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Abstract The peritoneal surface remains an important
failure site for patients with colorectal cancer. We have
recently shown that albendazole (ABZ), a safe and
effective anthelmintic drug, has profound antitumor
activity in hepatocellular cancer. Furthermore, alben-
dazole also possesses unique physiochemical and phar-
macokinetic properties probably making it a potential
drug for use in the regional treatment of peritoneal
carcinomatosis (PC). The current study was therefore
designed to investigate this concept under both in vitro
and in vivo conditions using human colorectal cancer
cells HT-29. In cell culture, studies were conducted to
investigate the effect of ABZ and its major metabolites,
albendazole sulfoxide (ABZ-SO) and albendazole sul-
fone (ABZ-SO2) on the growth of human colorectal cell
line HT-29. We also investigated the effects of ABZ on
the cell cycle and the possible induction of apoptosis in
these cells. Male nude mice inoculated intraperitoneally
(i.p.) with HT-29 cells were treated with various sched-
ules of ABZ given i.p. or orally for 6 weeks. Response
was evaluated as the number of peritoneal tumor nod-
ules present in animals at the end of the treatment per-
iod. In vitro, ABZ treatment of cells for 5 days led to
profound inhibition of growth. 3H-Thymidine assay and
trypan blue viable cell counts confirmed the dose- and
time-dependency of the ABZ effect, while recovery
experiments revealed the reversible nature of this inhi-
bition. ABZ-SO and ABZ-SO2 were also evaluated in
cell culture studies and compared with the parent drug.
In HT-29 cells, the IC50 values were calculated to be
0.12 lM for ABZ and 2.35 lM for ABZ-SO. The other
metabolite, ABZ-SO2, was completely inactive. Studies
on the mechanism of ABZ action, revealed arrest of HT-

29 cells at the G2/M phase of the cell cycle, while
TUNEL, DNA laddering and caspase-3 activity all
confirmed ABZ induced apoptosis. In nude mice with
peritoneal HT-29 xenografts, ABZ profoundly inhibited
peritoneal tumor growth. While alternate i.p. dosing
(ABZ, 150 mg/kg) led to the highest degree of tumor
growth suppression (P<0.001), schedules such as once-
weekly dosing and even a single dose for the entire
course of treatment (6 weeks) were also effective in
reducing peritoneal tumor growth. However, no such
activity was observed when ABZ was administered or-
ally. This study shows for the first time the potent effect
of regionally administered ABZ in suppressing the
growth of peritoneal tumors of human colorectal origin.
The effect is thought to be brought about by arresting
tumor cells at the G2/M phase of the cycle and apop-
tosis. These findings provide evidence for potential value
of ABZ in the treatment of regional PC arising from
colorectal cell lines.
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Introduction

Colorectal carcinoma accounts for 10–20% of all can-
cers. The major anatomical sites for dissemination of
colorectal cancer include lymph nodes, liver, and peri-
toneal surfaces. Because of the dismal results of con-
ventional drugs, peritoneal carcinomatosis (PC) from
colon cancer represents an ideal target for the develop-
ment of new treatments [1, 2]. The use of systemic che-
motherapy has not been shown to be effective in the
management of PC, due to poor penetration of the
cytotoxic agents into the peritoneal cavity [3].

There has been long-standing interest in the local
delivery of drugs into the peritoneum, providing high
drug concentrations at the site of tumor for a longer
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period of time leading to higher efficacy and lower tox-
icity [4]. However, most cytotoxic agents currently em-
ployed in the treatment of PC, are well absorbed from
the peritoneum leading to rapid decline of drug con-
centrations in the peritoneum on the one hand and the
presence of the drug in the systemic circulation and
toxicity on the other. Therefore to achieve therapeutic
goals in this setting, an antiproliferative agent that is
retained within the abdominal cavity at a sufficiently
high concentration for a long period of time is needed.
In pursuit of this target, we have been studying the
benzimidazole carbamate (BZ) group of compounds in
general, and ABZ in particular, as potential drugs for
the treatment of PC. The major application of BZs
including ABZ to date has been the treatment of veter-
inary and human helminthiasis, in which they have
demonstrated remarkable efficacy and safety [5]. Our
interest in ABZ dates back to the 1980s when the drug
was tested for hydatid disease [6, 7].

The elucidation in recent years of the cellular effects
of these compounds and especially their binding to
tubulin in parasites rekindled our interest in BZs, only
this time these compounds were investigated as antitu-
mor agents. Through these studies, we were able to show
that in cell culture, ABZ is a highly potent inhibitor of
cancer cell proliferation. ABZ inhibits proliferation of a
wide variety of cancer cells including a range of hepa-
tocellular cancer cells [8], colorectal cells, ovarian cells,
pancreatic cells, and a variety of other malignant human
cell lines (unpublished data). We subsequently reported
a pilot study in which some patients with colorectal
cancer and liver metastases showed a decline or stabil-
ization of tumor markers (CEA) after treatment with
oral ABZ [9]. Recently other investigators have provided
exciting evidence on the antitumor activity of another
BZ anthelmintic drug, mebendazole, in lung cancer cells
both in vitro and in nude mice [10, 11].

In addition to the described antitumor effect, ABZ
has some important pharmacokinetic properties such
as limited aqueous solubility leading to slow absorp-
tion and also extensive first-pass metabolism leading
to non-detectable plasma concentrations [5, 12, 13]. It
was therefore hypothesized that these favorable phar-
macological features would make intraperitoneally
(i.p.) administered ABZ a potential agent for the re-
gional treatment of PC. Accordingly, the present study
was undertaken to investigate the antitumor efficacy of
i.p. administered ABZ, using human colorectal cancer
cells HT-29 in a nude mouse i.p. xenograft model of
PC.

Materials and methods

Chemicals

Metabolites of ABZ, albendazole sulfoxide (ABZ-SO)
and albendazole sulfone (ABZ-SO2), were kindly do-
nated by GSK (Australian subsidiary). ABZ and all

other agents, solvents or vehicles were obtained from
Sigma Chemicals (Australian subsidiary, Sydney). For
in vitro work and when used alone, ABZ was dissolved
in ethanol with a final cell culture ethanol concentration
of 1%. However, when used for comparative studies
alongside ABZ-SO and ABZ-SO2, all agents were dis-
solved in DMSO. This is because at the concentrations
required, the metabolites were not sufficiently soluble in
ethanol. For in vivo studies, ABZ was suspended in
0.5% carboxymethyl cellulose (CMC).

In vitro cell culture and proliferation assays

HT-29 used in this study was originally obtained from
the American Type Culture Collection and maintained
according to the supplier’s instructions.

Inhibition of cell proliferation 3H-Thymidine incorpo-
ration was used to study the effect of ABZ on cell pro-
liferation in vitro. Cells (2500 per well) plated in 24-well
Corning tissue culture dishes were treated with cell cul-
ture medium (RPMI plus 5% fetal calf serum) con-
taining various concentrations of ABZ (final
concentrations 0.01–10.0 lM). ABZ was originally
made up in absolute ethanol and subsequently diluted
with medium to give the desired drug concentrations
with a final ethanol concentration of 1%. Cells were
kept in an incubator at 37�C under a humidified atmo-
sphere containing 5% CO2. The treatment medium was
replaced on alternate days. At the end of the treatment
period (5 days), cells were assayed for thymidine incor-
poration by the addition of 0.5 lCi of 3H-thymidine to
each well for the last 4 h of culture. The amount of
radioactivity incorporated into the cells was determined
using a b-scintillation counter [14]. In all experiments,
controls for ABZ-treated cells were included, which
consisted of cells treated with the medium containing
1% ethanol. Counts were obtained from quadruplicate
wells and each experiment was repeated at least twice.
Results are presented as means ± SE of actual counts
per minute plotted against the concentration of drug
used.

Cell viability assay HT-29 cells seeded in six-well plates
were treated with various concentrations of ABZ (0.01–
1 lM) on alternate days for 1, 3 or 5 days. At the end of
the treatment period, viable cells present in each well of
the tissue culture plate were counted using the Trypan
blue exclusion method [15].

Recovery from inhibition This was conducted to find
out if the ABZ effect was reversible and if so how rapidly
cells would recover from the growth-inhibitory effect. To
do this, cells were initially treated with ABZ (0.01–
1 lM) once in the culture medium for 3 days. Following
this, the medium was replaced and cells were then
incubated with drug-free medium for the next 3 days. At
the end of treatment period, cell proliferation was
measured using the 3H-thymidine assay.
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Cell cycle kinetics

HT-29 cells (5·104) were treated with a single 1 lM dose
of ABZ for 24, 48 or 72 h. At the end of the treatment
period, cells were collected, washed twice with PBS and
treated with ribonuclease, Triton X-100 and propidium
iodide. The percentage of cells in the G1, S, and G2/M
phases of the cell cycle were determined using a FACScan
flow cytometer (Becton Dickinson, FACSort) and
Multifit cell cycle analysis software (Verity Software) [16].

Apoptosis

TUNEL (TdT-mediated dUTP-biotin nick end label-
ing), DNA laddering and caspase-3 activity were used to
check for the induction of apoptosis by ABZ in these
cells.

TUNEL which characterizes an important biochemical
feature of apoptosis, was used to detect apoptosis both
in cells treated in vitro with ABZ and also later in tu-
mors excised from nude mice treated with the drug. For
this, the TdT-FragEL DNA fragmentation detection kit
(Oncogene Research Products, Boston, Mass.) was em-
ployed. The kit was used according to the manufac-
turer’s instructions. In vitro, after treating HT-29 cells
with 1 lM ABZ for 5 days, cells were fixed using 4%
formalin and later treated with proteinase K and
endogenous peroxidases inactivated with 3% H2O2.
Then samples were incubated with TdT enzyme for 1.5 h
at 37�C and terminated with stop buffer. This was fol-
lowed by the streptavidin-biotin peroxidase method.
Apoptotic cells were visualized after diaminobenzidine
color development. The sections were counterstained
with 0.3% methyl green. A dark brown staining indi-
cated apoptosis. In vivo, peritoneal nodules were
embedded in paraffin blocks and 5.0-lm thick sections
were cut. After treatment with xylene and graded etha-
nol, samples were taken through the same procedure as
described above. At least 500 tumor cells were counted
for each sample and the apoptotic index (AI) was
determined as the percentage of apoptotic cells [17].

DNA fragmentation assay HT-29 cells were treated
with ABZ (1 lM) for 48 h. Both adherent and floating
cells were collected for DNA fragmentation analysis.
This was carried out according to the method described
by Herrmann et al. [18]. Briefly, 1–2 million cells were
lysed in lysis buffer (1% triton-X in 20 mM EDTA,
50 mM Tris-HCl, pH 7.5) and after centrifugation the
supernatant was extracted again with lysis buffer. Both
supernatant and pellet were treated with 1% SDS and
5 lg/ll RNase for 2 h at 56�C. This was followed by
further digestion with 5 lg/ll proteinase K for at least
2 h at 37�C. DNA was precipitated and dissolved in
Tris-acetate-EDTA. Samples were run on 1% agarose
gel and DNA ladders were documented by photography.

Caspase-3 activity Caspase-3 colorimetric assay kit
(Bioscientific, R&D Systems, Gymea, NSW, Australia)

was used according to the manufacturer’s instructions.
After treatment of cells with 1 lM ABZ for 8, 24 or
48 h, cells were harvested, centrifuged at 250 g for
10 min and the cell pellet lysed by the addition of the
lysis buffer. The cell lysate was incubated on ice for
10 min followed by centrifugation at 10,000 g for 5 min.
The supernatant was used to start the enzymatic reac-
tion in 96 well plates with each well containing 50 ll cell
lysate, 50 ll reaction buffer and 5 ll caspase-3 colori-
metric substrate (DEVD-pNA). After incubation of the
plate at 37�C for 2 h, the optical density was read at a
wavelength of 405 nm. Recombinant caspase-3 enzyme
was used as positive control and no cell lysate was used
as additional control [19].

In vivo antitumor activity

Male BALB/c nu/nu nude mice at 6 weeks of age pur-
chased form Biological Research Centre of the University
of New south Wales (Sydney, Australia) were kept under
specific-pathogen-free conditions with free access to
autoclaved foodandwater.Allmicewere injected i.p.with
one million HT-29 cells grown in RPMI 10% FCS. Drug
treatment was initiated 24 h after tumor cell inoculation.
Mice were randomized to one of five treatment groups
(n=10 per treatment). Except for one group which was
treated orally (0.1 ml/10 g bodyweight) on alternate days
for 6 weeks, all other groups were treated i.p. (1 ml per
injection). The dose administered was 150 mg/kg based
on pilot studies. The administered dose was given as: (a)
one single dose, (b) once-weekly dose, or (c) alternate-day
dose for 6 weeks. The 150 mg/kg three-times-weekly dose
was selected as the most active schedule administrable for
a prolonged period with no signs of toxicity. A control
group receiving 1 ml of the vehicle (0.5% CMC) i.p. on
alternate days was also included. At the end of the treat-
ment period (6 weeks), animals were killed, and perito-
neal and liver nodules were dissected out, counted and
preserved for further examination.

Statistical analysis

All statistical analyses were done using Statistical
Software version 3.0 (GraphPad Software, San Diego,
Calif.), with P values <0.05 considered to be statis-
tically significant. In vitro screening assays were tested
using Student’s paired t-test. Tumor-associated
parameters were tested for statistical significance using
Student’s t-test or the Mann-Whitney U-test (non-
parametric).

Results

Reversible inhibition of HT-29 cells by ABZ

In vitro alternate-day treatment of HT-29 cells at vari-
ous concentrations of ABZ led to dose-dependent
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inhibition of growth as measured by 3H-thymidine
incorporation. The inhibitory effect of ABZ was highly
significant (P=0.001) at the higher drug concentrations
(Fig. 1a). Proliferation of cells treated with 1 and
10.0 lM concentrations of ABZ were over 90% inhib-
ited. This shows the profound inhibitory effect of ABZ
on HT-29 cell proliferation. Treatment of cells with
medium containing various concentrations (0.01–
10.0 lM) of ABZ-SO or ABZ-SO2, revealed that while

ABZ-SO retains some of the parent antiproliferative
activity, the sulfone metabolite was totally inactive.
From these data, the IC50 value for ABZ-SO was cal-
culated to be 2.35 lM compared to that of 0.12 lM for
ABZ.

Similarly, in vitro treatment of HT-29 cells with
various concentrations of ABZ revealed that inhibition
of proliferation leading to a reduction in cell number
was both time- and concentration-dependent (Fig. 1b).
At the end of the treatment period, the 0.5 and 1 lM
concentrations of ABZ had led to a significant reduction
in the number of cells from the number originally seeded
(P=0.001). These data confirm the time and dose
dependency of the ABZ effect.

Cells treated with ABZ (single dose, 3 days) followed
by medium alone (another 3 days) were able to over-
come the inhibition and started to proliferate. As shown
in Fig. 1c, cells exposed to various concentrations of
ABZ were able to recover once the drug was removed
from the medium. The recovery was almost complete in
cells exposed to lower drug concentrations, whereas cells
exposed to the higher ABZ concentrations, despite some
recovery, were still highly suppressed at the end of the
recovery period. These results indicate that the profound
antiproliferative effect of ABZ is reversible.

ABZ induced cell cycle arrest

Flow cytometric analysis of ABZ-treated HT-29 cells
revealed cell cycle arrest at the G2/M phase (Table 1 and
Fig. 2). During the first 24 h, the percentage of cells in
the G0/G1 phase declined from 81.1±0.5% to a mere
3.2±0.1%, while at the same time cells in the G2/M
phase increased from 1.3±0.3% to 88.1±0.9%.
Accompanying these changes was also a reduction in the
percentage of cells residing in the S phase which was
halved during the first 24 h of ABZ treatment. Also of
interest were the apoptotic nuclei displaying decreased
DNA content below the G1 peak paralleled by an in-
crease in the side-scatter subdiploid cells indicative of
cell death after mitotic arrest (Fig. 2). These observa-
tions in a human colorectal cancer cell line are consistent
with early reports suggesting that the anthelmintic effect
of BZs is mediated through interference with spindle
formation leading to cell death after mitotic arrest [20,
21]. We now know that this effect results from arrest of
cells in the G2/M phase of the cell cycle.

Fig. 1 Dose-dependent growth inhibition of HT-29 cells in vitro by
ABZ. a After treating cells in culture for 5 days with various
concentrations of ABZ (0.001–10 lM), cell proliferation was
measured by 3H-thymidine incorporation and the results are
expressed as mean ± SEM counts per minute. Each concentration
was tested in quadruplicate and each experiment was repeated at
least twice. b Number of viable cells remaining 1, 3, or 5 days after
treatment with ABZ (0.01–10 lM). Viable cells remaining were
counted using the Trypan blue exclusion method. Values are the
means ± SEM of cell numbers from two experiments. All counts
were obtained in triplicate. c Resumption of cell proliferation
following removal of the drug from the medium. Cells were initially
treated for 3 days with various concentrations of ABZ (0–1 lM)
followed by 3 days in drug-free medium

Table 1 Induction of cell cycle arrest in HT-29 cells by 1 lM ABZ

Treatment time (h) Cell cycle phase

G0/G1 S G2/M

0 81.1±0.5 17.6±0.2 1.3±0.3
24 3.2±0.1 8.8±0.7 88.1±0.9
48 0.7±0.2 0.6±0.8 99.0±1.4
72 1.0±0.2 4.8±0.6 94.3±0.8
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ABZ induced apoptosis

To confirm that the cell death was brought about by
apoptosis, TUNEL, DNA laddering and caspase-3
activity assays were performed on ABZ-treated cells. As
shown in Fig. 3, induction of apoptosis brought about
by ABZ treatment was evident in the staining of cells by
TUNEL (Fig. 3a–b), by the activation of endonucleases
leading to the fragmentation (laddering) of the DNA
(Fig. 3c) and by upregulation of caspase-3 (Fig. 3d), an
intracellular cysteine protease mediator of apoptosis

[22]. Consistent with induction of apoptosis, we ob-
served an increase in the ability of cell lysates to cleave
the caspase-3 substrate, when prepared from cells trea-
ted for 8, 24 or 48 h with ABZ. Caspase-3 has been
shown to play an important role in triggering the
apoptotic process [19].

Inhibition of peritoneal tumor growth in nude mice

Following the in vitro results, ABZ was tested against
HT-29 colorectal cells grown in the peritoneum of nude
mice. One of the main targets of the study was to
determine the effect of frequency of dosing upon re-
sponse. Animals were dosed at a predetermined dose of
150 mg/kg, which was worked out from pilot studies. As
shown in Fig. 4, at this dose level ABZ was highly
effective (P=0.0005) in reducing tumor burden when
given on alternate days, and effective as weekly or even
as a single-dose treatment (P=0.0028 and P=0.0125,
respectively). Inevitably, while the alternate-day dosing
proved to be the most effective dosing schedule, results
from the once-weekly and single-dose regimens were
also quite impressive in reducing peritoneal tumor
growth. The large intra-animal variation in the number
of liver nodules seen in animals receiving the single-dose
treatment schedule, resulted in it being not significantly
different from control values (P=0.435). Interestingly,
oral alternate-day treatment of animals for the entire
period of experimentation (6 weeks) did not lead to

Fig. 3 Induction of apoptosis in
HT-29 cells following treatment
with 1 lM ABZ. a, b The
TUNEL assay showed the
presence of apoptotic (brown-
stained) cells among cells
treated for 5 days with vehicle
(a) or ABZ (b). Cells were
visualized after
diaminobenzidine color
development and counter-
staining with methyl green. c
Agarose gel electrophoresis
demonstrates the ladder effect
indicating DNA fragmentation
following treatment with ABZ
for 48 h (lane 1 molecular
weight marker, lane 2 DNA
from cells treated with medium
only, lane 3 DNA from cells
treated with ABZ). d Caspase-3
activity of HT-29 cells following
8, 24 or 48 h of treatment with
vehicle only or ABZ (blank
columns vehicle only treatment,
filled columns ABZ treatment)

Fig. 2 Cell cycle arrest following treatment with ABZ (1 lM for
48 h) showing accumulation of cells in the G2/M phase of the cycle.
Cells were processed by FACS analysis to determine the cell cycle
phase (A apoptotic cells; B–D cells in the G1, S and G2/M phases,
respectively)
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significant prevention or reduction of peritoneal tumor
growth (P=0.556). At least in the case of ABZ, this
observation confirms the value of peritoneal over oral
drug treatment in PC. Moreover, monitoring of nude
mice under treatment with ABZ for 6 weeks showed no
side effects arising from this treatment schedule.

Discussion

ABZ and other BZs were synthesized and marketed as
anthelmintic drugs with a broad spectrum of activity
and good safety profiles. The major focus in the devel-
opment of these drugs has been solubility as these
compounds are not easily dissolved in either aqueous or
oily media. More than three decades after their first
approval, BZs are still indicated and widely used for the
treatment of helminths in humans and animals. In 1985
Lacey and Watson reported the activity of BZs against
mouse L1210 leukemia cells [23]. Later in 1989, Rolin
et al. [24] reported the metabolism of ABZ by human

liver cancer cells HepG2 and its inhibitory effect on the
growth of these cells. It was not until 1998 when, fol-
lowing running a thorough check of BZs as antiprolif-
erative agents, we described the profound antitumor
effect of ABZ [8, 9].

The intracavitary administration of high concentra-
tions of anticancer agents to treat PC is backed by sound
pharmacokinetic principles. Pharmacokinetic studies of
the i.p. route of administration of anticancer agents
demonstrate a protracted local concentration as com-
pared to systemic levels [25]. In the distribution model
proposed by Dedrick et al. [26, 27], delayed systemic
distribution is predictable and dependent on drug dif-
fusivity within the adjacent tissues within the peritoneal
cavity and the rate of drug removal from tissue by
capillary blood. This results in increased drug concen-
tration in the vicinity of tumors, a longer duration of
exposure of tumor cells to the drug which also facilitates
the binding and uptake of the drug by these cells [28, 29].
However, there are major problems associated with the
cytotoxic agents in current use. These agents are avail-
able as aqueous solutions, and are consequently easily
absorbed through capillaries below the large serosal
surface leading to rapid decline in peritoneal drug con-
centration, availability of drug in the systemic circula-
tion and hence systemic toxicity.

Based on the pharmacokinetic principles, an ideal
agent for use in the i.p. treatment of PC would therefore
be one with a low absorption rate and high hepatic
clearance, as low systemic drug concentrations are
maintained by a rapid systemic metabolism or excretion
[30, 31]. Consequently, prolonged exposure of tumor
cells to the drug and low systemic bioavailability should
ensure maximum antitumor effect with minimal or no
systemic toxicity. With a low aqueous and lipid solu-
bility together with high first-pass metabolism, ABZ
fulfils both these criteria [32, 33]. Once absorbed, ABZ is
very rapidly oxidized by liver microsomal flavin-con-
taining monooxygenases (MFMO) and cytochrome
P450 isozymes to sulfoxide, sulfone and a number of
other metabolites with only trace amounts of the parent
drug being detectable in all species studied [33–38]. The
major metabolite formed, ABZ-SO has been recognized
as an active metabolite contributing to the anthelmintic
properties of the treatment [6, 39–43]. Our cell culture
data revealed a comparatively weak antiproliferative
effect for ABZ-SO. Preliminary results from our ongoing
pharmacokinetic studies in the rabbit have shown that
the systemic levels of ABZ-SO are several times higher in
animals treated orally than in those receiving the drug at
the same dose as an i.p. injection. This ties up very well
with the data from nude mice where unlike the i.p.
schedule, despite alternate-day dosing for 6 weeks, the
oral schedule was totally ineffective in suppressing
peritoneal tumor growth.

A profound reduction of tumor burden in animals
receiving only a single dose of ABZ or the group being
treated once weekly is a further indication of the pro-
longed residence of the drug within the peritoneum,

Fig. 4 Suppression of tumor growth by ABZ in nude mice bearing
tumors. Animals inoculated with 106 HT-29 cells (i.p.) were treated
with various schedules of ABZ (150 mg/kg, i.p.) ranging from a
single dose, to weekly dosing and alternate-day dosing for 6 weeks.
Another group was treated with ABZ at 150 mg/kg on alternate
days orally for 6 weeks. The control group was treated with the
vehicle (0.5% CMC) every other day. The upper graph shows
the number of peritoneal tumor nodules and the lower graph the
number of liver tumor nodules present in mice at the end of the
treatment period. Ten mice were assigned to each group and the
difference between treatment groups was tested using Student’s
t-test and the Mann-Whitney U-test
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leading to sustained concentrations and antitumor
activity. Furthermore, cell culture proliferation studies
revealed that the ABZ effect is a reversible one in that,
the cells start to proliferate once the drug is removed
from the cell culture medium. This shows that the
mechanism by which ABZ inhibits tumor growth is a
concentration-dependent reversible mechanism.

In general, BZs produce many biochemical changes.
However, the primary mode of action of these drugs in
susceptible nematodes has been described as the inhibi-
tion of microtubule polymerization by binding to
b-tubulin [21, 44–46]. However, the tubulin-binding site
of BZs is distinctly different from that of other micro-
tubule-disrupting (vinca alkaloids, colchicine analogs) or
stabilizing agents (taxanes). As yet there is no clear
indication of the binding region for the BZs [47].

In addition to their involvement in a number of cel-
lular functions, microtubules also play a key role in the
formation of the mitotic spindles, disruption of which
would lead to cell death.

Induction of apoptosis by ABZ, as confirmed by
caspase-3 activation (an important executor of apopto-
sis), DNA laddering and TUNEL assay, was also clearly
visible under the microscope in ABZ-treated cells prior
to cytolysis. The mechanism by which apoptosis is in-
duced by microtubule-disrupting agents is yet to be
completely understood, consequently, involvement of
other mechanisms cannot be ruled out. In fact, Sasaki
et al. together with Mukhopadhyay et al. have recently
confirmed mitotic arrest, mitochondrial cytochrome c
release and inhibition of angiogenesis by mebendazole,
another commonly used BZ anthelmintic drug [10, 11].
In summary, together these results provide strong
support for the profound antitumor activity of some of
the BZs. However, what the current study revealed for
the first time, is evidence for the potential use of ABZ in
the regional treatment of PC. Further pharmacological
studies with ABZ (and perhaps other BZs) in the
regional treatment of PC are warranted.
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