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Cytotoxicity of ketoconazole in malignant cell lines*
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Summary. The cytotoxic effects of ketoconazole, an anti-
fungal agent known to have some activity against human
prostate cancer, adrenal cancer, and male metastatic
breast cancer, were evaluated using colony-growth and
clonogenic assays in eight malignant cell lines. The cyto-
toxicity of ketoconazole showed a dose- and time-depen-
dent pattern, with the following concentrations inhibiting
90% of the growing colonies (1Cqy): MCF 7 (human breast
cancer) 7.25 ug/ml, T 47 D (human breast cancer) 9.0 ug/
ml, MiaPaCa (human pancreatic carcinoma) 10.0 ng/ml,
COLO 357 (human pancreatic carcinoma), 9.5 ug/ml,
HCT 8 (human colonic adenocarcinoma) 27.1 pg/ml, DU
145 (human prostatic cancer) 40.0 ug/ml, AR 42 J (rat
pancreatic carcinoma) 9.0 ug/ml, and L1210 (murine leu-
kemia) 8.6 pg/ml. Since a concentration of 10 ug/ml can
be achieved in humans, the use of ketoconazole in human
malignancies might be worthy of clinical evaluation.

Introduction

Ketoconazole is an orally active broad-spectrum antifun-
gal drug [18] especially active in patients with histoplasmo-
sis and nonmeningeal cryptococcosis [8]. At very low con-
centrations, it inhibits the cytochrome P-450-dependent
conversion of lanosterol into ergosterol in fungi, and this
is probably its mechanism of action in these organisms
[23]. In mammalian cells, ketoconazole has been shown to
bind directly to the cytochrome P-450 component of the
monooxygenase system, inhibiting steroid hydroxylation
in adrenal and gonadal tissue [21]. Gynecomastia has been
reported in a few patients treated with high-dose ketocona-
zole [7], and further investigations have confirmed that
short-term administration of ketoconazole provokes a
dose-dependent, but transient, block in the production of
testosterone [6, 13, 17, 19, 20] and a sharply diminished
cortisol response to corticotropin [13]. This has prompted
the experimental use of high-dose ketoconazole as an al-
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ternative to orchidectomy or estrogen administration in
patients with prostate carcinoma [3, 22, 25]. Furthermore,
there have been single case reports on the use of ketocona-
zole in patients with metastatic adrenal carcinoma [4] and
male metastatic breast cancer [9]. To evaluate the potential
role of ketoconazole in the treatment of other malignan-
cies, we determined its in vitro cytotoxicity in eight malig-
nant cell lines.

Materials and methods

Cell lines. The following cell lines were used: human breast
carcinomas MCF 7 and T47 D, human pancreatic adeno-
carcinomas MiaPaCa and COLO 357, human colon ade-
nocarcinoma HCT 8, human prostate carcinoma DU 145,
rat pancreatic carcinoma Ar 42 J, and murine leukemia
L1210. The L1210 cells were maintained as a stationary
suspension and transferred twice weekly; the other cell
lines were maintained as continuously growing monolayer
cells and transferred weekly as described in detail else-
where [5]. The doubling times under our conditions were
as follows: MCF 7 cells, 28 h; T 47 D cells, 26 h; MiaPaCa
cells, 21 h; COLO 357 cells, 36 h; HCT 8 cells, 12.5h;
DU 145 cells, 29 h; AR 42 J cells, 30 h; and L1210 cells,
12 h.

Drug exposure. Ketoconazole (Nizorale) was obtained
from Janssen Pharmaceutic, New Jersey, as a powder. A
stock solution was prepared by diluting ketoconazole to a
final concentration of 1000 pg/ml in RPMI-1640 acidified
with HCI to 0.1 N. For each cell line exposed to ketocona-
zole, control experiments were also performed using both
untreated cells as well as cells exposed to the acidified
ketoconazole diluent alone.

Clonogenic assay. Ketoconazole was added to 10 ml ali-
quots of L1210 cells growing logarithmically at 30000
cells/ml. Final ketoconazole concentrations ranged from 1
to 50 pg/ml. After 24 h of drug exposure (~2 doubling
times), the cytotoxicity of the different concentrations was
determined by cloning the cells in soft agar by a modifica-
tion of techniques described previously [5]. Two milliliters
of RPMI containing 15% heat-inactivated horse serum and
50 L1210 cells were transferred into 15-ml sterile plastic
culture tubes to which 3 ml medium containing 10% noble
agar were added. As the agar solidified, the L1210 cells re-
mained individually suspended. Each viable cell divided
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Fig. 1. Cytotoxicity of ketoconazole. Dose-response curves of 8 malignant cell lines. The percentage survival was observed in clonogenic
assays and colony-growth inhibition experiments as described in Materials and methods. Each data point is bracketed by the standard
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to produce a visible colony (clone) after 10 days of incuba-
tion. The percent observed survival for each condition was
calculated as [no. of colonies in each experimental condi-
tion/no. of colonies of control) X 100]. All experiments
were performed in triplicate and repeated three times. The
mean cloning efficiency of control cells was 81.1%.

Colony growth inhibition. A colony-growth inhibition assay
of the monolayer cell lines was performed using a modifi-
cation of the technique described in detail elsewhere [5].
For HCT 8 and MiaPaCa cells, 2 x 10* cells were seeded
per sterile plastic 25 cm? culture flask with 10 ml of medi-
um. For the other monolayer cell lines, 5x 10* cells were
seeded per flask. Twenty-four hours after seeding, cells
were exposed to various concentrations of ketoconazole
for a total of 72 h (~ 2 doubling times for most of the mono-
layer cell lines). Upon completion of exposure, the medi-
um was aspirated off and the cells were washed twice with
sterile PBS and reincubated until control cells were ap-
proximately 80% confluent (1—4 days after completion of
drug exposure). The cells were stained and counted on a
Biotran II counter as described in detail elsewhere [5]. The
percent observed survival was calculated in the same way
as described for the clonogenic assays above. Each data
point represents three experiments done in triplicate.

Results

Figure 1 shows the results of the colony-growth inhibition
experiments and clonogenic assays performed in the eight
malignant cell lines. The colony growth of all cell lines was
inhibited in a dose-dependent manner by ketoconazole.
No growth inhibition of any cells treated with the acidified
ketoconazole diluent alone was observed. The dose-re-
sponse curves for the COLO 357, MCF 7, L1210, MiaPa-
Ca, T 47 D, and AR 42 J cells were all very similar, the
respective 1Cyys being between 7.25 and 10.0 ug/ml. How-
ever, HCT 8 and DU 145 cells were less sensitive to keto-
conazole, with ICys of >25ug/ml. To evaluate the de-
pendence of the growth inhibition on the length of dura-
tion of ketoconazole exposure, we did colony-growth inhi-
bition experiments in MiaPaCa cells using different con-
centrations (5, 10, and 50 pg/ml) as well as different expo-
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Fig. 2. Influence of exposure time on cytotoxicity at different con-
centrations of ketoconazole in MiaPaCa cells. Survival in percent
observed in colony-growth inhibition experiments. Each data
point is bracketed by the standard deviation
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sure times (5, 9, 24, and 72 h). Figure 2 shows that for each
concentration of ketoconazole, the survival of cells de-
creased as the exposure time increased. Prolonged expo-
sure to low doses of ketoconazole (5 ug/ml), however, did
not substantially increase cytotoxicity in MiaPaCa cells.

Discussion

Ketoconazole is an active agent against different malig-
nant cell lines in vitro. Six of eight cell lines studied
showed ICy, =<10.0 pg/ml, a concentration that can be
achieved in humans in vivo. Van Tyle [24] reported peak
serum levels of 3.6 ug/ml and 6.5 pg/ml after administra-
tion of single doses of 200 mg and 400 mg ketoconazole,
respectively, to humans. Pont et al. [12] demonstrated
mean ketoconazole concentrations of 14.5 ug/ml in five
male volunteers 1 h after single doses of 600 mg. Heyns et
al. [10] treated 9 patients with prostate carcinoma with high
doses of ketoconazole (400 mg every 8 h) and detected se-
rum levels of 2.0-9.1 pg/ml (means of 12 measurements
recorded during 1 year of continuous treatment). Cell lines
derived from the same tissue had similar ICy, values (hu-
man breast cancer cell lines MCF 7 and T 47 D: 7.3 and
9.0 pg/ml, respectively; human pancreatic cell lines Mia-
PaCa and COLO 357 10.0 and 9.5 p/ml, respectively).
Two of the eight cell lines tested (human colon carcinoma
cell line HCT 8 and human prostate cancer cell line DU
145), however, were three to four times more resistant to
the cytotoxic effects of ketoconazole. This insensitivity
might be of clinical importance since we showed that pro-
longed exposure to low doses of ketoconazole in MiaPaCa
cells results in only a marginal increase in cytotoxicity.
Whether a more prolonged exposure to comparable con-
centrations of ketoconazole in humans is more cytotoxic
to malignant cells cannot be deduced from these studies.

Two mechanisms of ketoconazole cytotoxicity have
been proposed. The first is that ketoconazole inhibition of
steroid synthesis results in the death of tumor cells depen-
dent on specific steroids for growth in whole animals [23].
In humans, Trachtenberg [22] was the first to report antitu-
mor effects of ketoconazole (400 mg every 8 h) in the treat-
ment of advanced prostate cancer. Since then, other inves-
tigators have shown responses of prostate cancer [3, 23],
male metastatic breast cancer [9], and metastatic adrenal
carcinoma [4] to ketoconazole. Although the mechanism of
action of ketoconazole in those patients remains to be elu-
cidated, all treated patients suffered from hormone-depen-
dent malignancies, and the clinical responses were inter-
preted as secondary to a decrease in androgen levels by all
authors.

Heyns et al. [10], however, saw a clinical response to
therapy in patients with prostate carcinoma that seemed to
be better than would be expected from the measured de-
crease in serum testosterone levels; this suggests the pos-
sibility that ketoconazole may act on prostate cancer cells
by more than one mechanism.

The second mechanism proposed is cytotoxicity re-
sulting from ketoconazole-induced abnormal cell mem-
brane permeability. In yeast, ketoconazole has been shown
to block the conversion of lanosterol to ergosterol by inhi-
biting C-14-demethylation [23], thus leading to increased
permeability of cell membranes [1, 23]. The cytochrome P-
450-dependent C-14-demethylation of lanosterol to ergos-
terol in rat liver cells was similarly inhibited, although at
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much higher doses. These findings were confirmed by
studies on human lymphocytes in vitro [2], where ketoco-
nazole inhibited cholesterol synthesis at doses of less than
10 ug/ml. Kraemer et al. [11] found a 27% decrease in cho-
lesterol serum levels and a 46% increase in lanosterol se-
rum levels in seven men with advanced prostate cancer
treated with high-dose ketoconazole (3 x 400 mg/day).
They also found an inhibition of cholesterol synthesis in
cultured normal human fibroblasts. Ketoconazole also in-
hibits several other cytochrome P-450-dependent enzymes,
thus blocking adrenal and testicular steroidogenesis [10,
13-16, 23, 24].

In our experiments, the growth of malignant cells was
dependent on fixed extracellular steroids, including cho-
lesterol, present in serum-enriched growth medium. This
suggests that there must have been other mechanisms of
action than the decrease in extracellular steroid supply
whereby ketoconazole resulted in growth inhibition and
cytotoxicity. The influence of ketoconazole on membrane
lipid composition and permeability [1, 23], however, may
be responsible for the observed cytotoxicity in the cell
lines we examined, at least in part.

It is remarkable that in lymphocytes no inhibition of
cell growth was seen at 10 pg/ml [2], a concentration
which inhibited 90% or more of the cell growth in six of
eight cell lines and at least marginally reduced the growth
of the two remaining cell lines (DU145, HCTS). Selective
toxicity of ketoconazole against malignant rather than nor-
mal cells might prove to be of benefit in humans. Further
studies need to be performed to evaluate the exact mech-
anisms of action and the potential role of ketoconazole in
the treatment of malignancies.
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