. Pharmacol., 80,
4756 (1982).

36) Okumura K., Kita T., Chikazawa S., Komada
F., Iwakawa S., Tanigawara Y., Clin. Phar-
macol. Ther., 61, 509517 (1997).

37) Vozeh S., Oti-Amoako K., Uematsu T., Fol-
lath F., J. Pharmacol. Exp. Ther., 243, 297
301 (1987).

38) Ralph E. D., Kirby W. M., J. Infect. Dis.,
132, 587591 (1975).

39) Tracy T. S., Korzekwa K. R., Gonzalez F. J.,
Wainer I. W., Br. J. Clin. Pharmacol., 47, 545
552 (1999).

40) Ellingrod V. L., Perry P. J., Am. J. Health
Syst. Pharm., 52, 27992812 (1995).

41) McMahon R. E., Marshall F. J., Culp H. W.,
J. Pharmacol. Exp. Ther., 149, 272279
(1965).

42) Benˆeld D. P., Harries C. M., Luscombe D.
K., Postgrad. Med. J., 56, 1318 (1980).

43) Seri K., Sanai K., Kurashima K., Imamura Y.,
Akita H., Eur. J. Pharmacol,. 389, 253256
(2000).

44) Gorski J. C., Jones D. R., Hamman M. A.,
Wrighton S. A., Hall S. D., Xenobiotica, 29,
931943 (1999).

45) Latini R., Connolly S. J., Kates R. E., J.
Pharmacol. Exp. Ther., 224, 603608 (1983).

46) Zhou L., Chen B. P., Kluger J., Fan C., Chow
M. S., J. Am. Coll. Cardiol., 31, 16721678
(1998).

47) Plomp T. A., Wiersinga W. M., Van Rossum
J. M., Maes R. A., In Vivo, 1, 265279
(1987).

48) Winans E., Am. J. Health Syst. Pharm., 60,
24372445 (2003).

49) Swainston Harrison T., Perry C. M., Drugs,
64, 17151736 (2004).

50) Mallikaarjun S., Salazar D. E., Bramer S. L.,
J. Clin. Pharmacol., 44, 179187 (2004).

51) Krstenansky P. M., Cluxton R. J. Jr., Drug
Intell. Clin. Pharm., 21, 947953 (1987).

52) Kamei C., Mio M., Izushi K., Kitazumi K.,
Tsujimoto S., Fujisawa K., Adachi Y., Tasaka
K., Arzneimittelforschung, 41, 932936
(1991).

53) Levron C., Gillardin J. M., Sabbah A., Al-
lerg. Immunol., 22, 233241 (1990).

54) Mason R. P., Walter M. F., Day C. A., Jacob



hon p.11 [100%]

13351335No. 10

R. F., J. Biol. Chem., 281, 93379345 (2006).
55) William W. B., Ronald A. M., Roger N. H.,

J. Am. Soc. Mass Spectrom., 10, 5566
(1999).

56) Medina J., Garcia-Buey L., Moreno-Otero R.,
Aliment. Pharmacol. Ther., 17, 116 (2003).

57) Gabriel S. E., Coyle D., Moreland L. W.,
Pharmacoeconomics, 19, 715728 (2001).

58) De Abreu R. A., Trueworthy R. C., van
Kuilenburg A. B., Vogels-Mentink T. M.,
Lambooy L. H., van Gennip A. H., Ann.
Clin. Biochem., 40, 7073 (2003).

59) Presta M., Belleri M., Vacca A., Ribatti D.,
Leukemia, 16, 14901499 (2002).

60) Greenblatt D. J., Shader R. I., MacLeod S.
M., Sellers E. M., Clin. Pharmacokinet., 3,
381393 (1978).

61) Lin K. M., Friedel R. O., Am. J. Psychiatry,
136, 1823 (1979).

62) Popik P., J. Clin. Psychopharmacol., 19, 422
(1999).

63) Ferrero J. L., Bopp B. A., Marsh K. C.,
Quigley S. C., Johnson M. J., Anderson D. J.,
Lamm J. E., Tolman K. G., Sanders S. W.,
Cavanaugh J. H., Sonders R. C., Drug Metab.
Dispos., 18, 441446 (1990).

64) Kohno Y., Yoshida H., Suwa T., Suga T., An-
timicrob. Agents Chemother., 33, 751756
(1989).

65) Martin S. J., Pendland S. L., Chen C.,
Schreckenberger P. C., Danziger L. H., Di-
agn. Microbiol. Infect. Dis., 29, 167171
(1997).

66) Brogden R. N., Heel R. C., Speight T. M.,
Avery G. S., Drugs, 20, 161178 (1980).

67) Guberman A., Couture M., Blaschuk K.,
Sherwin A., Can. J. Neurol. Sci., 17, 311316
(1990).

68) King J. N., Maurer M. P., Altmann B. O.,
Strehlau G. A., Am. J. Vet. Res., 61, 8085
(2000).

69) Guitton C., Abbar M., Kinowsk J. M.,
Chabrand P., Bressolle F., J. Clin. Psy-
chopharmacol., 18, 470476 (1998).

70) Odou P., Frimat B., Fontaine B., Luyckx M.,
Brunet C., Robert H., Dine T., Gressier B.,
Cazin M., Cazin J. C., J. Clin. Pharm. Ther.,
21, 337342 (1996).

71) Seeman P., ``Receptor Tables, Vol. 2, Drug

dissociation constants for neuroreceptors and
transporters,'' SZ Research, Toronto, 1993.

72) Combs M. D., Perry P. J., Bever K. A., Phar-
macotherapy, 17, 13001303 (1997).

73) O'Brien T. J., Int. J. Dermatol., 29, 472476
(1990).

74) Larsen F. G., Nielsen-Kudsk F., Jakobsen P.,
Weismann K., Kragballe K., Clin. Phar-
macokinet., 23, 4261 (1992).

75) Kecskem áeti V., Ruszn áak Z., Riba P., P áal B.,
Wagner R., Harasztosi C., N áan áasi P. P.,
Sz âucs G., Brain Res. Bull., 67, 126132
(2005).

76) Shet M. S., McPhaul M., Fisher C. W., Stall-
ings N. R., Estabrook R. W., Drug Metab.
Dispos., 25, 12981303 (1997).

77) Niopas I., Daftsios A. C., J. Chromatogr. B
Biomed. Sci. Appl., 759, 179183 (2001).

78) Schulz M., Schmoldt A., Donn F., Becker H.,
Eur. J. Clin. Pharmacol., 34, 633636 (1988).

79) de Jonge M. J. A., Sparreboom A., Verweij
J., Cancer Treat. Rev., 24, 205220 (1998).

80) Rowinsky E. K., Grochow L. B., Ettinger D.
S., Sartorius S. E., Lubejko B. G., Chen T.
L., Rock M. K., Donehower R. C., Cancer
Res., 54, 427436 (1994).

81) Catimel G., Chabot G. G., Guastalla J. P.,
Dumortier A., Cote C., Engel C., Gouyette
A., Mathieu-Boue A., Mahjoubi M., Clavel
M., Ann. Oncol., 6, 133140 (1995).

82) Kovach J. S., Svingen P., McGovern R., Proc.
Am. Assoc. Cancer Res., 31, 399 (1990).

83) Yumibe N., Huie K., Chen K. J., Snow M.,
Clement R. P., Cayen M. N., Biochem. Phar-
macol., 51, 165172 (1996).

84) Hilbert J., Radwanski E., Weglein R., Luc V.,
Perentesis G., Symchowicz S., Zampaglione
N., J. Clin. Pharmacol., 27, 694698 (1987).

85) Vlase L., Imre S., Muntean D., Leucuta S. E.,
J. Pharm. Biomed. Anal., 44, 652657
(2007).

86) Wong P. C., Price W. A., Chiu A. T., Duncia
J. V., Carini D. J., Wexler R. R., Johnson A.
L., Timmermans P. B., J. Pharmacol. Exp.
Ther., 252, 726732 (1990).

87) O'Keefe J. P., Troc K. A., Thompson K. D.,
Antimicrob. Agents Chemother., 22, 426430
(1982).

88) Bergan T., Thorsteinsson S. B., Chemother-



hon p.12 [100%]

13361336 Vol. 130 (2010)

apy, 32, 305318 (1986).
89) Delbressine L. P., Moonen M. E., Kaspersen

F. M., Jacobs P. L., Wagenaars G. L.,
Xenobiotica, 22, 227236 (1992).

90) Dahl M. L., Tybring G., Elwin C. E., Alm C.,
Andreasson K., Gyllenpalm M., Bertilsson L.,
Clin. Pharmacol. Ther., 56, 176183 (1994).

91) Chauhan B., Rani S., Guttikar S., Zope A.,
Jadon N., Padh H., J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci., 823, 6973
(2005).

92) Kaul S., Shukla U. A., Barbhaiya R. H., J.
Clin. Pharmacol., 35, 830839 (1995).

93) Yaich M., Popon M., Jacqz A. E., Therapie,
50, 67 (1995).

94) Hughes K. M., Lang J. C., Lazare R., Gordon
D., Stanton S. L., Malone-Lee J., Geraint M.,
Xenobiotica, 22, 859869 (1992).

95) Barras M., Coste A., Eon M. T., Guillot E.,
Fundam. Clin. Pharmacol., 13, 562570
(1999).

96) Lindeke B., Hallstrfm G., Johansson C., Eric-
sson O., Olsson L. I., Strfmberg S., Biomed.
Mass Spectrom., 8, 506513 (1981).

97) Arias C., Gonz áalez T., Moreno I., Caballero
R., Delp áon E., Tamargo J., Valenzuela C.,
Cardiovsc. Res., 57, 660669 (2003).

98) Chen X., Zhong D., Blume H., Eur. J.
Pharm. Sci., 10, 1116 (2000).

99) Mak I. T., Weglicki W. B., J. Pharmacol.
Exp. Ther., 308, 8590 (2004).

100) Aravagiri M., Marder S. R., J. Mass Spec-
trom., 35, 718724 (2000).

101) Rudorfer M. V., Potter W. Z., CNS Drugs, 7,
273312 (1997).

102) Fuller R. W., Hemrick-Luecke S. K., Lit-
tleˆeld E. S., Audia J. E., Prog. Neuropsy-
chopharmacol. Biol. Psychiatry, 19, 135149
(1995).

103) Luscombe G. P., Hopcroft R. H., Thomas P.
C., Buckett W. R., Neuropharmacology, 28,
129133 (1989).

104) Coletta D. K., Bates S. H., Jones R. B., Bailey
C. J., Diab. Vasc. Dis. Res., 3, 186188
(2006).

105) Richardson D. K., Jones R. B., Bailey C. J.,
Horm. Metab. Res., 38, 727731 (2006).

106) Trellu M., Filali-Ansary A., Françon D.,
Adam R., Lluel P., Dubruc C., Th áenot J. P.,

Fundam. Clin. Pharmacol., 18, 493501
(2004).

107) Papadopoulos A. S., Crammer J. L., Cowan
D. A., Xenobiotica, 15, 309316 (1985).

108) Svendsen C. N., Bird E. D., Psychophar-
macology, 90, 316321 (1986).

109) Bylund D. B., J. Pharmacol. Exp. Ther., 217,
8186 (1981).

110) Hammar M., Christau S., Nathorst-B äo äos J.,
Rud T., Garre K., Br. J. Obstet. Gynaecol.,
105, 904911 (1998).

111) Raobaikady B., Parsons M. F. C., Reed M. J.,
Purohit A., J. Steroid Biochem. Mol. Biol.,
104, 154160 (2007).

112) Bhatt J., Jangid A., Venkatesh G., Subbaiah
G., Singh S., J. Chromatogr. B Analyt. Tech-
nol. Biomed. Life Sci., 829, 7581 (2005).

113) Frank R., Hargreaves R., Nat. Rev. Drug Dis-
cov., 2, 566580 (2003).

114) Golightly L. K., Greos L. S., Drugs, 65, 341
383 (2005).

115) Meeves S. G., Appajosyula S., J. Allergy Clin.
Immunol., 112, 6977 (2003).

116) Nassar A. E., Talaat R. E., Drug Discov.
Today, 1, 317327 (2004).

117) Testa B., Meyer J. M., Acta. Pharm. Jugosl.,
40, 315350 (1990).

118) Humphrey M. J., Smith D. A., Xenobiotica,
22, 743755 (1992).

119) Caccia S., Garattini S., Clin. Pharmacokinet.,
18, 434459 (1990).

120) Ruenitz P. C., Bagley J. R., Mokler C. M.,
Biochem. Pharmacol., 32, 29412947 (1983).

121) Boppana V. K., Miller-Stein C., Schaefer W.
H., J. Chromatogr. B Biomed. Appl., 678,
227236 (1996).

122) Calder J. A., Schachter M., Sever P. S., Eur.
J. Pharmacol., 256, 185191 (1994).

123) Shyadehi A. Z., Harding J. J., Biochim.
Biophys. Acta, 1587, 3135 (2002).

124) Mandema J. W., Tuk B., van Steveninck A.
L., Breimer D. D., Cohen A. F., Danhof M.,
Clin. Pharmacol. Ther., 51, 715728 (1992).

125) Parenti A., Filippi S., Amerini S., Granger H.
J., Fazzini A., Ledda F., J. Pharmacol. Exp.
Ther., 292, 698703 (2000).

126) Staudt U., Schmahl G., Blaschke G., Meh-
lhorn H., Parasitol. Res., 78, 392397 (1992).

127) Martindale W., ``Martindale: The extra phar-



hon p.13 [100%]

13371337No. 10

macopoeia,'' ed. By Reynolds J. E. F., The
Royal Pharmaceutical Society, London, 1993,
pp. 993994.

128) Vickers S., Duncan C. A., Vyas K. P., Kari P.
H., Arison B., Prakash S. R., Ramjit H. G.,
Pitzenberger S. M., Stokker G., Duggan D.
E., Drug Metab. Dispos., 18, 476483 (1990).

129) Noedl H., Allmendinger T., Prajakwong S.,
Wernsdorfer G., Wernsdorfer W. H., An-
timicrob. Agents Chemother., 45, 21062109
(2001).

130) Kroemer H. K., Echizen H., Heidemann H.,
Eichelbaum M., J. Pharmacol. Exp. Ther.,
260, 10521057 (1992).

131) Martin P. D., Warwick M. J., Dane A. L.,
Hill S. J., Giles P. B., Phillips P. J., Lenz E.,
Clin. Ther., 25, 28222835 (2003).

132) Seaber E., On N., Phillips S., Churchus R.,
Br. J. Clin. Pharmacol., 41, 141147 (1996).

133) Carlson J. N., Haskew R., Wacker J.,
Maisonneuve I. M., Glick S. D., Jerussi T. P.,
Eur. J. Pharmacol., 415, 181189 (2001).

134) Gillen C., Haurand M., Kobelt D. J., Wnendt
S., Naunyn Schmiedebergs Arch. Pharmacol.,
362, 116121 (2000).

135) Villaverde C., Alvarez A. I., Redondo P.,
Voces J., Del Estal J. L., Prieto J. G.,
Xenobiotica, 25, 433441 (1995).

136) Lingetti M., D'ambrosio P. L., Grezia F., Sor-
rentino P., Lingetti E., Curr. Therp. Res., 31,

408412 (1982).
137) Schorderet M., ``Pharmacologie, Des Con-

cepts Fondamentaux aux Applications
The'rapeutiques,'' Frison-Roche, Antian-
gineux, 1989, pp. 209210.

138) Kalis M. M., HuŠ N. A., Clin. Ther., 23, 680
700 (2001).

139) Acocella G., Clin. Pharmacokinet., 3, 108
127 (1978).

140) Gundert-Remy U., von Kenne D., Weber E.,
Geissler H. E., Grebian B., Mutschler E., Eur.
J. Clin. Pharmacol., 16, 3943 (1979).

141) Kelley W. N., Beardmore T. D., Science, 169,
388399 (1970).

142) Ulrich S., Lauter J., Clin. Pharmacokinet.,
41, 853876 (2002).

143) Jauch R., Bozler G., Hammer R., Koss F. W.,
Arzneimittelforschung, 28, 904911 (1978).

144) Gall M., Kamdar B. V., Collins R. J., J. Med.
Chem., 21, 12901293 (1978).

145) Lemoine A., Gautier J. C., Azoulay D., KiŠel
L., Belloc C., Guengerich F. P., Maurel P.,
Beaune P., Leroux J. P., Mol. Pharmacol.,
43, 827832 (1993).

146) Mazzola C. D., Miron S., Jenkins A. J., J.
Anal. Toxicol., 24, 638641 (2000).

147) Hinson J. A., Environ. Health Perspect., 49,
7179 (1983).

148) Clader J. W., J. Med. Chem., 47, 19 (2004).


