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Abstract Hepatocellular carcinoma (HCC) has very poor
prognosis. Astemizole has gained great interest as a potential
anticancer drug because it targets several proteins involved in
cancer including the Eagl (ether a-go-go-1) potassium chan-
nel that is overexpressed in human HCC. Eagl channels are
regulated by cancer etiological factors and have been pro-
posed as early tumor markers. Here, we found that HepG2
and HuH-7 HCC cells displayed Eagl messenger RNA
(mRNA) and protein expression, determined by real-time
RT-PCR and immunochemistry, respectively. Astemizole
inhibited human HCC cell proliferation (assessed by metabol-
ic activity assay) and induced apoptosis (studied with flow
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cytometry) in both cell lines. The subcellular Eagl protein
localization was modified by astemizole in the HepG2 cells.
The treatment with astemizole prevented diethylnitrosamine
(DEN)-induced rat HCC development in vivo (followed by
studying y-glutamyl transpeptidase (GGT) activity). The
Eagl mRNA and protein levels were increased in most
DEN-treated groups but decreased after astemizole treatment.
GGT activity was decreased by astemizole. The Eagl protein
was detected in cirrhotic and dysplastic rat livers. Astemizole
might have clinical utility for HCC prevention and treatment,
and Eagl channels may be potential early HCC biomarkers.
These data provide significant basis to include astemizole in
HCC clinical trials.

Keywords Livercancer - Livercirrhosis - Astemizole - Eagl -
Tumor markers - Potassium channels

Introduction

Primary liver cancer is the sixth most common cancer world-
wide [1] and the third most common cause of cancer mortality
[1, 2]. Hepatocellular carcinoma (HCC) accounts for up to
90 % of primary liver cancers [3]. The major risk factors
associated with the development of HCC are chronic infection
with hepatitis B or C virus and cirrhosis [3, 4]. HCC has a poor
prognosis and is often not detected until advanced stages, at
which point patients do not respond to the existing chemother-
apy and only palliative treatments are provided [5]. Thus,
alternative tumor markers and therapeutic options for HCC
patients are urgently needed.
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Astemizole is an antihistamine and has been suggested as
an anticancer treatment [6—15]. Interestingly, astemizole tar-
gets different proteins involved in cancer, including H1 hista-
mine receptors, P-glycoproteins, and potassium channels [6,
7, 10-16]. Some H1 and H2 histamine receptor antagonists
inhibit the proliferative effect of histamine in malignant cells
[8], and astemizole greatly potentiates the growth inhibitory
activity of doxorubicin in doxorubicin-resistant human leuke-
mia cells by inhibiting P-glycoprotein [16]. More recently, the
inhibitory effect of astemizole on cancer cells has also been
attributed to its blocking effects on potassium channels of the
ether a-go-go family [7, 9, 12, 15].

Ether a-go-go-1 (Eagl, KCNHI1, Kv10.1) is a voltage-
dependent potassium channel that displays oncogenic proper-
ties and has gained enormous interest in cancer research [13,
15, 17, 18]. Eagl transcripts are normally detected in healthy
brain, but low amounts can be detected in placenta, testes, and
adrenal glands and transiently in myoblasts [17, 19, 20]. In
contrast, Eagl is overexpressed in most human tumors, in-
cluding liver, cervical, lung, breast, colon, and prostate cancer
[20-22]. Moreover, Eagl is expressed in several human tumor
cell lines, including those from breast, lung, cervical, gastric,
and ovarian cancer, as well as neuroblastoma, melanoma, and
leukemia [11, 17, 22-27]. The Eagl channels have been pro-
posed as early tumor biomarkers and therapeutic targets for
different types of tumors [11, 20-22, 28, 29]. Inhibition of
either Eagl gene expression or channel activity with antisense
oligonucleotides, siRNA, monoclonal antibodies, or nonspe-
cific Eagl channel inhibitors reduces tumor cell proliferation
in vitro and in vivo [10, 11, 13, 14, 17, 23, 25, 28]. Astemizole
inhibits Eagl channels and decreases cell proliferation of
Eagl-expressing tumor cells; it is hypothesized that this inhi-
bition may be due to astemizole’s blockage of the Eagl chan-
nel [10-12]. In vivo studies showed that astemizole adminis-
tration reduced the growth rate of xenograft tumors in mice
implanted with Eagl-expressing cells [12]. Thus, Eagl chan-
nels are inhibited by astemizole and may be potential targets
for cancer therapy [7, 13, 15].

Due to the poor prognosis of HCC, we examined if
astemizole inhibits the proliferation of human HCC cells
in vitro and tumor development in vivo. We also investigated
if Eagl channels could serve as early markers for HCC by
studying Eagl expression during tumor development in vivo.

Material and methods

Cell line

The human liver cancer HepG2 and HuH-7 cell lines were
obtained from the American Type Culture Collection (ATCC,

Manassas, VA) and cultured according to manufacturer’s in-
structions. This cell line was authenticated at the Laboratory

@ Springer

for Genomic Diagnosis (National Institute of Genomic Med-
icine, Mexico) by multiplex PCR and capillary electrophore-
sis. Short tandem repeats (STRs) of several markers were
studied. The gene profile obtained shared the alleles reported
by ATCC for the human cell lines HepG2 and HuH-7 and was
not contaminated with other cells.

Metabolic activity and apoptosis assays

Cell proliferation (assessed by metabolic activity) and apopto-
sis were studied as previously described [11]. Cell prolifera-
tion was assayed by a colorimetric method with the [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cell proliferation kit I, Boehringer Mannheim GmbH].
Cells (3000 cells per well) were seeded in 96-well plates and
incubated for 48, 72, or 96 h in culture medium either alone or
in the presence of astemizole (2 and 5 umol/L) (kindly pro-
vided by Liomont Laboratories Mexico), imipramine
(10 umol/L), or DMSO as vehicle (reagents were purchased
from Sigma Chemical Co., St. Louis, MO, USA). MTT
(0.5 mg/mL) was added 4 h before completing the whole
incubation time. Absorbance data were obtained with a micro-
plate photometer (Sunrise Touchscreen). Apoptosis was deter-
mined with the Annexin V-FITC kit (Invitrogen Co.) binding
to phosphatidylserine and DNA staining by propidium iodide
(PI). Cells (40,000 cells per dish) were seeded and incubated
for 48, 72, or 96 h. Camptothecin (which induces apoptosis)
and methanol (which induces necrosis) were used as controls.
Experiments were carried out with the flow cytometer CYAN
ADP (DAKO). Percentages of viable (FITC and PI negative),
apoptotic (FITC positive and PI negative), and late apoptotic
(FITC and PI positive) cells were obtained by quadrant anal-
ysis using the Summit 4.3 software.

Animal experimentation

Diethylnitrosamine (DEN) was used to induce liver injury in
rats (Fig. 1). This model was chosen because it recapitulates
the sequential change from cirrhosis to HCC, as it occurs in
humans. Animal care and procedures conformed to the Insti-
tutional Animal Care and Use Committee Guidelines. All an-
imals received humane care. Rats were fed a Purina chow rat
diet and water ad libitum. Figure | schematically shows the
different groups studied and the treatments administered.
Male Wistar rats weighing 200 g (UPEAL-Cinvestav,
Mexico) received intraperitoneal injections of DEN
(50 mg/kg) (Sigma Chemical Co., St. Louis, MO, USA) once
a week for either 12 or 16 weeks, following the procedure
described by Schiffer et al. [30]. Oral administration of
astemizole (50 mg/kg) was given daily for 4, 6, 12, or
18 weeks. The control group received PBS. Animals were
weighed weekly. At the end of treatments, animals were
sacrificed by decapitation. Livers were rapidly removed,
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Fig. 1 Dosage regimen and
groups studied in the HCC in vivo
model. Group A received only the
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vehicle PBS. DEN was

administered for either 12 (groups A

B and C) or 16 weeks (groups D—
I). Astemizole was administered
either from the beginning (groups

C and F), from week 12 (group
G), or after DEN treatment (group
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weighed, and photographed. Liver tissues were frozen and
stored at —80 °C and homogenized in TRIzol or fixed in a
buffered 4 % formaldehyde solution.

Histology and immunochemistry

Representative 20-um thick sections from frozen liver slices
were stained for y-glutamyl transpeptidase (GGT) activity, as
previously described [31]. Image analysis to determine the
percentage of GGT-positive tissue was performed with the
Image] software 1.45 g (NIH, USA). Liver tissue was pre-
pared for histology and embedded in paraffin. Immunohisto-
chemistry was performed as previously described [11, 29].
The anti-Eagl monoclonal antibody was used at a 1:500 dilu-
tion (Novus International Inc., USA) overnight at —4 °C. The
specific staining reaction was completed by incubating the
slides in the presence of 3,3’-diaminobenzidine in buffer reac-
tion solution (Bio SB) and observed as a brown staining. Sec-
tions were counterstained with hematoxylin (Dako, Den-
mark). HepG2 cells were seeded on charged glass slides,
boiled for antigen retrieval, and processed as above described
for tissues. The slides were observed using an Olympus [X51
microscope, and photos were taken with an Olympus DP70
camera.

Real-time RT-PCR

Total RNA was extracted from either liver tissue homogenates
or cell cultures with TRIzol reagent. Five micrograms of total
RNA was reverse-transcribed using the Moloney Murine Leu-
kemia Virus Reverse transcriptase (M-MuLV) (BioLabs Inc.).
Real-time PCR was performed with 2 puL of cDNA using the
TagMan'~ detection system (Applied Biosystem, Foster City,
CA, USA) and the Universal PCR Master Mix reagents kit
(Life Technologies). The following primer sequences were
used: GATCTTCGCCGTAGCCATCAT (forward), TCCC
AAAGATGGTGGCATACAG (reverse), probe: AAGGGA

B I B Vehicle
C I—— B DEN
50 mg/kg/week i.p.
ps | 1 DEN-free
E= Astemizole

50 mg/kg/day orally

GCCAATCATC for rat-Eagl, and GTCCATTCCTATGACT
GTAGATTTTATCAGA (forward), AATAACTTTTATGT
CCCCCGTTGACT (reverse), probe: CTGAAGAGCTAC
TGTAATGAC for rat hypoxanthine-guanine phosphoribosyl
transferase (HPRT) which was used as constitutive gene. For
human genes, the following primer sequences were used:
GATCTTTGCAGTGGCCATCATG (forward), CATTCCCG
AAGATGGTGGCATA (reverse), probe: ATGATTGGCTCA
CTTCTC for Eagl while the predeveloped Taq Man Assays
Reagents h-HPRT Part Number 4326321E was used for
HPRT. The PCR reaction protocol was 95 °C for 15 s and
60 °C for 1 min (40 cycles). The 27" method was used to
analyze the Ct ss.

Statistical analysis

Statistical analysis was performed with either ANOVA
followed by Tukey-Kramer test or Student’s ¢ test using
GraphPad Prism software version 5.0. P values <0.05 were
considered to be statistically significant.

Results

Astemizole decreases proliferation and induces apoptosis
in Eagl-expressing human liver cancer cells

First, we looked for Eagl expression in the human HCC cell
lines HepG2 and HuH-7. Real-time PCR experiments showed
that both cell lines express Eagl mRNA (data not shown). In
accordance, immunocytochemistry assays revealed the pres-
ence of the Eagl protein in both cell lines (Fig. 2a, f). The
Eagl protein was localized in the cytoplasm in most of the
cells but perinuclear membrane staining was also observed.
Thus, we wondered whether two widely used nonspecific
Eagl inhibitors, astemizole and imipramine, might affect the
proliferation and apoptosis of HepG2 cells. Incubation of
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Fig. 2 Astemizole decreases proliferation and induces apoptosis in
human HCC cells. Eagl protein expression was detected mainly in the
cytoplasm of human HCC HepG2 and HuH-7 cells (a, f, respectively,
brown immunostaining). No signal was observed in the absence of the
primary antibody (data not shown). Astemizole treatment (2 uM)
preserved mainly cytoplasmic Eagl protein expression (b) but 5 pM of
astemizole induced mainly perinuclear protein localization in HepG2
cells (c). Protein localization was not changed by astemizole in HuH-7
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cells (g, h). Cell proliferation (assayed by metabolic activity) was
decreased by 50 % and more than 60 % due to astemizole in HepG2
and HuH-7 cells, respectively (d, i). Astemizole increased apoptosis
several fold in both cell lines (e, j). A representative flow cytometry
plot for each cell type incubated with astemizole (5 uM) is shown in
the middle. The experiments were performed three times using
sextuplicates (cell proliferation assay) or triplicates (apoptosis) each
time. *p<0.05 versus control. Magnification x400x
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HepG2 cells with astemizole (5 uM) for 48 or 72 h decreased
cell proliferation by 20 %, while incubation for 72 h increased
apoptosis (data not shown). However, astemizole decreased
HepG2 cell proliferation in up to 50 % (Fig. 2d), and imipra-
mine showed a modest but statistically significant effect at
96 h of incubation with the drug. Both astemizole and imip-
ramine had pronounced effects on apoptosis in HepG2 cells
(Fig. 2e). In the case of HUH-7 cells, astemizole (5 uM) de-
creased cell proliferation by 50 % and increased apoptosis
after 72 h of treatment (data not shown). Interestingly,
astemizole (5 uM) decreased HuH-7 cell proliferation in more
than 60 % (Fig. 2i) and increased apoptosis more than tenfold
(Fig. 2j) at 96 h of treatment. Eagl mRNA levels were not
detected in the presence of astemizole (data not shown). Inter-
estingly, the localization of the Eagl protein was mainly cy-
toplasmic in HepG2 cells incubated with 2 pM astemizole
(Fig. 2b) but mainly perinuclear with 5 uM of astemizole
(Fig. 2¢). The localization of the protein was more homoge-
neous in the absence or presence of astemizole in the HuH-7
cells. The remarkable effects of astemizole in vitro prompted
us to study its effects in vivo.

Preventive and therapeutic effects of astemizole in a HCC
in vivo model

We examined the potential preventive and/or therapeutic ef-
fect of astemizole on HCC development in rats. Tumor devel-
opment was followed by histopathology and by quantitation
of GGT activity, a commonly used liver tumor marker. The
histological changes observed for each group are summarized
in Table 1. Macroscopically, the vehicle-treated group showed
normal liver architecture (Fig. 3a and Table 1), whereas DEN
treatment clearly induced the appearance of cirrhosis and mac-
roscopic nodules (Fig. 3b, d, e, h and Table 1). The potential
preventive effect of astemizole was studied by administering

the drug to DEN-treated rats either from the beginning (day 1)
or from week 12 of DEN treatment. Astemizole clearly im-
proved liver appearance and histological characteristics in all
groups (Fig. 3¢, f, g and Table 1). However, the most dramatic
preventive effect of the drug was observed in the group treated
with DEN for 16 weeks then treated for an additional 2 weeks
with no DEN plus astemizole from day 1 (Fig. 3f), compared
with the corresponding group without astemizole treatment
(Fig. 3e) in which we can observe two representative livers
from different rats with numerous neoplastic nodules and ne-
crotic regions. Importantly, astemizole, given simultaneously
with DEN from the initiation of treatment, almost completely
preserved the normal liver appearance (Fig. 3f). Astemizole
also had a very important protective effect when given from
week 12 in this group (Fig. 3g).

To study the potential antineoplastic effect of astemizole,
the control group was treated with DEN for 16 weeks and
untreated for an additional 6 weeks (Fig. 3h, two livers from
different rats are shown). Astemizole was administered for
4 weeks after the 16 weeks with DEN plus 2 weeks DEN-
free treatment; both groups were studied for a total of
22 weeks. While rats not receiving astemizole developed large
tumors, astemizole treatment clearly prevented the appearance
of large tumors (Fig. 3h, i, respectively). As expected, GGT
activity in liver sections increased during HCC development
(DEN-treated rats). Notably, astemizole treatment significant-
ly decreased the presence of GGT-positive lesions especially
when administered from the beginning of the study to rats
treated with DEN for 16 weeks plus 2 weeks DEN-free
(Fig. 3)). It is also worth mentioning that in the group receiv-
ing astemizole for 4 weeks after the complete DEN treatment
(Fig. 31, j), the histological appearance was improved and
GGT activity was lower than in the group treated for 16 weeks
with DEN + 2 weeks DEN-free but that was not treated with
astemizole (Fig. 3e, j and Table 1). Thus, astemizole might

Table 1 Liver histological

findings in the in vivo Treatment (1)

Histological findings

hepatocellular carcinoma (HCC)

model Vehicle (8)

Diethylnitrosamine (DEN) for 12 weeks (5)

DEN for 12 weeks + astemizole from day 1 (7)

DEN for 16 weeks (8)

DEN for 16 weeks + 2 weeks DEN-free (7)

DEN for 16 weeks + 2 weeks DEN-free +

astemizole from week 12 (6)

DEN for 16 weeks + 6 weeks DEN-free

(total 22 weeks) (4)

DEN for 16 weeks + 2 weeks DEN-free +
astemizole for 4 weeks (total 22 weeks) (4)

Normal hepatocytes compatible with unaltered liver

Mild to moderate dysplastic changes and micronodular
cirrhosis

Preserved liver architecture compatible with unchanged liver;
only two rats showed incipient fibrosis

Moderate-high grade dysplastic changes and micronodular
cirrhosis

Changes consistent with hepatocellular tumors and
micronodular cirrhosis

Nonspecific benign histological changes
Changes consistent with HCC

Benign histological changes consistent with cirrhosis and one
case compatible with HCC
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Astemizole in the treatment of HCC
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DEN 16 wk

DEN 16 wk + 2 wk DEN-free

Astemizole in the treatment of HCC

e

DEN 16 wk + 6 wk DEN-free

Fig. 3 In vivo chemopreventive and antitumoral effects of astemizole on
HCC. Representative livers are shown for the indicated groups (a—i). Two
livers from different animals are shown for (e, h) to emphasize the
dramatic effect of astemizole in these groups (f, i, respectively). j
Percentage of GGT-positive tissue (from the groups from a to i); this

also be used to prevent the growth of already established liver
tumors.

Eagl channels as potential early markers of HCC

Because of the clear effects of astemizole on HCC prevention,
we determined if Eagl protein could be expressed at early
stages of HCC. Eagl mRNA expression showed an in-
creasing trend during HCC development in most of the
DEN-treated groups (Fig. 4a). Eagl mRNA reached its
highest level in the 16 weeks plus 2 weeks DEN-free
group; interestingly, Eagl mRNA expression was lower
in the corresponding group treated with astemizole from
week 12 (Fig. 4a). Weak Eagl protein expression was
observed in the vehicle-treated group (Fig. 4b) while
strong Eagl protein expression was found in livers with
tumors, cirrhosis, or preneoplastic lesions (brown immu-
nostaining in Fig. 4c, e and Table 2). Eagl protein
expression was lower in the corresponding groups treat-
ed with astemizole (Fig. 4d, f and Table 2). Interesting-
ly, Eagl subcellular localization in the vehicle-treated
groups was only observed in the cytoplasm and plasma
membrane, while Eagl protein expression in most of the
DEN-treated groups was also found in the nucleus.
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liver tumor marker was increased in DEN-treated alone groups and
decreased in DEN + astemizole-treated groups. Ast astemizole, wk
weeks. *p<0.05 versus vehicle (a), **p<0.05 versus DEN 16 weeks +
2 weeks DEN-free (e). Bars represent mean+s.d. n=4-8 rats in each

group

Intriguingly, Eagl protein expression was almost lost
in livers displaying HCC (Fig. 4g) but was slightly
higher in the corresponding group treated with
astemizole (Fig. 4h and Table 2). These results suggest
Eagl protein channels are potential early markers of
HCC.

Discussion

HCC is a leading cause of cancer mortality and has a very poor
prognosis. Our results strongly suggest that the antihistamine
astemizole might have clinical utility as a novel therapeutic
approach for HCC treatment and prevention. In addition, our
findings in rat liver tissues suggest that the Eagl protein may
serve as a potential early marker of HCC.

Identifying novel antitumor properties in “old” drugs
may offer a viable and cost-effective alternative to fight
cancer. For instance, thalidomide had been withdrawn
from the market due to its teratogenic effects but has
gained great relevance in recent years because of its
potential anticancer effect in multiple myeloma [32].
Likewise, the old antihistamine astemizole was with-
drawn from the market in some countries due to its
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Fig. 4 Eagl as a potential HCC early biomarker. Real-time PCR and
immunohistochemistry experiments were preformed to study Eagl
mRNA and protein expression, respectively, in the in vivo HCC model.
a Relative Eagl mRNA expression was increased in most DEN-treated
groups. This increase was partially prevented in some groups treated with
astemizole. b—h Eagl immunohistochemistry; b vehicle-treated group
showed weak Eagl expression (membrane and cytoplasm); ¢ DEN
12 week group showed strong Eagl expression (cytoplasm and

adverse effects on cardiac function but has gained great
interest as a novel anticancer drug [6—15]. Astemizole is
very attractive as a potential anticancer molecule be-
cause it targets several proteins involved in cancer, in-
cluding H1 histamine receptors, P-glycoproteins, and
potassium channels [6, 7, 10—16].

Here, we show that astemizole inhibits proliferation and
increases apoptosis of human HepG2 and HuH-7 HCC cells.

DEN during 16 weeks + 2 weeks DEN-free +
Astemizole from week 12

H

DEN during 16.weeks + 2 weeks DEN-free
+ Astemizole during 4 weeks
(total 22 weeks)

nucleus), but Eagl expression was lower when astemizole was
administered from day 1 (d). e Strong Eagl expression was found in
the cytoplasm and nucleus, but the expression was also lower when
astemizole was administered from week 12 (f). g No Eagl expression
was found under the indicated condition, but Eagl expression was
detected in the corresponding group treated with astemizole (h).
*p<0.05 versus vehicle, **p<0.05 versus DEN 16 weeks + 2 weeks
DEN-free. Bars represent mean+s.d. n=4-8 rats in each group

Although astemizole has different targets, this drug’s inhibi-
tion of Eagl channels is a potential mechanism of its antipro-
liferative and proapoptotic effect on human HCC cells, as
Eagl mRNA and protein are expressed in these cells. Interest-
ingly, the treatment with astemizole modified the protein lo-
calization in HepG2 cells from mainly cytoplasmic to mainly
perinuclear. This nuclear Eagl protein localization has been
reported for other cancer cell types and is expected because of

@ Springer



6156

Tumor Biol. (2015) 36:6149-6158

Table 2 Eagl (ether a-go-go-1) protein expression in livers from the in vivo hepatocellular carcinoma (HCC) model

Treatment EAGI-positive Immunostaining
tissues (rats/total rats) intensity
+ ++ ot

Vehicle 6/8 6 - -
DEN (diethylnitrosamine) for 12 weeks 5/5 - - 5
DEN for 12 weeks + astemizole from day 1 6/7 4 2 -
DEN for 16 weeks + 2 weeks DEN-free 5/7 - - 5
DEN for 16 weeks + 2 weeks DEN-free + astemizole from week 12 6/6 - 6 -
DEN for 16 weeks + 6 weeks DEN-free (total 22 weeks) 0/4 - - -
DEN for 16 weeks + 2 weeks DEN-free + astemizole for 4 weeks (total 22 weeks) 2/4 - 2 -

the nuclear localization signal found in the Eagl channel
[11-14, 20, 33]. Actually, ionic currents resembling Eagl
channel activity in the nuclear membrane have been already
reported and a potential interaction between Eagl and the
heterochromatin has been suggested [34]. However, the mech-
anism of Eagl translocation after astemizole treatment and the
precise role of Eagl under these conditions remain elusive.
Because Eagl expression has been reported in human biopsies
from liver tumors [20], astemizole might be used as an anti-
cancer therapy in patients with liver cancer.

We observed that astemizole clearly prevented the devel-
opment of HCC in vivo, assessed by the histological presence
of GGT activity (a commonly used liver tumor marker [35]),
histopathological changes, and macroscopic liver appearance.
Astemizole prevented tumor formation when administered ei-
ther from the start of DEN treatment or from week 12 of DEN
treatment, when cirrhosis is already present. These results
suggest that astemizole might be used as a chemopreventive
agent in patients at risk of developing liver cancer, namely,
patients with liver cirrhosis or hepatitis virus infection. This
latter case remains to be studied in the corresponding in vivo
model.

The antineoplastic effects of astemizole were studied
in rats treated with DEN during 16 weeks and then
untreated for an additional 2 or 6 weeks. Astemizole-
treated rats displayed fewer GGT-positive lesions and
improved histological features and liver appearance. It
is worth mentioning that liver histological features were
improved and GGT activity was even lower in the
astemizole-treated group (total treatment 22 weeks) than
in the group treated for 16 weeks with DEN + 2 weeks
DEN-free. Thus, astemizole might also be used to avoid the
growth of already established liver tumors. Occasionally,
liver tumors are not resectable because of their size, so
astemizole treatment represents a potential alternative to
decrease tumor size and make liver tumors resectable.

Astemizole targets the P-glycoprotein, which confers drug
resistance to some cancers, including HCC [16, 36]. Thus,
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cancer therapy might be improved if anticancer drugs
transported by the P-glycoprotein are used in combination
with astemizole. Accordingly, astemizole greatly potentiates
the growth inhibitory activity of doxorubicin in doxorubicin-
resistant human leukemia cells [16]. This effect is thought to
be mediated through the inhibition of the P-glycoprotein ef-
flux pump activity by astemizole. Therefore, the combined
use of astemizole with conventional chemotherapeutic drugs
to improve the anticancer effects is also a potential approach
for HCC treatment.

In this study, we did not observe changes in body weight or
appetite loss in the animals treated with astemizole. Other
in vivo studies using astemizole at the same dosage
(50 mg/kg/day) showed that astemizole inhibits the tumor
growth of breast cancer cells implanted in mice without pro-
ducing obvious side effects [12]. This dosage is much lower
than the 2052 mg/kg astemizole lethal dose (LDs() indicated
by the Drug Bank [7]. Because the severe adverse effects of
astemizole were exclusively cases of overdose [7], astemizole
use might be very safe if recommended doses are administered
and if cardiac function is properly followed.

Eagl channels have been suggested as potential tumor
markers and therapeutic targets for different types of cancers
[13, 15, 17, 18]. In addition, Eagl has been proposed as a
potential early tumor marker for cervical, breast, and colon
cancers [20-22]. Here, we observed Eagl mRNA and protein
expression in the in vivo HCC model. Interestingly, high Eagl
mRNA expression was detected in most of the DEN-treated
groups, and strong Eagl immunostaining was observed at
early stages of HCC development. Thus, our results suggest
Eagl may have potential as an early biomarker for HCC. It
may be possible to track Eagl protein expression using sensi-
tive imaging techniques in human livers. In one study, Eagl
protein expression was detected in vivo in nonpalpable tumors
by using dye-tagged antibodies and imaging techniques in the
near-infrared spectral range [33]. This type of approach might
also be used to screen Eagl expression in the liver of patients
at risk of developing HCC and in the animal model used here.
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We observed an unexpected low Eagl expression in the livers
presenting HCC. Eagl expression in the corresponding group
treated with astemizole was slightly higher. It is likely that
Eagl expression is more related to early events in HCC de-
velopment. The precise role of Eagl channels in HCC devel-
opment remains to be elucidated. This might be accomplished
in different manners, such as the use of mouse models. Re-
cently, Eagl knockout mice were generated, and interestingly,
the animals did not show any major abnormalities in the cen-
tral nervous system level [37]. It would be very interesting to
investigate whether these knockout mice are resistant to the
development of liver cirrhosis and HCC.

Because of the poor prognosis of HCC, it is imperative to
find novel therapeutic alternatives. Our results suggest
astemizole may be a very promising preventive option for
patients at risk of developing HCC, as well as a hopeful ther-
apeutic option for HCC patients. We also propose that Eagl
may be a potential early biomarker of HCC. Astemizole-based
prevention and therapy and early Eagl detection in the liver
should help to reduce mortality from this disease. These data
provide supportive basis to include astemizole in HCC clinical
trials.
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