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Loperamide, an antidiarrheal agent, induces apoptosis
and DNA damage in leukemia cells

XIN HE'", LEI ZHU?", SHU LI', ZHIGANG CHEN? and XIAOYING ZHAO'

Departments of 1Hematology, 2Clinical Laboratory and 3Oncology, The Second Affiliated Hospital,
Zhejiang University School of Medicine, Hangzhou, Zhejiang 310009, P.R. China

Received November 29, 2015; Accepted July 27, 2017

DOI: 10.3892/01.2017.7435

Abstract. Loperamide, an antidiarrheal agent, is frequently
used to treat patients with leukemia with symptoms of
diarrhea during treatment. However, the effect of loperamide
on leukemia cells is unknown. The MTT assay was used to
explore the cytotoxic effect of loperamide on leukemia cells.
Morphological analysis and flow cytometry were performed
to determine the level of apoptosis in leukemia cells following
loperamide treatment. Western blotting was conducted to test
the activation of the apoptotic pathway. The comet assay was
used to determine the DNA damage induced by loperamide.
Loperamide potently inhibited the proliferation of leukemia
cell lines and primary leukemia cells from 9 patients with
acute myeloid leukemia (AML) and 6 patients with acute
Iymphocytic leukemia (ALL) in a dose-dependent manner.
Loperamide increased the expression of cleaved caspase-3
and cleaved poly (ADP-ribose) polymerase, decreased the
expression of myeloid cell lekeumia-1 and induced the
apoptosis of leukemia cells. In addition, treatment with
20 uM loperamide increased the expression level of the
protein rH2ax and promoted the formation of long DNA
comet tails, thus triggering DNA damage in leukemia cells.
Finally, DNA damage was confirmed by the activation of
the ataxia telangiectasia mutated serine/threonine kinase
(ATM)-checkpoint kinase 2 (Chk?2) signaling pathway. The
phosphorylation level of ATM (Ser1981) and Chk?2 (Thr68) was
activated and upregulated following DNA damage triggered
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by loperamide. Loperamide was demonstrated to perform
an inhibitory role in the growth of leukemia cell lines and
primary leukemia cells. Of note, apoptosis and DNA damage
were induced following loperamide treatment in leukemia cell
lines and primary leukemia cells.

Introduction

Leukemia is one of the most common malignancies in China
and the United States of America (1,2). Leukemia was estimated
to have effected ~54,270 individuals in 2015, according to the
cancer statistics of the USA, accounting for 4 and 3% of new
cancer cases in males and females, respectively (2). With the
advances in new chemotherapeutic drugs and the application
of hematopoietic stem cell transplantation (HSCT), the overall
survivalrates of patients with leukemia have markedly increased
in the past several decades (3,4). However, patients treated
with chemotherapy and HSCT have various complications,
including hematological, hepatic, renal and gastrointestinal
toxicity, as well as diarrhea (5,6). Diarrhea is one of the most
common complications, and the incidence of acute diarrhea
has been reported to be 43% in patients receiving bone
marrow transplantation (7). Currently, the antidiarrheal agent
loperamide is effectively and frequently used to treat these
patients (8). However, the effects of loperamide on leukemia
cells have not been studied. Loperamide was reported to have
antitumor effects in solid tumors, including liver, breast, lung,
drug-resistant ovarian, gastric, osteosarcoma, renal and canine
cancer cell lines (9,10). However, whether loperamide exerts
cytotoxic effects on leukemia cells remains unknown.

Cell apoptosis, one of the cell death pathways, serves a
vital role in antitumor effects (11). Apoptosis induced by DNA
damage is an important mechanism by which a variety of
antitumor drugs exhibit their effects, including mitoxantrone,
etoposide and bendamustine (12,13). Once DNA damage is
triggered by these agents, the DNA damage response (DDR) is
activated, including the damage sensor rH2ax and the subse-
quent signal transduction pathways (14-16). These pathways,
including ATM-Chk2 pathway activation, phosphorylate a
panel of substrates involved in cell cycle control, transcrip-
tion, DNA repair and apoptosis (17,18). If the lesion is mild,
DNA damage is repaired through DDR, otherwise, it will
lead to mutation of genes, chromosomal rearrangement or
apoptosis (19). In addition, during the process of apoptosis
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triggered by DNA damage, elimination of the anti-apoptotic
protein myeloid cell leukemia (Mcl-1) is required, which
performs an important role in apoptosis initiation (20).
Loperamide has been reported to induce apoptosis in the
aforementioned cancer cell lines (9,10), but the mechanisms
are unclear.

To the best of our knowledge, the present study evaluated
the effect of loperamide on the growth of leukemia cells for
the first time. To better represent the biological properties of
leukemia, primary leukemia cells from patients and leukemia
cell lines were included in the present study. It was found that
loperamide potently inhibited the growth of leukemia cells
in a dose-dependent manner in leukemia cell lines, as well as
primary leukemia cells from patients. Additionally, cell apop-
tosis was dose-dependently induced by loperamide. Of note, the
present study demonstrated that loperamide increased rH2ax,
activated the ataxia telangiectasia mutated serine/threonine
kinase (ATM)-checkpoint kinase 2 (Chk2) signaling pathway,
and induced DNA damage in leukemia cells. Therefore, the
present study provides new insights into the therapeutic poten-
tial of loperamide in leukemia and unravels a novel mechanism
through which loperamide inhibits leukemia cells.

Materials and methods

Chemicals and reagents. Loperamide hydrochloride was
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany) and dissolved in dimethyl sulfoxide (DMSO) at a
stock concentration of 40 mmol/l. MTT was also purchased
from Sigma-Aldrich (Merck KGaA). Ficoll-Hypaque solu-
tion and Wright-Giemsa stain solution were purchased from
Solarbio Life Sciences (Beijing, China). The FITC Annexin V
Apoptosis Detection kit IT was purchased from BD Biosciences
(San Jose, CA, USA). The CometAssay® kit (25x2 well slides)
was purchased from Trevigen, Inc. (Gaithersburg, MD, USA).
SYBR-Green was purchased from BioTeke Corporation
(Beijing, China). Mouse anti-phospho (p)-ATM (Ser1981)
antibody (cat. no. AA866; 1:1,000) was purchased from
Beyotime Institute of Biotechnology (Haimen, China). Rabbit
anti-caspase-3 (cat. no. 9662; 1:1,000), cleaved caspase-3
(cat. no. 9661; 1:1,000), rabbit anti-B-cell lymphoma-2
(Bcl-2; cat. no. 2872; 1:1,000), rabbit anti-Bcl-2-associated
X protein (Bax; cat. no. 2774; 1:1,000), rabbit anti-AKT (cat.
no. 4691; 1:1,000), rabbit anti-p-AKT (Ser473; cat. no. 9018;
1:1,000), rabbit anti-signal transducer and activator of transcrip-
tion 3 (STAT3; cat. no. 12640; 1:1,000), rabbit anti-p-STAT3
(Ser727; cat. no. 94994; 1:1,000), rabbit anti-p-histone H2A.X
(Ser139; cat. no. 9718; 1:1,000 for western blotting, 1:100
for Immunofluorescence) rabbit anti-ATM (cat. no. 2873;
1:1,000) and rabbit anti-p-Chk2 (Thr68; cat. no. 2197; 1:1,000)
antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Rabbit anti-p65 (cat. no. sc-372;
1:100), rabbit anti-poly(ADP-ribose) polymerase (PARP; cat.
no. sc-7150; 1:1,000), mouse anti-Mcl-1 (cat. no. sc-377487,
1:1,000) and rabbit anti-Chk?2 (cat. no. sc-377487; 1:1,000) anti-
bodies, and all of the secondary antibodies including mouse
anti-rabbit IgG-horseradish peroxidase (HRP; cat. no. sc-2357,
1:5,000) and rabbit anti-mouse IgG-HRP (cat. no. sc-358914;
1:5,000) were purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA).
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Cell lines and culture conditions. A total of 10 cell lines,
including 5 acute myelocytic leukemia (AML) and 5 acute
lymphocytic leukemia (ALL) cell lines, were used in the present
study. The 5 AML cell lines, consisting of Thpl, U937, Kg-1,
Kasumi-1 and Kg-1a, and 5 ALL lines, consisting of Nalm6,
Molt4, CCRF-CEM, Jurkat and SUP-B15, were obtained from
the American Type Culture Collection repository (Manassas,
VA, USA). The SUP-BI5 cell line was cultivated in Iscove's
modified Dulbecco's medium with 10% fetal bovine serum
(FBS) (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA), while the other cell lines were maintained in RPMI-1640
medium supplemented with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.). All of the cell lines were cultivated in a
humidified incubator at 37°C in a 5% CO, atmosphere.

Primary cells from patients with acute leukemia. Bone
marrow samples were obtained by bone marrow aspiration
from 15 patients with acute leukemia, and the primary cells
were isolated using Ficoll-Paque PREMIUM (GE Healthcare
Life Sciences, Little Chalfont, UK) subsequent to obtaining
written informed consent from all patients included in the
present study. All of the patients with leukemia were diagnosed
according to the standard diagnostic criteria of World Health
Organization (21). A total of 7 male patients and 8 female
patients were included in the present study. The age range of
these patients was 18-76 years and the primary cell percentage
as determined by flow cytometry ranged between 86 and
95%. All of the patients who were admitted to the Second
Affiliated Hospital (Hangzhou, China) between February
2011 and November 2013 were newly diagnosed patients
without any prior treatment. The study was approved by the
ethics committee of The Second Affiliated Hospital, School
of Medicine, Zhejiang University (Zhejiang, China) and
followed the Declaration of Helsinki principles. The clinical
characteristics of the 15 patients, including 9 AML and 6 ALL
patients, are listed in Table I.

Cell viability assay. Cell viability was measured by MTT
assay. Briefly, 5 AML (Thpl, U937, Kg-1, Kasumi-1 and
Kg-1a) and 5 ALL (Nalm6, Molt4, CCRF-CEM, Jurkat and
SUP-B15) cell lines and primary cells from the aforemen-
tioned 9 AML and 6 ALL patients were seeded onto 96-well
plates at ~70% confluence and a total volume of 200 pl.
Following exposure to 0, 2.5, 5, 10, 20 and 40 M loperamide
for 24, 48 or 72 h, the cells were incubated with MTT (20 ul,
5 mg/ml) solution at 37°C for 4 h. Supernatant (100 ul) was
then pipetted gently and 100 ul of the joint fluid (10% SDS,
5% isobutanol and 1% hydrochloric acid) was added to each
well to dissolve the formazan crystals. The absorbance value
of each well was determined at a test wavelength of 570 nm
and the half-maximal inhibitory concentration (ICs,) of drugs
was calculated.

Morphological observation. Molt4 and Thpl cells were
cultivated on 6-well plates at 37°C overnight and treated with
0 uM (DMSO-treated) or 20 M loperamide at 37°C for 24 h.
The cells were then collected and transferred to glass slides.
The morphological changes were observed under light micros-
copy (magnification, x400) and images were captured using a
camera.
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Table I. Clinical characteristics of patients with leukemia.

Primary cell Gene

Patients ~ Subtype Age  Sex  WBC (x10%1) percentage, % mutation Chromosome karyotype

AML1 M2 18 Male 66.8 94 AML/ETO 46,XY,der(3)t(3;8) (p26;q13),
t(8;21)

AML2 M2 30 Female 395 87 NO 47 XY +mar[16]/46,XX[4]

AML3 M5 51 Female 7.0 90 NO 46,XX,t(8;19) (q13;p13.1),
del(9)
(q22q34;del(11)(q23)[5]

AML4 Ml 56 Female 6.0 95 CEBPA 47.X.i(X)(q10),+10[5]/46 X,
-X,+10[4]

AMLS M4 45 Male 2.5 88 FLT3-ITD 46,X,-Y,+8.1(8;21)(q22;q22)
[18]/46,XY[2]

AML6 M5 60 Male 244.7 93 FLT3-ITD, dupMLL 46, XY[8]

AML7 M4 46 Male 355 92 CEBPA/MYHI11 46.XY,inv(16)(p13,1922)[20]

AMLS8 CML-BC/M 32 Female 239 90 BCR/ABL/(P210), 46,XX,t(9,22)(q34;q11.2)

AMLI1/MDS1,EVI1 [18]/46,idem t(3;21)

(926;922)[2]

AML9 M5 29 Male 58.0 95 EVII 46, XY t(11,19)(q23,p13.1)

ALL1 B-ALL 39 Female 4.5 94 NO 46.XX[2]

ALL2 B-ALL 76  Female 2290 89 BCR/ABL(P210) 46,XX,t(9,22)(q34;q11.2)[14]

ALL3 B-ALL 68 Female 127.3 86 BCR/ABL(P190) 46,XX,t(9,22)(q34;q11.2)
[13]/49 idem +1,+5 ,+6[2]/46,
XX[2]

ALL4 T-ALL 18 Male 107.8 93 SIL/TALI1 46,XY[8]

ALLS B-ALL 53 Male 1.5 88 NA NA

ALL6  B-ALL 21  Female 2.8 93 NO 46.XX[2]

AML, acute myeloid leukemia; ALL, acute lymphocytic leukemia; FLT3-ITF, Internal tandem duplication of the fms-like tyrosine kinase-3 gene;
CEBPA, CCAAT/enhancer binding protein a; MYH11, myosin heavy chain 11; BCR/ABL, breakpoint cluster region/abelson; AML1/MDS1,
acute myeloid leukemia 1 protein/mission demonstration satellite 1; EVI1, ecotropic virus integration site 1 protein homolog; SIL/TAL1, stem

cell leukemia/T-cell acute lymphoblastic leukemia 1 interrupting locus; WBC, white blood count.

Flow cytometric cell apoptosis analysis. The assay was
performed according to the manufacturer's protocol (BD
Biosciences, San Jose, CA, USA). Briefly, A total of 1x10°
Molt4, Thpl, ALL-P1 and AML-P1 cells were seeded on
6-well plates and treated with 0 (DMSO-treated), 5, 10 or
20 uM loperamide. The cells were collected after incuba-
tion for 24 h and washed with PBS twice. For apoptosis
analysis, the cells were re-suspended in 1X Binding Buffer
(BD Biosciences) at a concentration of 1x10° cells/ml. Then,
100 1 cell resuspension solution was incubated with 5 ul of
fluorescein isothiocyanate (FITC) Annexin V and 5 ul of
7-aminoactinomycin D* (7TAAD") at room temperature for
15 min in the dark. Another 400 ul of 1X Binding Buffer
was added and the cells were analyzed by flow cytometry
within 1 h.

Western blot analysis. Cells treated with loperamide
were collected and the total proteins were extracted by
radioimmunoprecipitation assay buffer (Sigma-Aldrich;
Merck KGaA) containing protease and phosphatase
inhibitors (Sigma-Aldrich; Merck KGaA). The proteins were
determined colorimetrically, and then 30 pg/lane protein was

loaded and separated by 10% SDS-PAGE. The separated
proteins were then blotted to polyvinylidene fluoride
membranes (BD Biosciences, San Jose, CA, USA). The
membrane was incubated in TBS containing 5% skimmed
milk powder at room temperature for 1 h and then probed
with primary antibodies specific to anti-caspase-3 (cat.
no. 9662; 1:1,000), cleaved caspase 3 (cat. no. 9661;
1:1,000), PARP (cat. no. sc-7150; 1:1,000), Bcl-2 (cat.
no. 2872; 1:1,000), Bax (cat. no. 2774; 1:1,000), Mcl-1 (cat.
no. sc-377487; 1:1,000), Akt (cat. no. 4691; 1:1,000), p-Akt
(Serd73; cat. no. 9018; 1:1,000), ATM (cat. no. 2873;
1:1,000), p-ATM (cat. no. AA866; Ser1981; 1:1,000), Chk2
(cat. no. sc-377487; 1:1,000), p-Chk2 (Thr68; cat. no. 2197,
1:1,000), p-histone H2A.X (Ser139; cat. no. 9718; 1:1,000),
STAT3 (cat. no. 12640; 1:1,000) or p-STAT3 (Ser727; cat.
no. 94994; 1:1,000) at 4°C overnight. Then, the membrane
was washed with TBST 3 times and incubated with the
secondary antibodies, horseradish peroxidase-conjugated
rabbit anti-mouse (cat. no. sc-358914; 1:5,000) and mouse
anti-rabbit (cat. no. sc-2357; 1:5,000), at room temperature for
2 h. The membrane was washed again with TBST 3 times.
Then, the protein bands were visualized using an enhanced
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chemiluminescence western blotting detection system (BD
Biosciences, San Jose, CA, USA) and analyzed using Quantity
One® software (version 4.62; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Immunofluorescence staining. Cells treated with loperamide
were transferred to the slides at 80-90% confluence by a
slide centrifuge at 500 x g for 5 mins at room temperature.
The cells were then fixed with freshly prepared 4% para-
formaldehyde in PBS at 37°C for 15 min and permeabilized
with 0.2% Triton X-100 in PBS for 15 min at room tempera-
ture. Subsequent to being blocked with PBS containing
3% bovine serum albumin (Sigma-Aldrich; Merck KGaA)
for 30 min at room temperature, the samples were incubated
with primary rabbit anti-phospho-histone H2A.X (Ser139)
antibody (cat. no. 9718; 1:100) or rabbit anti-p65 antibody
(cat. no. sc-372; 1:100) at 4°C overnight followed by the
anti-rabbit-FITC secondary antibody (cat. no. sc-2359;
1:200) for 1 h at room temperature in the dark. The cells
were mounted in mounting medium (Sigma-Aldrich;
Merck KGaA) with DAPI for 15 min at room temperature
in the dark and sealed. Immunofluorescence was observed
and recorded immediately on a Zeiss Confocal Laser
Scanning Microscope (magnification, x400; Carl Zeiss AG,
Oberkochen, Germany).

Comet assay. To detect smaller amounts of damage, including
single and double-stranded breaks, the alkaline comet assay
was used. The assay was performed following instructions
from Trevigen, Inc. Briefly, cells treated with loperamide were
harvested and combined at 1x10°/ml with molten LM Agarose
(at 37°C) at a ratio of 1:10 (v/v), and then transferred to comet
slides. The slides were immersed in 4°C Lysis Solution
(Trevigen, Inc. Gaithersburg, MD, USA) for 1 h and later in
freshly prepared alkaline unwinding solution (pH>13.0) for
20 min at room temperature. The slides were then placed in
an electrophoresis slide tray with the alkaline electrophoresis
solution (200 mM NaOH, 1 mM EDTA) and electrophoresis
was performed under the conditions of power up to 21 V
for 30 min. The cells in the circle of dried agarose were
stained with diluted SYBR-Green (BioTeke Corporation,
Beijing, China; cat. no. 9718; EP1601-1) for 30 min at room
temperature and then viewed on a Zeiss Confocal Laser
Scanning Microscope (Carl Zeiss AG; magnification, x400).
The percentage of DNA in the tail and tail length are two
common descriptors of DNA damage for the alkaline comet
assay, which were analyzed by the Comet Assay Software
Project (CaspLab-Comet Assay Software, CASPLab 1.0.1,
http://casplab.com/) (22). At least 50 randomly selected cells
were analyzed per sample.

Statistical analysis. Data were confirmed through three
independent experiments. The results are expressed as the
mean + standard deviation. The differences between groups
were assessed by unpaired t-test, or one-way ANOVA with a
Least Significant Difference test, depending on the number
of groups compared. The statistical analysis was performed
by SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant
difference.
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Results

Loperamide inhibits growth of leukemia cell lines. To evaluate
the effect of loperamide on leukemia cells, the MTT assay
was performed in 5 AML cell lines and 5 ALL cell lines
with different concentrations of loperamide. Loperamide
significantly inhibited the growth of leukemia cell lines in
a dose-dependent manner between 2.5 and 40 uM (Fig. 1).
Loperamide (40 M) inhibited growth of almost all the
leukemia cells, to a cell viability of <1%. The ICs, values of the
AML cell lines at 24 h were calculated, ranging between 14.83
and 17.68 uM, while for ALL cell lines, the ICs, values ranged
between 10.66 and 14.60 uM (Fig. 1). It was then determined
whether loperamide inhibits the growth of these leukemia cell
lines in a time-dependent manner. No significant difference
in cytotoxic effect was apparent following treatment for 24,
48 or 72 h in AML and ALL cell lines, which indicated that
loperamide exerted its inhibitory effect on leukemia cell lines
to the maximal extent at 24 h (data not shown).

Loperamide inhibits the growth of primary cells from patients
with acute leukemia. Primary cells more accurately reflect
the biological properties of tumors from patients. Primary
leukemia cells were isolated from patients with ALL and
AML. The subtypes of patients with AML were: 1 with
MI1; 2 with M2; 2 with M4; 3 with M5; and 1 with chronic
myelogenous leukemia-blast crisis/myeloid (M), while there
were four B-ALL and one T-ALL patients. Gene mutations
and chromosome karyotype abnormalities were present in
10 patients. The detailed clinical characteristics of the patients
are described in Table I. The inhibitory effect of loperamide
on primary cells was then assessed and it was found that
loperamide could reduce the survival of the primary cells from
AML and ALL primary cells, even for those with complex
chromosomal abnormalities and adverse genetic mutations, in
a dose-dependent manner (Fig. 2). The ICs, values of AML
primary cells at 24 h were 11.87-25.96 uM, while for ALL
primary cells, the ICs, values were 12.78-20.58 uM (Fig. 2).
Furthermore, no significant difference was observed for the
inhibitory ratio of loperamide on primary cells in the time
studied (data not shown).

Loperamide induces apoptosis in leukemia cell lines and
primary cells. To investigate the potential mechanism of
the inhibitory effects of loperamide on leukemia cells, the
morphological changes in cells treated with 20 #M loperamide
were observed. As shown in Fig. 3, nuclear shrinkage and
membrane vacuolization were observed in Molt-4 and Thpl
cells following 20 M loperamide treatment, which are
features of cell apoptosis. These results indicated that the
inhibitory effects of loperamide on leukemia cells may be
exerted via cell apoptosis.

To confirm that the antitumor role of loperamide is mediated
by cell apoptosis, cells treated with loperamide were stained
with Annexin V and 7AAD™ and analyzed by flow cytometry.
The results showed a dose-dependent increase in cell apoptosis
for cells treated with various concentrations of loperamide. In
the absence of loperamide treatment, cell apoptosis was <10%.
At a concentration of 20 uM, the apoptotic cell percentage in
Thpl was 62.3+5.7%, while it was 78.6+3.7% in Molt4 cells
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Figure 1. Loperamide inhibits the growth of leukemia cell lines in a concentration-dependent manner. (A) Molt-4, (B) Jurkat, (C) Thpl and (D) U937 cell lines
were incubated with different concentrations of loperamide for 24 h and the cell viability was determined by MTT assay. (E) ICy, values of various leukemia
cell lines treated with loperamide for 24 h. ICs,, half-maximal inhibitory concentration.
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Figure 2. Loperamide inhibits the growth of primary leukemia cells from patients in a concentration-dependent manner. (A) A representative image of
Wright-Giemsa stain of primary leukemia cells from ALL-P1 and AML-P1 (magnification, x400). (B) Cell viability of primary cells from ALL-P1 and
AML-PI treated with various concentrations of loperamide for 24 h was measured by the MTT assay. (C) Cell viability of primary cells from ALL and AML
patients treated with various concentrations of loperamide for 24 h was measured by the MTT assay. (D) ICy, values of primary cells from ALL and AML patients
treated with loperamide for 24 h. ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; ALL-P1, acute lymphocytic leukemia-patient 1; AML-P1,

acute myeloid leukemia-patient 1; ICs,, half-maximal inhibitory concentration.

(Fig. 4A and B). The apoptotic percentage was 73.9+4.7%
for ALL-P1 cells and 45.8+4.15% for AML-P1 cells (Fig. 4A
and B). To determine the mechanisms of apoptosis induced
by loperamide, western blot analysis was performed to assess
caspase-3 activity and PARP, Bcl-2, Bax and Mcl-1, which are
important in inducing apoptosis (23,24). As shown in Fig. 4C
and D, the expression of cleaved-caspase-3 and cleaved-PARP
increased in a dose-dependent manner with loperamide
treatment. To identify the upstream mechanism of apoptosis
induced by loperamide in leukemia cells, the activation of the
nuclear factor (NF)-kB, c-Jun N-terminal kinase (JAK)-STAT3

and phosphoinositide 3-kinase (PI3K)/Akt pathways was
measured, which perform important roles in apoptosis (25-27).
Western blot analysis was performed to detect the expression
of STAT3, p-STAT3, Akt and p-Akt, and immunofluorescence
staining was performed to test the cellular localization of
p65. The expression of STAT3, p-STAT3, Akt and p-Akt and
the cellular localization of p65 was not changed following
loperamide treatment (data not shown). These data indicated
that loperamide did not trigger the activation of the NF-«xB,
JAK-STAT or PI3K/Akt pathways. Although the expression
of Bcl-2 and Bax was not significantly changed, Mcl-1, an
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important anti-apoptosis protein (28), was downregulated
following loperamide treatment. These results indicated that
loperamide inhibited the proliferation of leukemia cells and
induced cell apoptosis.

Loperamide induces DNA damage and activation of the
ATM-Chk2 pathway in leukemia cells. Considering the
specific changes in Mcl-1 and cleaved PARP expression
and the significant role of Mcl-1 and cleaved PARP in DNA
damage repair, it was examined whether loperamide induced
DNA damage (29,30). The comet assay detects DNA damage
in vitro (31). It was revealed that the length of the tail and the
percentage of cells with along tail increased as the concentration
increased, which demonstrated the DNA damage-inducing
effect of loperamide in a concentration-dependent manner
(Fig. 5A). As demonstrated by histogram statistics, at a
concentration of 20 uM, the percentage DNA in the tail
(measured as the percentage of total DNA in the tail) reached
64.3+8.1%, while the tail length was 99+3.6 ym (Fig. 5B).
The phosphorylation level of H2Ax, a sensitive DNA damage
response marker, was then determined by western blotting
and immunofluorescence staining, and the rH2Ax levels
were found to be markedly elevated following treatment with
20 uM loperamide for 24 h (Fig. 5C). The results of immuno-
fluorescence staining showed that the intensity of rH2Ax was
enhanced significantly (Fig. 5D). These results suggested that
loperamide increased the expression of phosphorylated H2Ax
and the length of the tail, causing DNA damage in leukemia.

The ATM-Chk?2 pathway performs an important role in
the DNA damage response (32). It was investigated whether
loperamide induced DNA damage by activating the ATM-Chk2
pathway in leukemia cells. The results showed that the phos-
phorylation level of ATM (Ser1981) in the Molt-4 and Thpl
cell lines and primary cells treated with 5-20 yM loperamide
increased compared with cells treated with DMSO (Fig. 6).
Chk2, the downstream effector of ATM (32), was also examined
by western blotting. The phosphorylation level of Chk2 (Thr68)
was also increased in a dose-dependent manner (Fig. 6). These
data indicated that loperamide induced DNA damage and
activated the ATM-Chk2 pathway in leukemia cells.

Discussion

Loperamide, first synthesized in 1973, is widely prescribed and
used as an antidiarrheal agent around the world (33). Blocking
the p-opioid receptor of the gastrointestinal tract and antago-
nizing calmodulin are the two main molecular mechanisms
for the antidiarrheal effect of loperamide (34-37). In previous
years, loperamide was also found to possess anti-neoplastic
activity in a variety of tumors in vitro, including liver, breast,
lung and canine cancers (9,10). However, the specific mecha-
nism of its antitumor effect remains unclear. To the best of
our knowledge, the present study investigated the effects of
loperamide treatment on the growth of leukemia cells for
the first time, and demonstrated that loperamide effectively
inhibited the growth of leukemia cell lines and primary cells
from patients with leukemia in a dose-dependent manner by
inducing cell apoptosis. DNA damage triggered by loperamide
treatment was involved in the molecular mechanism of its
anti-leukemia effects. Furthermore, the ATM-Chk?2 signaling
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Figure 3. Morphological changes in Molt-4 and Thpl cell lines treated with
20 pmol loperamide for 24 h. Cells treated with loperamide were observed by
light microscopy directly (magnification, x400). Arrows indicate cells with
typical morphological changes.

pathway in leukemia cells was activated and associated with
the DNA damage following loperamide treatment. These
findings uncover the anti-leukemia role and mechanism of
loperamide. Thus, loperamide, used widely to treat leukemia,
possesses therapeutic potential as an anti-leukemic agent.

The cancer cell lines used in preclinical studies have a vital
role in the study of biological mechanisms of cancer and high
throughput screening of effective antitumor drugs. However,
gene aberrations in cancer cell lines occurring with increasing
passage number has led to misrepresentative clinical scenarios,
and thus limits their clinical correlation (38,39). In a previous
study, Gillet et al (38) investigated the multidrug resistance
transcriptome of six cancer types in established cancer cell
lines and clinical samples, and found no association between
established cancer cell lines and clinical samples. Furthermore,
considering that there are no two genetically identical samples
even from the same patient, it is difficult for a small number of
cancer cell lines to represent the genetic and epigenetic varia-
tion of millions of patients with cancer (40). Therefore, driven
by personalized medicine, it is necessary to use primary
tumor models to test the effectiveness of antitumor drugs to
ensure the authenticity of patient-dependent tumor variability.
In the present study, primary leukemia cells from 9 patients
with AML and 6 patients with ALL were isolated. Notably,
gene mutation and chromosome karyotype abnormalities
existed in 10 patients, representing the patient-dependent
tumor variability. Therefore, the result that the cytotoxic
effect of loperamide was also observed in primary cells from
patients with leukemia supported the anti-leukemia potential
of loperamide.

Cell apoptosis, also termed programmed cell death, is
a process occurring primarily through an evolutionarily
conserved form of cell suicide and performs a significant role in
animal development (41,42). The dysregulation of this process
is involved in the pathogenesis of a panel of human diseases,
including cancer (41). Therefore, inducing tumor cell apoptosis
is the pathway by which the majority of antitumor agents
take effect (43). To investigate the cytotoxic mechanism of
loperamide on leukemia cells, leukemia cells were treated with
loperamide for 24 h, and morphological changes were observed
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Figure 4. Loperamide induces apoptosis in leukemia cell lines and primary leukemia cells from patients in a concentration-dependent manner. (A) Molt-4, Thpl,
ALL-P1 and AML-PI cells were treated with various concentrations of loperamide for 24 h and apoptosis was determined by flow cytometry. (B) The percentage
of cell apoptosis following treatment with loperamide. (C) Western blot analysis of caspase-3, cleaved-caspase-3, PARP, Bcl-2, Bax and Mcl-1 in Molt-4 and
Thpl cells treated with loperamide for 24 h. (D) Band quantification is shown as the fold change from control. The results are presented as the mean + standard
deviation of three independent experiments. "P<0.05; “P<0.01; ““P<0.001 vs. control group. PARP, poly(ADP-ribose) polymerase; Bcl-2, B-cell lymphoma-2;
Bax, Bcl-2-associated X protein; Mcl-1, myeloid cell leukemia 1; acute lymphocytic leukemia-patient 1; AML-PI1, acute myeloid leukemia-patient 1.
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Figure 5. Loperamide induces DNA damage in leukemia cells. (A) The comet assay was used to determine the different levels of DNA damage (long tail)
in Molt-4 cell lines following treatment with (a) solvent control, (b) 5 gmol, (¢) 10 gmol or (d) 20 ymol loperamide for 24 h. (B) DNA damage induced by
loperamide in Molt-4 cell lines was characterized by the percentage of DNA tail and tail length. Molt-4, Thpl, ALL-P1 and AML-P1 cells were treated with
various concentrations of loperamide for 24 h and the level of y-H2AX was measured by (C) western blotting and (D) immunofluorescence staining. The
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Figure 6. The ATM-Chk?2 signaling pathway is activated in leukemia cells treated by loperamide. Immunoblotting of Molt-4, Thpl, ALL-P1 and AML-P1
cells treated with various concentrations of loperamide for 24 h. ATM, ataxia telangiectasia mutated serine/threonine kinase; Chk2, checkpoint kinase 2;
p, phosphorylated; acute lymphocytic leukemia-patient 1; AML-P1, acute myeloid leukemia-patient 1.

and flow cytometric cell apoptosis analyses were performed.
The results supported the hypothesis that loperamide exerts
a cytotoxic effect via inducing cell apoptosis. Caspase-3
activation followed by caspase-3-mediated cleavage of PARP
has a critical role in apoptosis (44.,45). The results determined
by western blotting of a dose-dependent generation of cleaved
caspase-3 and cleaved-PARP validated the assumption of the
apoptosis-inducing effect of loperamide.

In addition to engaging in apoptosis, PARP is also involved
in and has a vital effect in DNA damage repair by recognizing

DNA strand breaks and acting as a critical regulatory compo-
nent (29). Furthermore, downregulation of Mcl-1 expression
following loperamide treatment, together with evidence that
Mcl-1 regulates the DNA damage response and overexpression
promotes resistance to DNA damage, suggested the possible
DNA damage-inducing effect of loperamide (30,46). In the
present study, the comet assay, which is a sensitive method of
evaluating DNA damage in cells, showed a long tail length
at the concentration of 20 M loperamide, evidence of DNA
damage induced by loperamide treatment. The phosphorylation



of histone H2A acts as a sensitive marker of DNA damage,
which forms nuclear foci at sites of DNA damage and behaves
as a signal to recruit other repair proteins (14). The results of
western blotting and immunofluorescence staining indicated
that the molecular sensor of DNA damage, rH2ax, increased
in a dose-dependent manner following treatment with
loperamide. To investigate the signaling pathway activated
by DNA damage, the ATM-Chk?2 pathway was investigated
by western blotting. ATM is a kinase belonging to the PI3K
signaling family and is commonly activated by double-strand
DNA breaks (DSBs) (47). Once triggered by DSBs, ATM
is activated and phosphorylates its downstream signaling
proteins, including Chk2, which serves as a signal transducer
and effector that is involved in the process of apoptosis
initiation (32). Western blotting assays indicated that ATM
was activated via its phosphorylation at Ser1981 subsequent
to DNA damage being induced by loperamide treatment and
subsequently initiating the downstream molecular Chk2. In
addition, the alteration of numerous signaling pathways that
perform crucial roles in tumor survival and apoptosis was also
determined, including the NF-xB, JAK-STAT and PI3K/Akt
pathways (25-27). The results revealed that these pathways
were not activated (Fig. 3).

To conclude, the present study demonstrated for the first
time that loperamide, an old drug used as an antidiarrheal
agent, has therapeutic potential as an anti-acute leukemia
agent. Loperamide effectively inhibits the growth of leukemia
cell lines and primary leukemia cells through inducing cell
apoptosis. In addition, a new antitumor mechanism of loper-
amide was identified in the present study: DNA damage.
Furthermore, the ATM-Chk?2 pathway activated by DNA
damage in response to loperamide treatment is found in
leukemia cell lines and primary leukemia cells. Therefore,
the present study provides new insights into the therapeutic
potential and antitumor mechanism of loperamide in leukemia.
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