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Ketoconazole Potentiates Terfenadine-Induced
Apoptosis in Human Hep G2 Cells Through
Inhibition of Cytochrome p450 3A4 Activity
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Abstract Terfenadine (TF) is a highly potent histamineH1 receptor antagonist that in clinically effective doses is free
of significant central nervous system side effects. Ketoconazole (KT) is aworldwide used oral antifungal agentwith a broad
spectrum of activity against both superficial and systemic mycosis. Simultaneously administration of KT and TF has been
reported to induce several potent symptoms including cardiotoxicity, excitotoxicity, inhibition of blood mononuclear
cells proliferation, and cardiovascular toxicity. However, the intracellular molecular mechanisms of TF–KT interactions
in cells were still uncertain. In this study, we first demonstrated that TF (5–30 mM) induced apoptosis in several types of
human cancer cell lines including human hepatoma (Hep G2), colorectal cancer (COLO 205), and fibroblast (CCD
922SK) cells for 24 h. The cellular responses to TF-induced apoptosis were demonstrated to be associated with the
p53-signaling pathway, including induction of p53, p21/Cip1, p27/Kip1, bax protein expression and inhibition of
bcl-2 protein expression. To realized the role of H1 receptor involved in TF-induced apoptosis, different H1 recep-
tor antagonists including promethazine, mequitazine, and chlorpheniramin (50–100 mM) were administered and
demonstrated that these chemicals cannot inducedapoptosis through theH1 receptor signalingpathway. Interestingly,we
found that the apoptotic effect of TF (2.5 mM)was significantly potentiated by KT (1 mM) treatment inHepG2 cells through
inhibition of the cytochrome p450 3A4 (CYP 3A4) activity. Such results were demonstrated by decreased of the TF activity
with recombinant CYP 3A4, which prepared from baculovirus-infected insect cells.Our results provide the molecular
basis of TF–KT interaction and this information should allowmore rational forecasting of the risk for TF therapy during co-
administration of KT. J. Cell. Biochem. 87: 147–159, 2002. � 2002 Wiley-Liss, Inc.
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Terfenadine (TF), was first reported by
Brandon et al. (1980), appears to be the first
antihistamine act as a highly potent H1 hista-
mine receptor antagonist that in clinically effec-
tive doses lack of side effects such as sedation,

impaired psychomotor performance, and exces-
sive mucosal drying [Brandon and Weiner,
1980; Rafferty and Holgate, 1987; Kaliner and
Check, 1988]. Recently, TF is known to have
direct effects on electrical activities in the
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heart [Liu et al., 1997; Lu andWang, 1999]. The
mechanisms were demonstrated by block
sodium current [Lu and Wang, 1999] and L-
type Ca2þ channel current [Liu et al., 1997] in
myocytes isolated from experimental animal.
OtherstudiesdemonstratedthatTFpotentiated
theexcitotoxic response toN-methyl-D-aspartate
(NMDA) receptor agonists in cerebellar neurons
[Diaz-Trelles et al., 1999, 2000]. In addition,
antigen/mitogen-inducedperipheralbloodmono-
nuclear cells proliferationwas inhibited byTF in
a concentration-dependentmanner [Holenet al.,
1995]. Themetabolisms of the TF to its desalkyl
and hydroxy metabolites were demonstrated to
be mediated by human liver microsomal en-
zymes cytochrome p450-3A (CYP 3A4) isoforms
[Ling et al., 1995; Rodrigues et al., 1995]. The
testosterone 6 beta-hydroxylation has been
shown to be the principal enzyme involved in
the first step in TF’s biotransformation (forma-
tion of azacyclonol and TF alcohol) [Ling et al.,
1995].

Ketoconazole (KT) is an azole antifungal
agent with a broad spectrum of activity against
both superficial and systemicmycosis [Bisschop
et al., 1979]. The target enzyme of the KT were
identified as the fungal lanosterol demethylase
which contains cytochrome P450 as a coenzy-
me [Gupta et al., 1986]. As described above, the
metabolism of TF was through CYP 3A4 [Ling
et al., 1995; Rodrigues et al., 1995], whereas
the KT is a potent and selective inhibitor of
this enzyme [Boxenbaum, 1999a; Parker et al.,
2000]. Several studies demonstrated that clin-
ical adverse interactions of TF with azole anti-
fungals agent (KT) may be related to inhibition
of TF biotransformation [Jurima-Romet et al.,
1994; Rodrigues et al., 1995; Hey et al., 1996a].
Simultaneously administration of KT and TF
may predict a large and potentially hazardous
impairment of TF clearance by KT [Haaz et al.,
1998; Baune et al., 1999; Boxenbaum, 1999b;
Herman et al., 1999]. In addition, KT is now
been demonstrated as a potent inhibitor of
cytochrome p450(17) alpha (17alpha-hydroxy-
lase/C(17,20)-lyase), which is required for
androgen synthesis and is applicable in treat-
ment of some types of prostate cancer [Nnane
et al., 1998; Grigoryev et al., 1999]. Trachten-
berg et al. [Trachtenberg and Pont, 1984] and
Williams et al. [Williams, 1984] first reported
that the KT has antitumor activity in prostate
cancer and suggested a direct cytotoxic effect on
androgen-independent prostate cancer. Recent-

ly, our studies demonstrated that apoptosis and
G0/G1 phase of cell cycle arrest were induced by
KT in different types of human cancer cell lines
through the p53-signaling pathway [Ho et al.,
1998; Chen et al., 2000]. Our results provide the
direct evidences indicated that some additional
mechanisms (such as apoptosis induction and
cell growth inhibition) affect by KT might be
applied in some other types of cancer chemo-
therapy.

Apoptosis is an active and gene-directed form
of cell death with well characterized morpholo-
gical and biochemical features [King and
Cidlowski, 1995]. In this study, we first demon-
strated that apoptosis was easily induced in
human cancer cell lines by TF. Our data reveal-
ed that such apoptosis-inducing effects by TF
were not correlated with the H1-receptor sig-
naling pathway. We found that TF-induced
apoptosis was significantly potentiated by KT
in human Hep G2 cells through inhibition of
CYP3A4 activity. The specific aims of this study
were to investigate themolecular events of apop-
tosis in cells induced by TF. The KT-inhibited
CYP3A4 in Hep G2 cells in the potentiation of
TF-induced apoptosis was also demonstrated.
Our results providemore direct evidences of the
toxic effects in clinical patients during co-
administration of KT and TF.

MATERIALS AND METHODS

Chemicals

TF, KT, chlorpheniramine, and prometha-
zine were purchased from Sigma Chemical Co.
(St. Louis, MO). The mequitazine was pur-
chased from Asahi Chemical Industry (Tokyo,
Japan). The protein assay kit was purchased
fromBio-RadCo. (Bio-RadLabs.,Hercules,CA).

Cell Lines and Cell Culture

The cell line HT 29 (HTB-38; American Type
Culture Collection, Rockville, MD) was isolated
from a moderately well-differentiated grade II
human colon adenocarcinoma [Semple et al.,
1978]. HL 60 cells was developed from human
myeloid leukemia cells. The cell line COLO 205
(CCL-222; American Type Culture Collection)
was developed from a poorly differentiated
human colon adenocarcinoma. Hep 3B cells
(HB 8064; American Type Culture Collection)
were derived from a human hepatocellular car-
cinoma line. [Knowles et al., 1980; Darlington
et al., 1987] The cell line Hep G2 (HB 8065;
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American Type Culture Collection) was derived
from a human hepatocellular carcinoma,
[Knowles et al., 1980; Darlington et al., 1987]
and contains wild-type p53. [Bressac et al.,
1990] The cell line CCD-922SK (CRL 1828;
American Type Culture Collection) was derived
from normal human fibroblasts. The cell line
#76 KhGH (CRL 8858; ATCC) was composed
of keratinocytes derived from normal human
epidermis. The p53 gene in the COLO 205 and
CCD-922SKcellswas cloned into theTA cloning
vector (Invitrogen, SanDiego, CA) and sequenc-
ed. The p53 gene in COLO 205 and CCD-922SK
cells was of the wild-type [Ho et al., 1996]. In
HT-29 cells, p53 is mutated in codon 273.
[Niewolik et al., 1995] The p53 gene has been
found to be partially deleted (7 kb) in Hep 3B
cells [Darlington et al., 1987]. Cell lines were
grown at 378C in a 5% carbon dioxide atmo-
sphere in Eagle’s minimal essential medium
(for Hep 3B, Hep G2, and CCD-922SK cells),
RPMI 1640 (for HL 60, COLO 205, and HT-
29cells) supplementedwith10%fetal calf serum
(FCS), 50 mg/ml gentamycin, and 0.3 mg/ml
glutamine. A 3:1 mixture of Ham’s F12medium
and DMEM medium (for #76 KhGH cells)
supplementedwith10%FCS,40ng/mlhydrocor-
tisone, 0.01 mg/ml cholera toxin, 0.005 mg/ml
insulin, and 10 ng/ml epidermal growth factor
[Ho et al., 2001].

Chemical Exposure and Determination
of Cell Viability

For the toxicity studies, stock solutions
(50 mM) of each drug were prepared by dis-
solving the compounds in dimethylsulfoxide
(DMSO). Then the stock solutions of drugswere
diluted with serum-free and antibiotics-free
medium to yield final concentrations ranging
from 0 to 15 mM. The final treatment concentra-
tion of DMSO was 0.05% (v/v) DMSO/culture
medium. After various periods of incubation,
cells were sedimented and the viability of the
cellswas determined immediately by the trypan
blue exclusion assay. The viability percentage
was calculated based on the percentage of
unstained cells.

Analysis of DNA Fragmentation

Treated or mock-treated cells were grown in
9-cm Petri dishes. Both attached and detached
cellswereharvested,washed twicewith ice-cold
PBS, and the DNAwas then isolated as describ-
ed in our previous study [Ho et al., 1998].

Samples were electrophoresed in a 1.5% (w/v)
agarose gel and DNA was visualized by ethi-
dium bromide staining.

Preparation of Protein Lysate,
SDS–Polyacrylamide Gel Electrophoresis (PAGE),

and Immunoblotting

The protein preparation has been described
previously [Ho et al., 1998; Chen et al., 2000].
Treated or untreated subconfluent monolayers
of cells in 9-cm Petri dishes were rinsed three
times with ice-cold phosphate-buffered saline
(PBS), scraped off with a rubber policeman,
pelted at 800g for 5 min and lysed in 500 ml of
freshly prepared extraction buffer (10mMTris-
HCl, pH 7; 140 mM sodium chloride; 3 mM
magnesium chloride; 0.5% (v/v) NP-40; 2 mM
phenylmethylsulfonyl fluoride; 1% (w/v) aproti-
nin; 5 mM dithiothreitol) for 20 min on ice. The
extracts were cleared by centrifugation for
30 min at 10,000g.

Equal amounts of proteins (50 mg) (estimated
using Bio-Rad protein assay kit, Bio-Rad Labs.)
were separated by 12.5% (w/v) SDS–PAGE on
0.75mmmini-gels (Migdet System; Pharmacia,
Inc., Piscataway, NJ) and were transferred to
an immobilon P membrane (Millipore Corp.,
Bedford, MA) with a semidry electroblotting
apparatus (TE70; Hoefer Scientific Instru-
ments, San Francisco, CA) at 2 mA/cm2 for
40 min in 25 mM Tris-HCl, pH 8.3; 192 mM
glycine; and20% (v/v)methanol. Themembrane
was blocked overnight at room temperature
with blocking reagent (20 mM Tris, pH 7.4;
125 mM NaCl; 0.2% (v/v) Tween 20; 4% (w/v)
non-fat dry milk; and 0.1% (w/v) sodium azide).

Antibodies and Immunoblot Analysis

Antibodies used for immunoblot assays
included the polyclonal rabbit antisera (used
at 0.1%, v/v) specific for human bax protein
(Ab-1, CAN Bioscience Co., CA) were raised
against synthetic peptide corresponding to
amino acids 150–165 of human bax protein.
Mouse monoclonal antibodies include p53, p21/
Cip1, p27/Kip1 (Transduction Laboratories,
Lexington, KY), PARP, bad, bcl-2, caspase-3,
and PCNA (Santa Cruz, Inc., CA). SDS–PAGE
and electroblotting to nitrocellulose filters were
performed as described above. Filters were
incubated for 1 h with primary antibody,
washed three times, and then incubated with
alkaline phosphatase-conjugated secondary
antibody (immunoglobulin G) in PBS and 0.5%
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(v/v) Tween 20 for another 45 min with gentle
shaking. After three final washes, the proteins
were visualized by incubating with the colori-
genic substrates nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl-phosphate (Sigma
Chemical Co.).

Metabolism of TF by Recombinant
Human CYP 3A4

Microsomes prepared from baculovirus-infec-
ted insect cells expressing CYP 3A4 were ob-
tained from Genetest (Woburn, MA) [Nakajima
et al., 1999]. The recombinant CYP 3A4 was
coexpressed with cytochrome b5 [Kobayashi
et al., 2000]. Control microsomes were from
insect cells infected with wild-type baculovirus.
Microsomes from insect cells containing recom-
binant CYP 3A4 (50 pmol/ml) were incubated
with TF (2.5 mM) at 378C for 30 min. In this
study, KT and itraconazole (ITRA) were used as
a selectiveCYP3A4 inhibitor as described in the

previous study [Jurima-Romet et al., 1994;
Baldwin et al., 1995; Newton et al., 1995].

RESULTS

TF-Induced Apoptosis in Human Cancer Cell Lines

In the Figure 1A, human hepatocellular
carcinoma (Hep G2), colon cancer (COLO 205),
normal human fibroblast (CCD 922SK), and
normal human keratinocyte (#76 KhGH) cells
were treated with various concentrations (5–
15 mM) of TF and the viability of these cells were
determined in a time dependent manner. As
seen in Figure 1A,B, the viability of the Hep G2
and COLO 205 cells was less than 30% at 24 h
after exposure to TF (15 mM). No significant
cytotoxicity was observed in control fibroblast
(CCD-922SK) and keratinocyte (#76 KhGH)
cells treated with DMSO (0.05%, v/v). Our re-
sults indicated that human cancer cells includ-
ing Hep G2 and COLO 205 were more sensitive

Fig. 1. Viability of the human cancer and fibroblast cells treated with TF. (A) Hep G2, (B) COLO 205, (C)
CCD 922SK, and (D) #76 KhGH cells were treated with various concentrations of TF (5–15 mM) at the
indicated time points. The viability was then determined by trypan blue exclusion assay as described in
Materials and Methods. Results are the mean of three independent experiments.
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to TF exposure than in normal cells, such as
CCD-922SK and #76 KhGH cells (Fig. 1C,D).
To investigate whether the cytotoxic effects of

TF observed in human cancer cells were due to
the presence of apoptotic cell death. Cells were
treated with TF (5–30 mM) for 24 h and DNA
fragmentation analysis were performed. As
shown in Figure 2A,B, significant DNA ladders
were observed in both of the Hep G2 and COLO
205 cells after 10 mM of TF treatment for 24 h.
Our results indicated that such apoptotic-
induction effect of TF was not cell-type specific.
We further demonstrated that normal human
fibroblast (CCD 922SK) cells were more resis-
tant to TF treatment when compared to cancer
cells (Fig. 2C).

Elevation of the p53 Protein in TF-Treated
Hep G2 and COLO 205 Cells

Thetumorsuppressor,p53,hasbeen implicat-
ed in a variety of cellular processes [Greenblatt
etal., 1994;BatesandVousden,1996].However,
the undisputed roles of p53 are the inducing of
cell growth arrest and apoptosis [el-Deiry et al.,
1994]. To further investigate the role of p53
involved inTF-inducedapoptosis,humanCOLO
205, and Hep G2 cells with wild type p53 status
were treated with TF (1–15 mM) for 24 h and
the levels of cell cycle and apoptosis-regulated
proteins expression were determined (Fig. 3).
As shown in the Figure 3, the amount of p53,
p21/Cip1, and p27/Kip1 in both cells was
increased with increasing doses of TF up to
15 mM. In addition, significant induction of bax
and inhibition of bcl-2 were observed in both
cells exposed to TF (Fig. 3). The activated
caspase-3 protein was detected in both cells
during 24 h of TF (>10 mM) treatment. Accord-
ing to the previous report [Tewari et al., 1995],
the substrate of caspase-3 is poly-ADP ribose
polymerase (PARP). Western blotting analysis
revealed that thePARP (116KDa)moleculewas
degraded to a relatively stable (85 KDa) frag-
ment at 24 h after TF (>10 mM) treatment
(Fig. 3). The bad protein expression were also

Fig. 2. DNA fragmentation analysis in human cancer cells
undergoingTF-inducedapoptosis.Human (A)HepG2, (B)COLO
205, and (C) CCD 922SK cells were treated with TF in a dose
dependent manner (5–30 mM) and DNA fragmentation was
examined 24 h later. Cells in lane 1 received mock treatment of
DMSO (0.05%) as a negative control.

Fig. 3. TF-induced apoptosis and cell cycle regulated proteins
expression in the HepG2 and COLO205 cells. The HepG2 (left
panel) andCOLO205 (right panel) cellswere treatedwith TF (1–
15 mM) for 24 h. The protein lysates of these cells were isolated
and normalized to 50 mg/lane. Each blot is representative of at
least three different experiments.
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induced in cells treated with TF (>10 mM)
whiles the PCNA expressionwas not changed.

Histamine H1-Receptor Antagonist Cannot
Induce Human Cancer Cells Apoptosis

As described above, TF is a specific histamine
H1 receptor antagonist [Rafferty and Holgate,
1987]. To further scrutinize whether antihista-
mine that against H1 receptor could induce
apoptosis inhumancancer cells, threeadditional
clinical used antihistamine specific against H1
receptornamelypromethazine [Nakamuraetal.,
1996],mequitazine [Nakamura et al., 1998], and
chlorpheniramine [Yasuda et al., 1995] were
used for determination of their apoptosis induc-
tion effects. As shown in the Figure 4A, all these
types of antihistaminewere added to theHepG2
cells in a high concentration of 50–100 mM for
24 h exposure. Our results demonstrated that
any types of cells death including apoptosis
(Fig. 4A, lanes 2–7) and necrosis (Fig. 4B,
lanes 2–7) were not observed in Hep G2 cells
even in high concentration (100 mM) of H1
receptor antagonist treatment. However, DNA
laddering was observed in lower dose (20 mM)
of TF-treated Hep G2 cells. Such results im-
plied that TF-induced apoptosis in Hep G2 cells
might not be through the H1-receptor signaling
pathway.

KT Potentiate the TF-Induced Apoptosis
Effects in the Hep G2 Cells

Themetabolic reactionsofTFarepresumed to
be mediated by Cytochrome P450-3A isoforms.
The azole antifungal agent KT was a highly
potent inhibitor, having mean inhibition con-
stants (Ki) of 0.037 and 0.34 mM for desalkyl-
andhydroxy-terfenadineformation,respectively.
The ITRA also was a potent inhibitor, with Ki
values of 0.28 and 2.05 mM, respectively. [von
Moltke et al., 1996]. Recently, several studies
demonstrated that clinical adverse interactions
of TF with azole antifungals agents (KT and
ITRA) may be related to inhibition of TF bio-
transformation [Jurima-Romet et al., 1994;
Rodrigues et al., 1995; Hey et al., 1996a]. To
realize whether the drug-induced cellular apop-
totic effects were involved in the clinical observ-
ed TF–KT and TF–ITRA interactions, the
minimal concentrations of TF, ITRA, and KT
that required for induction of apoptosis during
combine treatment of both agents in Hep G2
cells were measured. The drug-induced apopto-
tic cells (appeared in the sub G1 phase) were

detected by flow cytometry analysis. Interest-
ingly, our results revealed that 1 mM of KT and
ITRA were the minimal concentration that
required for induction of significant apoptosis
in the Hep G2 cells when treated with TF
(2.5 mM) simultaneously (Fig. 5A,B). Accord-
ingly, our data further demonstrated that the
minimal concentration of TF required for induc-
tion of apoptosis in the presence of KT (1 mM)
and ITRA (1 mM) were measured as 1 mM

Fig. 4. Different antihistamineswhich specific against to theH1
receptor cannot induce apoptosis in humanHepG2 cells except
for TF. Hep G2 cells were treated either with 50–100 mM of
promethazine, mequitazine, or chlorpheniramine for 24 h. Cells
in the lane 1were treated with 20 mM of TF for 24 h as a positive
control.A: The DNAwere isolated from these cells and detected
for DNA fragmentation. B: The cell viability was determined by
trypan blue exclusion assay as described in Materials and
Methods.
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(Fig. 5C). Such results implied that theCYP3A4
might be play an important role in the TF-
induced apoptosis in our system.
To further investigate whether these obser-

vations were cell-type specific, additional four
types of human cancer cell lines including
human hepatocellular carcinoma (Hep 3B),
leukemia (HL 60), and colon cancer (COLO

205 and HT 29) cells were selected. Our data
revealed that apoptosis induction by combine
treatment of TF (2.5 mM) and KT (1 mM) were
more profound in hepatocellular carcinoma
(Hep G2 and Hep 3B) cells when compared to
the colon cancer (COLO 205 and HT 29) cells
(Fig. 6). The apoptotic cells were significantly
observed by 1 mMofKT treatment inHL 60 cells
(Fig. 6E; bar 4). However, no significant poten-
tiation of the apoptotic effects were observed in
the HL 60 cells when combine treatment with
TF (2.5 mM) and KT (1 mM) (Fig. 6E; bar 5).

TF Induced Apoptosis was Potentiated by
KT Through Inhibition of Intracellular
Cytochrome p450 3A4 (CYP 3A4)

Previous studies demonstrated thatbiotrans-
formation of the TF to its desalkyl and hydroxy
metabolites were presumed to be mediated by
human liver microsomal enzymes CYP 3A iso-
forms [Ling et al., 1995; Rodrigues et al., 1995].
The CYP 3A4 enzyme in the Hep G2 cells was
significant inhibited by KT (1.0 mM), which is a
potent and selective inhibitor [Boxenbaum,
1999a;Parker et al., 2000]. Substantially inhibi-
ted metabolism of TF by KT may lead to pro-
found increases of TF exposure [Haaz et al.,
1998; Baune et al., 1999; Boxenbaum, 1999b;
Herman et al., 1999]. The apoptotic effects of TF
in Hep G2 cells were first demonstrated in this
study. Accordingly, to further clarify the roles of
CYP 3A4 involved in TF-induced apoptosis, the
Hep G2 cells were treated with TF (2.5 mM), KT
(1 mM) or combine treatment of both agents for
24 h and the DNA fragmentation was then
analyzed (Fig. 7A). As shown in the Figure 7A
(lanes 2, 3), DNA fragmentation was not ob-
served in the Hep G2 cells treated either with
KT (1 mM) or TF (2.5 mM) alone. However, DNA
fragmentation was only observed significantly
in Hep G2 cells by combined treated with both
agents (Fig. 7A, lane 6). Our results also
demonstrated that the p53, p21/Cip1, and p27/
Kip1 proteins expressions were significantly
enhanced by combine treatment of KT (1 mM)
plus TF (2.5 mM) when compare to TF- or KT-
treated alone (Fig. 7B). Our results shown in
the Figure 7A,B clearly demonstrated that KT
(1 mM) potentiated the TF (2.5 mM)-induced
DNA laddering effects in the Hep G2 cells
and such apoptosis effects might be induced
through the p53, p21/Cip1, and p27/Kip1 pro-
teins activation.

Fig. 5. Determination of the minimal concentrations of KT,
ITRA, and TF that required for apoptosis induction in combine
treatment experiments. Hep G2 cells were simultaneously
treated with (A) TF (2.5 mM) plus KT (0.1–1 mM), (B) TF (2.5 mM)
plus ITRA (0.1–1 mM), and (C) TF (1–10 mM) simultaneouslywith
either KT (1 mM) or ITRA (1mM) for 24 h. FACS analysis of DNA
content was conducted when Hep G2 cells were harvested after
drug treatment. Percentageof cells in the SubG1phase of the cell
cycle was determined using established CellFIT DNA analysis
software. Three samples were analyzed in each group, and
values represent the mean value.
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To further investigate whether the KT-
potentiated DNA laddering effect that induced
by TF was due to inhibition of CYP 3A4 activity
in Hep G2 cells. Microsomes from baculovirus-
infected insect cells expressing CYP 3A4 were
prepared to examine the inhibitory effects of
CYP 3A4 involved in metabolism of TF. The TF
(2.5 mM) was preincubated with the recombi-
nant CYP 3A4 (30 pmol of CYP/ml) at 378C for
30 min [Kobayashi et al., 2000]. The CYP 3A4-
treated TF (2.5 mM) was then added to the Hep
G2 cells for DNA laddering analysis (Fig. 7A,
lane 4). Our results demonstrated that DNA
laddering effects were completely attenuated in

Hep G2 cells when combine treatment of KT
(1 mM) and CYP 3A4-inactivated TF (2.5 mM)
(Fig. 7A, lane 5). Such results further implied
that KT-inhibited CYP 3A4 activity may in-
crease the concentrations of TF present in the
cultured medium.

DISCUSSIONS

TF-Induced Human Cancer Cells Apoptosis Was
Through the p53-Dependent and-Independent

Signaling Pathway

In this study, Hep G2 and COLO 205 cells
(with wild type p53) were very sensitive to TF.

Fig. 6. Synergistic induction of apoptosis by TF and KT in
different types of human cancer cells. Human (A) COLO 205, (B)
HT 29, (C) Hep G2, (D) Hep 3B, (E) HL 60, and (F) CCD 922SK
cells were treated with either TF (2.5 mM), KT (1 mM), or
combined treatment for 24 h. Cells were treated with DMSO
(0.05%) as a control group. FACS analysis of DNA content was

conducted when cells were harvested after drug treatment.
Percentage of cells in the SubG1, G0/G1, S, andG2/M phases of
the cell cycle were determined using established CellFIT DNA
analysis software. Three samples were analyzed in each group,
and values represent the mean value.
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The p53 protein expression was significantly
induced in both cells as evidenced by immuno-
blotting analysis. According to the previous
reports described, p53 inhibits expression of
bcl-2 and induces expression of bax [Miyashita
et al., 1994; Miyashita and Reed, 1995]. In our
recent study [Jiang et al., 1996], apoptosis was
induced by various stimuli (such as staurospor-
ine, quinacrine, and cycloheximide) in Hep G2
cells.Most of these stimuli inducedbothp53and
myc protein expression. However, none of the
stimuli altered the expression levels of the bcl-2
and bax protein. On the other hand, others’ and
ours studies demonstrated that agents which
cause DNA damage (such as NO and g-radia-
tion) might elevate p53 and bax levels, inhibit
bcl-2 expression and eventually cause apoptosis
[Ho et al., 1996, 1997, 1999a,b; Kitada et al.,
1996]. Such results implied that the p53-
regulated bax and bcl-2 protein expression was
not changed by all of the apoptotic inducing

agents. In this study, the bcl-2 and bax protein
expression were significantly changed by TF
treatment in Hep G2 and COLO 205 cells. The
direct evidence of p53-regulated TF-induced
bcl-2 and bax protein expression will be inves-
tigated in our further study by p53-specific
antisense oligonucleotide as described recently
[Chen et al., 2000]. On the other hand, we
demonstrated that the Hep 3B cells (with delet-
ed p53) were also exhibited a significant sensi-
tivity to TF-induced apoptosis. Such results
implied that the p53-signaling pathwaywas the
one but not the only oneway to induce apoptosis
by TF.

KT Affects the Normal Functions of Liver and
Intestine Through Inhibition of Microsomal

CYP Enzymes

KT is aworldwide used antifungal agent with
a broad spectrum of activity against both
systemic and superficial mycosis. However, its

Fig. 7. TF-induced DNA fragmentation was potentiated by KT
through induction of p53, p21/Cip1, and p27/Kip1. A: Hep G2
cells were treated with TF, KT, or both for 24 h in the following
treatments: (lane 1) DMSO (0.05%), (lane 2) KT (1 mM), (lane 3)
TF (2.5 mM), (lane 4) TF (2.5 mM) pre-incubated withmicrosomes
prepared from insect cells (containing recombinant CYP 3A4) for
30min, themixtureswere thenadded tocells, (lane5) TF (2.5mM)
was pre-incubated with microsomes prepared from insect cells
(containing recombinant CYP 3A4) for 30 min, KT (1 mM) was
added to these mixtures then treated for Hep G2 cells

immediately for additional 24 h, or (lane 6) combine treated
with both TF (2.5 mM) and KT (1 mM). The DNAwas isolated and
analyzed for DNA laddering effects from these cells treated with
drugs 24 h later.B: HepG2cellswere treatedwith TF, KT, or both
for 24 h in the following treatments: (lane 1) DMSO (0.05%),
(lane 2) TF (2.5 mM), (lane 3) KT (1 mM), or (lane 4) combine
treated with both TF (2.5 mM) and KT (1 mM). The p53, p21/Cip1,
and p27/Kip1 proteins expression were analyzed by Western
blotting analysis from these cells treated with drugs.
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use was associated with adverse reactions and
themost common side effects are hepatotoxicity
[Lewis et al., 1984; Lake-Bakaar et al., 1987;
Benson et al., 1988]. Many reports demon-
strated that KT interfere the biotransformation
of many hazardous compounds and the drug–
drug interactions withKT inman are due to the
effects of this drug on hepatic microsomal activ-
ity [Fleishaker et al., 1996; Floren et al., 1997;
Khoo et al., 1998]. Recently, advanced studies
demonstrated that hepatic microsomal enzyme
CYP3A4was selectively inhibited byKT invitro
and in vivo [Boxenbaum, 1999a,b; Gibbs et al.,
2000]. The roles of CYP 3A isoforms are re-
sponsible for the metabolism of a majority of
therapeutic compounds [Meredith et al., 1985;
Moscaet al., 1985], and theyareabundant in the
intestine and liver [Tsunoda et al., 1999]. KT
has also been reported for CYP1A1 inhibition in
the intestine in some individuals [Paine et al.,
1999]. All these results revealed that the hepa-
totoxicity and intestinal toxicity induced by KT
may be due to inhibition ofmicrosomal enzymes
in human tissues.

Inhibition of CYP 3A4 Activity in an Effective
Concentration of KT Cannot Induced Apoptosis

in Human Cancer Cells

TheCYP3A4enzyme in culturedHepG2 cells
was nearly complete inhibited by KT in a con-
centration of 1 mM [Boxenbaum, 1999a; Parker
et al., 2000].However, in such a concentration of
KT (1 mM) cannot induce apoptosis in Hep G2
cells (Fig. 6C). Our previous studies demon-
strated that apoptosis and G0/G1 cell cycle
arrest were induced by KT in a concentrations
of more than 5 mM in different types of human
cancer cells including human hepatocellular
carcinoma (Hep G2 and Hep 3B), and colorectal
cancer (COLO 205 and HT 29) cells [Ho et al.,
1998; Chen et al., 2000]. CYP 3A4 was reported
involved in the biotransformation of TF [Ling
et al., 1995; Rodrigues et al., 1995], whereas the
TF does not have the same inhibitory potential
for cytochrome P-450 isozymes as KT [Back
et al., 1989]. Another study demonstrated
that KT strongly inhibited N-desmethyladina-
zolam demethylation (IC 50¼ 0.14 mM) studied
with human liver microsomes using substrate
concentration in a range of 10–1,000 mM
[Venkatakrishnan et al., 1998].The inhibition
constants (Ki) of KT for the desalkyl and
hydroxy pathway of TF metabolism were aver-
aged of 0.024 and 0.237 mM, respectively [von

Moltke et al., 1994].These results indicated that
1.0 mMofKT could inhibit the intracellular CYP
3A4 activity in a significant level. However, our
results demonstrated that inhibition of CYP
3A4 enzyme activity by KT in an effective
concentration (1.0 mM) was not induced apopto-
sis inhumanHepG2cells (Figs. 6Cand7A).Our
results revealed that KT-induced apoptosis was
only observed in a concentration of more than
5 mM (Fig. 2A) and the apoptosis signaling
pathway has been demonstrated to be asso-
ciated with the p53-signaling pathway in our
recent study [Ho et al., 1998; Chen et al., 2000].

Inhibition of CYP 3A4 Decreased the
Biotransformation of TF and Increased Exposure

of TF in Cultured Hep G2 Cells

As shown in the Figure 6, combine treatment
of KT (1.0 mM) with TF (2.5 mM) significantly
induced apoptosis in Hep G2 cells. However,
this apoptotic effect induced by TF was com-
pletely attenuated when TF was pretreated
with recombinantCYP3A4.Our data suggested
that inhibition of intracellular CYP 3A4 by KT
in Hep G2 cells decreased the biotransforma-
tion of TF in cultured medium, such results
may eventually increased and prolonged the TF
exposure. A previous study used a mathemati-
calmodel, basedon the invitroKi values and the
usual clinical range of plasma KT concentra-
tions (1–5 mg/ml; 1.88–0.94 mM), predicted that
plasmaTF levels during coadministration ofKT
would increase by a factor ranging from 13- to
59-fold relative to the same dose of TF given
without KT. Actual plasma TF levels during
TF–KT coadministration in a clinical pharma-
cokinetic study were close to those predicted
by the model [von Moltke et al., 1994]. These
plasma levelswereassociatedwithprolongation
of the corrected QT interval, thereby explain-
ing the potentially life-threatening ventricular
arrhythmias reportedly associatedwithTF–KT
cotherapy [von Moltke et al., 1996].

Implications of the Drug–Drug Interaction
of KT and TF in Clinical Therapeutic Purpose

TF was reported by Brandon et al. (1980),
appears to be the first antihistamine do not
block cholinergic or central H1 receptors and
thus do not produce the side effects, such as
sedation, impaired psychomotor performance,
and excessive mucosal drying [Brandon and
Weiner, 1980]. Recently, the adverse effects of
TF were illustrated in several studies including
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cardiotoxic and excitotoxic responses [Liu et al.,
1997; Diaz-Trelles et al., 1999; Lu and Wang,
1999]. Several additional studies demonstrated
that clinical adverse interactions of TF with
azole antifungals agent (KT) may be related to
inhibition of TF biotransformation [Jurima-
Romet et al., 1994; Rodrigues et al., 1995; Hey
et al., 1996a]. The mechanisms were now been
investigated that simultaneously administra-
tion of KT and TF may predicted a potentially
hazardous impairment of TF clearance by KT
[Haaz et al., 1998; Baune et al., 1999; Boxen-
baum, 1999b; Herman et al., 1999]. For exam-
ple, humanTFhepatic extraction goes from95%
in the absence of a competitive inhibitor to 35%
in the presence of KT (200 mg oral intake every
12hdosed to steady-state) [Boxenbaum,1999a].
Clinical patients coadministration ofKTandTF
induced a polymorphic ventricular tachycardia
that is associated with prolongation of the QT
interval [Monahan et al., 1990]. The cardiotoxic
effects were demonstrated in TF–KT cotherapy
in animal experimental model [Hey et al.,
1996a,b; Roberts and Llenas, 1996]. Although
some adverse effects was observed by TF–KT
cotherapy in patients, the molecular mechan-
isms of the drug–drug interactions involved in
these adverse effects were not clearly investi-
gated. Our results provide the molecular basis
of TF–KT interactions in vitro and such results
required further investigations in animal
experiment.

ACKNOWLEDGMENTS

This study was supported by the National
Science Council grant NSC 90-2320-B-038-033,
and NAC 90-2320-B-006-086.

REFERENCES

BackDJ, Stevenson P, Tjia JF. 1989. Comparative effects of
two antimycotic agents, ketoconazole and terbinafine on
the metabolism of tolbutamide, ethinyloestradiol, cyclo-
sporin, and ethoxycoumarin by human liver microsomes
in vitro. Br J Clin Pharmacol 28:166–170.

Baldwin SJ, Bloomer JC, Smith GJ, Ayrton AD, Clarke SE,
Chenery RJ. 1995. Ketoconazole and sulphaphenazole as
the respective selective inhibitors of P4503A and 2C9.
Xenobiotica 25:261–270.

Bates S, Vousden KH. 1996. p53 in signaling checkpoint
arrest or apoptosis. Curr Opin Genet Dev 6:12–18.

Baune B, Flinois JP, Furlan V, Gimenez F, Taburet AM,
Becquemont L, Farinotti R. 1999. Halofantrine metabo-
lism in microsomes in man: Major role of CYP 3A4 and
CYP 3A5. J Pharm Pharmacol 51:419–426.

Benson GD, Anderson PK, Combes B, Ishak KG. 1988.
Prolonged jaundice following ketoconazole-induced hepa-
tic injury. Dig Dis Sci 33:240–246.

Bisschop MP, Merkus JM, Scheygrond H, Van Cutsem J,
van de Kuy A. 1979. Treatment of vaginal candidiasis
with ketoconazole, a new, orally active, antimycotic. Eur
J Obstet Gynecol Reprod Biol 9:253–259.

Boxenbaum H. 1999a. Cytochrome P450 3A4 in vivo
ketoconazole competitive inhibition: Determination of
Ki and dangers associated with high clearance drugs in
general. J Pharm Pharma Sci 2:47–52.

Boxenbaum H. 1999b. Human in vivo competitive inhibi-
tion of P450 substrates: Increased plasma concentrations
as a function of hepatic extraction ratio and percent
inhibition. J Pharm Pharma Sci 2:89–91.

Brandon ML, Weiner M. 1980. Clinical investigation of
terfenadine, a non-sedating antihistamine. Ann Allergy
44:71–75.

Bressac B, Galvin KM, Liang TJ, Isselbacher KJ, Wands
JR, Ozturk M. 1990. Abnormal structure and expression
of p53 gene in human hepatocellular carcinoma. Proc
Natl Acad Sci USA 87:1973–1977.

Chen RJ, Lee WS, Liang YC, Lin JK, Wang YJ, Lin CH,
Hsieh JY, Chaing CC, Ho YS. 2000. Ketoconazole induces
G0/G1 arrest in human colorectal and hepatocellular
carcinoma cell lines. Toxicol Appl Pharmacol 169:132–
141.

Darlington GJ, Kelly JH, Buffone GJ. 1987. Growth and
hepatospecific gene expression of human hepatoma cells
in a defined medium. In Vitro Cell Dev Biol 23:349–354.

Diaz-Trelles R, Solana-Lopez A, Fernandez-Gonzalez JR,
Novelli A, Fernandez-Sanchez MT. 1999. Terfenadine
induces toxicity in cultured cerebellar neurons: A role for
glutamate receptors. Amino Acids 16:59–70.

Diaz-Trelles R, Novelli A, Vega JA, Marini A, Fernandez-
Sanchez MT. 2000. Antihistamine terfenadine potenti-
ates NMDA receptor-mediated calcium influx, oxygen
radical formation, and neuronal death. Brain Res 880:
17–27.

el-Deiry WS, Harper JW, O’Connor PM, Velculescu VE,
Canman CE, Jackman J, Pietenpol JA, Burrell M,
Hill DE, Wang Y, et al. 1994. WAF1/CIP1 is induced in
p53-mediated G1 arrest and apoptosis. Cancer Res 54:
1169–1174.

Fleishaker JC, Pearson PG, Wienkers LC, Pearson LK,
Peters GR. 1996. Biotransformation of tirilazad in
human: 2. Effect of ketoconazole on tirilazad clearance
and oral bioavailability. J Pharmacol Exp Ther 277:991–
998.

Floren LC, Bekersky I, Benet LZ, Mekki Q, Dressler D,
Lee JW, Roberts JP, Hebert MF. 1997. Tacrolimus oral
bioavailability doubles with coadministration of ketoco-
nazole. Clin Pharmacol Ther 62:41–49.

Gibbs MA, Baillie MT, Shen DD, Kunze KL, Thummel KE.
2000. Persistent inhibition of CYP3A4 by ketoconazole in
modified Caco-2 cells. Pharm Res 17:299–305.

Greenblatt MS, Bennett WP, Hollstein M, Harris CC. 1994.
Mutations in the p53 tumor suppressor gene: Clues to
cancer etiology and molecular pathogenesis. Cancer Res
54:4855–4878.

Grigoryev DN, Long BJ, Nnane IP, Njar VC, Liu Y, Brodie
AM. 1999. Effects of new 17alpha-hydroxylase/C(17,20)-
lyase inhibitors on LNCaP prostate cancer cell growth
in vitro and in vivo. Br J Cancer 81:622–630.

Ketoconazole Potentiated Terfenadine-Induced Apoptosis in Hep G2 Cells 157



Gupta A, Sexton RC, Rudney H. 1986. Modulation of
regulatory oxysterol formation and low density lipopro-
tein suppression of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase activity by ketoconazole.
A role for cytochrome P-450 in the regulation of HMG-
CoA reductase in rat intestinal epithelial cells. J Biol
Chem 261:8348–8356.

Haaz MC, Rivory L, Riche C, Vernillet L, Robert J. 1998.
Metabolism of irinotecan (CPT-11) by human hepatic
microsomes: Participation of cytochrome P-450 3A and
drug interactions. Cancer Res 58:468–472.

HermanBD, Fleishaker JC, BrownMT. 1999. Ketoconazole
inhibits the clearance of the enantiomers of the anti-
depressant reboxetine in humans. Clin Pharmacol Ther
66:374–379.

Hey JA, del Prado M, Kreutner W, Egan RW. 1996a.
Cardiotoxic and drug interaction profile of the second
generation antihistamines ebastine and terfenadine in
an experimental animal model of torsade de pointes.
Arzneimittelforschung 46:159–163.

Hey JA, del Prado M, Sherwood J, Kreutner W, Egan RW.
1996b. The guinea pig model for assessing cardiotoxic
proclivities of second generation antihistamines. Arznei-
mittelforschung 46:834–837.

Ho YS, Wang YJ, Lin JK. 1996. Induction of p53 and p21/
WAF1/CIP1 expression by nitric oxide and their associa-
tion with apoptosis in human cancer cells. Mol Carcinog
16:20–31.

Ho YS, Lee HM, Mou TC, Wang YJ, Lin JK. 1997.
Suppression of nitric oxide-induced apoptosis by N-
acetyl-L-cysteine through modulation of glutathione,
bcl-2, and bax protein levels. Mol Carcinog 19:101–113.

Ho YS, Tsai PW, Yu CF, Liu HL, Chen RJ, Lin JK. 1998.
Ketoconazole-induced apoptosis through P53-dependent
pathway in human colorectal and hepatocellular carci-
noma cell lines. Toxicol Appl Pharmacol 153:39–47.

Ho YS, LeeHM, Chang CR, Lin JK. 1999a. Induction of Bax
protein and degradation of lamin A during p53-depen-
dent apoptosis induced by chemotherapeutic agents in
human cancer cell lines. Biochem Pharmacol 57:143–
154.

Ho YS, Liu HL, Duh JS, Chen RJ, Ho WL, Jeng JH,
Wang YJ, Lin JK. 1999b. Induction of apoptosis by
S-nitrosoglutathione and Cu2þ or Ni2þ ion through
modulation of bax, bad, and bcl-2 proteins in human
colon adenocarcinoma cells. Mol Carcinog 26:201–211.

Ho YS, Duh JS, Jeng JH, Wang YJ, Liang YC, Lin CH,
Tseng CJ, Yu CF, Chen RJ, Lin JK. 2001. Griseofulvin
potentiates antitumorigenesis effects of nocodazole
through induction of apoptosis and G2/M cell cycle
arrest in human colorectal cancer cells. Int J Cancer
91:393–401.

Holen E, Elsayed S, Nyfors A. 1995. The effect of H1
receptor antagonists on peripheral blood mononuclear
cells, adenoid cells, and primary cell lines. Apmis 103:
98–106.

JiangMC, Yang-YenHF, Lin JK, Yen JJ. 1996. Differential
regulation of p53, c-Myc, Bcl-2, and Bax protein expres-
sion during apoptosis induced bywidely divergent stimuli
in human hepatoblastoma cells. Oncogene 13: 609–616.

Jurima-Romet M, Crawford K, Cyr T, Inaba T. 1994.
Terfenadine metabolism in human liver. In vitro inhibi-
tion by macrolide antibiotics and azole antifungals. Drug
Metab Dispos 22:849–857.

Kaliner MA, Check WA. 1988. Non-sedating antihista-
mines. Allergy Proc 9:649–663.

Khoo SM, Porter JH, Edwards GA, Charman WN. 1998.
Metabolism of halofantrine to its equipotent metabolite,
desbutylhalofantrine, is decreased when orally adminis-
tered with ketoconazole. J Pharm Sci 87:1538–1541.

King KL, Cidlowski JA. 1995. Cell cycle and apoptosis:
Common pathways to life and death. J Cell Biochem 58:
175–180.

Kitada S, Krajewski S, Miyashita T, Krajewska M, Reed
JC. 1996. Gamma-radiation induces upregulation of Bax
protein and apoptosis in radiosensitive cells in vivo.
Oncogene 12:187–192.

Knowles BB, Howe CC, Aden DP. 1980. Human hepatocel-
lular carcinoma cell lines secrete the major plasma
proteins and hepatitis B surface antigen. Science 209:
497–499.

Kobayashi K, Mimura N, Fujii H, Minami H, Sasaki Y,
Shimada N, Chiba K. 2000. Role of human cytochrome
P450 3A4 inmetabolism of medroxyprogesterone acetate.
Clin Cancer Res 6:3297–3303.

Lake-Bakaar G, Scheuer PJ, Sherlock S. 1987. Hepatic
reactions associated with ketoconazole in the United
Kingdom. Br Med J Clin Res Ed 294:419–422.

Lewis JH, Zimmerman HJ, Benson GD, Ishak KG. 1984.
Hepatic injury associated with ketoconazole therapy.
Analysis of 33 cases. Gastroenterology 86:503–513.

Ling KH, Leeson GA, Burmaster SD, Hook RH, Reith MK,
Cheng LK. 1995. Metabolism of terfenadine associated
with CYP3A(4) activity in human hepatic microsomes.
Drug Metab Dispos 23:631–636.

Liu S, Melchert RB, Kennedy RH. 1997. Inhibition of L-
type Ca2þ Channel current in rat ventricular myocytes
by terfenadine. Circ Res 81:202–210.

Lu Y,Wang Z. 1999. Terfenadine block of sodium current in
canine atrial myocytes. J Cardiovasc Pharmacol 33:507–
513.

Meredith CG, Maldonado AL, Speeg KV. 1985. The effect of
ketoconazole on hepatic oxidative drugmetabolism in the
rat in vivo and in vitro. Drug Metab Dispos 13:156–162.

Miyashita T, Reed JC. 1995. Tumor suppressor p53 is a
direct transcriptional activator of the human bax gene.
Cell 80:293–299.

Miyashita T, Krajewski S, Krajewska M, Wang HG,
Lin HK, Liebermann DA, Hoffman B, Reed JC. 1994.
Tumor suppressor p53 is a regulator of bcl-2 and bax
gene expression in vitro and in vivo. Oncogene 9:1799–
1805.

Monahan BP, Ferguson CL, Killeavy ES, Lloyd BK, Troy J,
Cantilena LR, Jr. 1990. Torsades de pointes occurring in
association with terfenadine use. JAMA 264:2788–2790.

Mosca P, Bonazzi P, Novelli G, Jezequel AM, Orlandi F.
1985. In vivo and in vitro inhibition of hepatic micro-
somal drug metabolism by ketoconazole. Br J Exp Pathol
66:737–742.

Nakajima M, Nakamura S, Tokudome S, Shimada N,
Yamazaki H, Yokoi T. 1999. Azelastine N-demethylation
by cytochrome P-450 (CYP)3A4, CYP2D6, and CYP1A2
in human liver microsomes: evaluation of approach to
predict the contribution of multiple CYPs. Drug Metab
Dispos 27:1381–1391.

Nakamura K, Yokoi T, Inoue K, Shimada N, Ohashi N,
Kume T, Kamataki T. 1996. CYP2D6 is the principal
cytochrome P450 responsible for metabolism of the

158 Wang et al.



histamine H1 antagonist promethazine in human liver
microsomes. Pharmacogenetics 6:449–457.

Nakamura K, Yokoi T, Kodama T, Inoue K, Nagashima K,
Shimada N, Shimizu T, Kamataki T. 1998. Oxidation of
histamine H1 antagonist mequitazine is catalyzed by
cytochrome P450 2D6 in human liver microsomes.
J Pharmacol Exp Ther 284:437–442.

Newton DJ, Wang RW, Lu AY. 1995. Cytochrome P450
inhibitors. Evaluation of specificities in the in vitrome-
tabolism of therapeutic agents by human liver micro-
somes. Drug Metab Dispos 23:154–158.

Niewolik D, Vojtesek B, Kovarik J. 1995. p53 derived from
human tumor cell lines and containing distinct point
mutations can be activated to bind its consensus target
sequence. Oncogene 10:881–890.

Nnane IP, Kato K, Liu Y, Lu Q, Wang X, Ling YZ, Brodie A.
1998. Effects of some novel inhibitors of C17,20-lyase,
and 5alpha-reductase in vitro and in vivo and their
potential role in the treatment of prostate cancer. Cancer
Res 58:3826–3832.

Paine MF, Schmiedlin-Ren P, Watkins PB. 1999. Cyto-
chrome P-450 1A1 expression in human small bowel:
Interindividual variation and inhibition by ketoconazole.
Drug Metab Dispos 27:360–364.

Parker RS, Sontag TJ, Swanson JE. 2000. Cytochrome
P4503A-dependent metabolism of tocopherols and inhibi-
tion by sesamin. Biochem Biophys Res Commun 277:
531–534.

Rafferty P, Holgate ST. 1987. Terfenadine (Seldane) is a
potent and selective histamine H1 receptor antagonist in
asthmatic airways. Am Rev Respir Dis 135:181–184.

Roberts DJ, Llenas J. 1996. Some observations on the
cardiotoxic and drug interaction profiles of second
generation antihistamines as measured in the guinea
pig. Arzneimittelforschung 46:832–833.

Rodrigues AD, Mulford DJ, Lee RD, Surber BW, Kukulka
MJ, Ferrero JL, Thomas SB, Shet MS, Estabrook RW.
1995. In vitro metabolism of terfenadine by a purified
recombinant fusion protein containing cytochrome
P4503A4 and NADPH-P450 reductase. Comparison to

human liver microsomes and precision-cut liver tissue
slices. Drug Metab Dispos 23:765–775.

Semple TU, Quinn LA, Woods LK, Moore GE. 1978. Tumor
and lymphoid cell lines from a patient with carcinoma of
the colon for a cytotoxicity model. Cancer Res 38:1345–
1355.

Tewari M, Quan LT, O’Rourke K, Desnoyers S, Zeng Z,
Beidler DR, Poirier GG, Salvesen GS, Dixit VM. 1995.
Yama/CPP32 beta, a mammalian homolog of CED-3, is a
CrmA-inhibitable protease that cleaves the death sub-
strate poly(ADP-ribose) polymerase. Cell 81:801–809.

Trachtenberg J, Pont A. 1984. Ketoconazole therapy for
advanced prostate cancer. Lancet 2:433–435.

Tsunoda SM, Velez RL, von Moltke LL, Greenblatt DJ.
1999. Differentiation of intestinal and hepatic cyto-
chrome P450 3A activity with use of midazolam as an
in vivo probe: Effect of ketoconazole. Clin Pharmacol
Ther 66:461–471.

Venkatakrishnan K, von Moltke LL, Duan SX, Fleishaker
JC, Shader RI, Greenblatt DJ. 1998. Kinetic character-
ization and identification of the enzymes responsible for
the hepatic biotransformation of adinazolam and N-
desmethyladinazolam in man. J Pharm Pharmacol 50:
265–274.

von Moltke LL, Greenblatt DJ, Duan SX, Harmatz JS,
Shader RI. 1994. In vitro prediction of the terfenadine–
ketoconazole pharmacokinetic interaction. J Clin Phar-
macol 34:1222–1227.

von Moltke LL, Greenblatt DJ, Duan SX, Harmatz JS,
Wright CE, Shader RI. 1996. Inhibition of terfenadine
metabolism in vitro by azole antifungal agents and by
selective serotonin reuptake inhibitor antidepressants:
Relation to pharmacokinetic interactions in vivo. J Clin
Psychopharmacol 16:104–112.

Williams G. 1984. Ketoconazole for prostate cancer
[Letter]. Lancet 2:696.

Yasuda SU,Wellstein A, Likhari P, Barbey JT,Woosley RL.
1995. Chlorpheniramine plasma concentration and his-
tamine H1-receptor occupancy. Clin Pharmacol Ther
58:210–220.

Ketoconazole Potentiated Terfenadine-Induced Apoptosis in Hep G2 Cells 159


