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Introduction 

Acute myeloid leukemia (AML) is an aggressive 

blood disorder that known with the accumulation 

of immature hematopoietic stem cells in bone 

marrow.
1 

AML is the most common type of 

leukemia in adults with lowest survival rate of all 

leukemias.
2,3 

AML treatment includes at least one 

course of induction chemotherapy including 

daunorubicin (DNR) and cytarabine.
4
 More than 

50% of patient with AML do not achieve 

complete remission or show relapse after high-

dose induction chemotherapy.
5
 In addition, the 

cardiotoxicity and nephrotoxicity of 

anthracyclines remain as a major problem in 

clinical treatment of AML.
6
 Studies have shown 

that the use of biological modifiers in 

combination with conventional cytotoxic agents is 

useful to reduce undesirable toxicity.
7
  

Mitochondria play a central role in the regulation 

of apoptosis (programmed cell death).
8 

B-cell 

lymphoma-2 (Bcl-2) family of proteins are 

regulated the intrinsic pathway of apoptosis by 

the stabilization of the outer membrane of 

mitochondria (OMM). The members of this 

family are divided into three main groups based 

on function and regions of the Bcl-2 homology 

(BH) domains: multi-domain anti-apoptotic 

proteins (Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1) 

multi-domain pro-apoptotic proteins (Bax and 

Bak), and BH3-only pro-apoptotic proteins (Bid, 

PUMA, Bim and NOXA). Studies have showed 

that BH1, BH2 and BH3 domains of anti-

apoptotic proteins interact with the α-helixes 

formed by BH3 domains of pro-apoptotic 

members. When the cells received the apoptosis 

signals, BH3-only pockets of anti-apoptotic 

proteins bind to the hydrophobic cleft formed by 

anti-apoptotic proteins resulting in release of Bax 

and Bak. Oligomerized Bax and Bak permeabilize 

OMM that cause release of cytochrome c and 

thereby execution of apoptosis.
9-11

 

It is shown that the overexpression of anti-

apoptotic Bcl-2 family of proteins have been 

correlated with survival and therapeutic resistance 

of tumor cells including leukemia.
12,13 

Moreover, 
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Purpose: Intensive chemotherapy with daunorubicin (DNR) is associated with serious 

side effects in acute myeloid leukemia (AML) patients. In this study the effect of small-

molecule BH3-mimetic, ABT-737, on the sensitivity of HL60 and U937 AML cell lines 

was investigated. 

Methods: The cytotoxic effects of DNR and ABT-737, alone or in combination were 

assessed using MTT assay and combination index analysis. The effects of treatments on 

the cell proliferation was determined by trypan blue assay. ELISA cell death assay was 

used for measurement of apoptosis. 

Results: IC50 values of DNR and ABT-737 were 2.52 and 0.59 µM for HL-60 cells line 

and 1.31 and 0.80 µM for U937 cell line at 24 h, respectively. Surprisingly, combination 

treatment significantly lowered the IC50 values in a synergic manner in both cell lines. 

Moreover, treatment with a mixture of two agents had more growth inhibition effect 

relative to the monotherapy. Results of apoptosis assay showed that the cytotoxic effects 

are related to the enhancement of apoptosis. 

Conclusion: Our study suggests that ABT-737 synergistically enhances the cytotoxic 

effect of DNR in AML cell lines and therefore may be useful to overcome 

chemoresistance of leukemia patients. 
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others have demonstrated that targeting of anti-

apoptotic Bcl-2 family members can induce 

apoptosis and reverse multi-drug resistance of 

cancer cells.
14

 Since, the BH3 binding pockets of 

anti-apoptotic proteins are essential for their 

functions, it is hypothesized that the small 

molecules that bind to these pockets may be able 

to block the hetero-dimerization of anti-apoptotic 

and pro-apoptotic proteins and trigger apoptosis.
15

 

ABT-737 is a potent small molecule inhibitor of 

the Bcl-2, Bcl-xL and Bcl-w proteins, developed 

by Abbott laboratories. This compound, like 

BH3-only proteins, binds to anti-apoptotic Bcl-2 

family members and antagonizes their effects, 

thereby diminishing their ability to inhibit 

apoptosis.
16

 Furthermore, ABT-737 was found to 

exhibit chemosensitization effect, and single anti-

cancer activity was observed in lymphoma and 

small-cell lung carcinoma (SCLC) tumor cells 

with low toxicity.
17

 

The aims of this study were to investigate the anti-

tumor effect of anthracycline DNR on AML cells and 

to determine whether this effect can be enhanced by 

ABT-737. To this end, we have examined the effects of 

either agent, alone and in combination, in HL-60 and 

U937 cell lines. 

 

Materials and Methods 

Cell lines and culture 
 HL-60 (acute promyelocytic leukemia) and U937 

(human leukemic monocyte leukemia) cell lines were 

purchased from Pasteur Institute Cell Bank of Iran. 

RPMI-1640 medium (Sigma, USA) supplemented with 

10% heat inactivated fetal bovine serum (FBS) (Gibco, 

Invitrogen, USA), 2 mg/ml sodium bicarbonate, 0.05 

mg/ml penicillin G (Serva co, Germany) and 100 µg/ml 

streptomycin (Gibco) was used for cell culture. The cell 

lines were cultured in 25 cm2 flasks and maintained in 

a humidified incubator containing 5% CO2 at 37 °C. 

 

In vitro cytotoxicity 

The cytotoxicity of treatments was determined by MTT 

assay. This test detects the reduction of yellow MTT 

[3-(4, 5-dimethylthiazolyl)-2, 5-diphenyl-tetrazolium 

bromide] into purple formazan crystals by 

mitochondrial dehydrogenases, which reflects the 

normal function of mitochondria. Just before 

treatments, leukemia cell lines were cultured in 

complete medium at a density of 3×10
4
 cells/well in 

96-well U-shape bottom tissue culture plates (Nunc, 

Denmark) and incubated overnight at 37 °C. The next 

day, the culture medium was replaced with 200 µl of 

fresh complete medium and then the cells were treated 

with different concentrations (0.001, 0.01, 0.1, 0.5, 1 

and 2 µM) of either ABT-737 (Active Biocheminals, 

HongKong) or DNR (Sigma, Germany) alone. 

Moreover, a combination treatment with equal 

concentrations of two agents was performed. 

Treatments with 1% DMSO (solvent of ABT-737) and 

RPMI (solvent of DNR) without drugs were also 

considered as a blank control. After 24 h of incubation, 

the culture medium was removed and the cells were 

incubated with MTT solution (Sigma) (0.2 mg/ml, 200 

µl) for 4 h at 37 °C in a humidified atmosphere. The 

cell culture plates were centrifuged at 1500 g for 5 min 

and the supernatants were discarded. Subsequently, 200 

µl of DMSO and 25 µl of Sorenson's glycine buffer 

were added to the wells to dissolve the formazan 

crystals. Finally, the amount of soluble formazan was 

determined by quantification of the absorbance at 570 

nm (with a reference wavelength of 650 nm) using EL 

× 800 ELISA plate reader (Bio Tech Instruments, 

USA). After correction of the background absorbance, 

the percentage of cell viability was determined using 

the following formula: 

Cell viability (%) = AbsorbanceTest / AbsorbanceControl × 100. 

The IC50 values (concentrations that induced 50% 

cytotoxicity) were calculated using GraphPad Prism 

6.01 software (GraphPad Software Inc., USA). 

 

Combination index analysis 

To investigate the interaction effect between ABT-737 

and DNR, combination index analysis, based on Chou 

and Talalay method was performed.
18

 The combination 

index (CI) was calculated using the following equation: 

CI = (A/B) + (A/C), which A, B and C are the IC50 

values of the combination treatment, ABT-737 and 

DNR, respectively. The values of CI less than 1, equal 

to 1 and bigger than 1, indicate synergistic, additive 

and antagonist effects respectively. 

 

Cell proliferation assay 

Trypan blue exclusion assay was used to determine 

anti-proliferative effects of treatments. In brief, the 

cells (5×10
4 

cells/well) were treated with the IC50 doses 

of either ABT-737 or DNR and their combination in 

24-well tissue culture plate (Nunc). Following 

treatments, the cells were incubated in appropriate 

culture conditions for 24-96 h. At the end of each day, 

the cells were stained with 0.4% trypan blue dye 

(Merck KGaA, Germany) and then the number of 

viable cells was counted using neubauer chamber under 

an Olympus inverted microscope. 

 

Apoptosis assay 

HL-60 and U937 cells were seeded at a density of 

5×10
4
 cells/well in 96-well plates and treated with 

drugs as described in the cytotoxicity assay section. 

Following the treatments, apoptosis was detected using 

an apoptosis ELISA assay kit (Roche Diagnostics 

GmbH, Germany) according to the manufacturer's 

protocol. This test is based on the identification of 

mono and oligonucleosomes in the cytoplasmic fraction 

of apoptotic cell lysates. In brief, 24 h after treatments, 

the cells were centrifuged and lysed. Then, 20 µl of 

supernatants and 80 µl of immunoreagent containing 

monoclonal antibodies directed against DNA and 

histones were transfered to each wells of ELISA 
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microplate. After 2 h of incubation, the wells were 

washed and 100 µl of ABTS solution was added. The 

resulting colors were quantified using a plate reader at 

405 nm (with reference wavelength in 490 nm).
 

 

Statistical analysis 
Statistical analyses were performed with GraphPad 

Prism 6.01 software. Results were expressed as the 

mean ± standard deviation (SD). Statistical differences 

were assessed by unpaired student t-test; and a value of 

P less than 0.05 was considered significant. 

 

Results 

ABT-737, synergistically enhanced the cytotoxic 

effects of DNR in leukemia cells  

To analyze the effect of ABT-737 on sensitivity of 

leukemic cells to DNR, a combination treatment of two 

agents was investigated. HL-60 and U937 leukemia 

cells were exposed to the various concentrations of 

drugs (0.001-2 µM), alone or in combination, and 

cytotoxicity was measured by MTT assay after 24 h. As 

shown in Figure 1a and b, monotherapy with BAT-737 

or DNR markedly decreased the viability of the two 

cell lines in a dose-dependent manner. Results of MTT 

assay showed that, compare with the single agent 

treatment, the combination therapy further decreased 

the percentage of viable cells (P<0.05, Figure 1a and 

b). Moreover, combination of two agents resulted in 

significant decrease in the IC50 values relative to the 

monotreatment (Table 1). Results of combination index 

analyses indicated that the interaction effect between 

drug combinations was synergistic with CI values of 

0.93 and 0.80 in HL-60 and U937 cell lines, 

respectively.  

 
Table 1. The IC50 values determined by MTT assay 

IC50 (µM) 

- HL-60 U937 

ABT-737 0.59 0.80 

DNR 2.52 1.31 

Combination 0.45* 0.41* 

* P<0.05 relative to single agent reatments 

  

ABT-737 enhanced the growth inhibitory effect of DNR  

We investigated whether treatment with DNR, ABT-

737 or the combination of them affects cell 

proliferation. Cell proliferation was assessed by trypan 

blue exclusion assay at 24-96 h after treatments. The 

cell growth curves of HL-60 and U937 cells showed 

that the treatment with DNR or ABT-737 alone, 

significantly suppressed cell growth over a period of 5 

days (relative to the blank control) (Figure 2a and b). 

Moreover, two treatments with DNR or ABT-737 

further inhibited the growth of two cell lines (P<0.05). 

 
Figure 1. The cytotoxic effects of ABT-737, DNR and their 
combination on HL-60 (a) and U937 (b) cells were determined 
by MTT assay. Results expressed as the mean ± SD (n=3), 
*p<0.05 versus DNR or ABT-737 alone. 
 

 

Figure 2. Effects of ABT-737, DNR and their combination on 
the proliferation of HL-60 (a) and U937 (b) cell lines. The 
growth curves of leukemic cells were constructed from the 
results of trypan blue dye exclusion assay. Results expressed 
as the mean ± SD (n=3), *p<0.05 versus control. 
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ABT-737 increased the sensitivity of leukemia cells to 

DNR-mediated apoptosis 

To investigate whether the cytotoxic effects of 

treatments are linked to the enhancement of apoptosis, 

an apoptosis ELISA assay was performed. HL-60 and 

U937 tumor cells were treated with both IC50 dose of 

ABT-737 or DNR alone and IC50 dose of combination 

for 24 h, and then validated for apoptosis. Results 

showed that, Compare with the blank control, treatment 

with ABT-737 resulted in 5.56 and 7.25 fold increase 

in apoptosis in HL-60 and U937 cells, respectively 

(P<0.05, Figure 3). In addition, exposure of HL-60 and 

U937 cells with DNR significantly enhanced the extent 

of apoptosis to 4.42 and 5.39 fold, respectively. 

Moreover, with the combination treatment of two 

agents, fold increases in apoptosis were 5 for HL-60 

cells and 7.59 for U937 Cells. 

 

 
Figure 3. ABT-737 enhanced the sensitivity of leukemia cells to 
DNR-mediated apoptosis. HL-60 and U937 cells were treated 
with the drugs and apoptosis was measured by ELISA cell death 
assay. Results expressed as the fold increase in apoptosis 
compare with the blank control. Data are the mean ± SD of 
independent experiments (n=3), *p<0.05 versus blank control. 

 

Discussion 

The use of anthracyclines (daunorubicin or idarubicin) 

in combination with cytarabine is one of the effective 

induction treatments for AML patients.
19 

Since, 

intensive chemotherapy with DNR is associated with 

undesirable side effects such as cardiotoxicity; the use 

of lower doses of daunorubicin is one of great clinical 

interests.
6
 Overexpression of anti-apoptotic proteins 

plays a critical role in the inherent resistance of tumor 

cells to cytotoxic agents.
12

 Studies have indicated that 

the suppression of these mediators of apoptosis 

pathway by various strategies could induce apoptosis 

and overcome drug resistance of cancer cells.
13,14

 In 

this study, the effect of, BH3-memetic ABT-737, on 

the apoptosis and sensitivity of HL-60 and U937 AML 

cells to DNR investigated.  

Our data demonstrated that the treatment with ABT-

737 or DNR alone causes significant cytotoxic and 

growth inhibitory effects in leukemic cells. MTT assay 

and combination index analysis showed that ABT-737 

synergistically enhances the cytotoxic effect of DNR in 

two cell lines. Moreover, apoptosis assay findings 

revealed that the chemosensitization effect of ABT-737 

is contribute to the induction of apoptosis. These results 

were in agreement with the other reports describing the 

important role of mitochondrial anti-apoptotic proteins 

in drug resistance of tumor cells.
12-14

  

Apoptosis can be triggered via two distinct pathways: 

the intrinsic and the extrinsic pathways. Anti-apoptotic 

Bcl-2 family of proteins commonly inhibit the intrinsic 

pathway of apoptosis by interaction with the BH3-only 

pro-apoptotic proteins (Bid, PUMA, Bim and NOXA), 

thereby release multi-domain pro-apoptotic proteins 

(Bax and Bak) to cytoplasm. Oligomerization of Bax 

and Bak proteins in OMM causes release of 

cytochrome c from the inner mitochondrial membrane 

space that lead to caspases activation and the next 

apoptosis events.
8-11 

Our study shows that treatment of 

leukemic cells with either DNR or ABT-737 triggers 

marked apoptotic cell death. Furthermore, ABT-737 

enhances the apoptosis effect caused by DNR. Thus, it 

is conceivable that BH3-memetic ABT-737 that 

interacts with anti-apoptotic proteins, triggers apoptosis 

through the intrinsic pathway. Chemotherapeutic drug, 

DNR, is a DNA intercalating agent that induces 

apoptosis by the inhibition of DNA and RNA 

synthesis.
4
 However, the exact cellular mechanisms of 

DNR-mediated apoptosis and chemosensitization effect 

of ABT-737 remain unclear. Further investigations are 

needed.  

Small-molecule BH3-mimetic, ABT-737, strongly 

inhibits Bcl-2, Bcl-xL, and Bcl-w pro-apoptotic 

proteins (Ki < 1 nM), but not Mcl-1(Ki > 1 µM).
9,17

 

ABT-737 has shown promise for treatment of follicular 

B-cell lymphoma and small-cell lung cancer with low 

levels of Mcl-1 expression.
20

 In addition, it was 

confirmed that the cells with high levels of Mcl-1 are 

more resistance to ABT-737, indicates the correlation 

between the cellular levels of Mcl-1 and response to the 

compound.
21-24

 Our study demonstrated that HL-60 

cells are more sensitive to ABT-737 relative to U937 

cells (Table 1) that have higher levels of Mcl-1 

expression.
25

 Our findings support the above-

mentioned reports and further confirm the 

cytoprotective role of Mcl-1 against ABT-737. 

 

Conclusion 

In conclusion, the present study has demonstrated that 

targeted down-regulation of anti-apoptotic proteins by 

ABT-737 results in a significant single-agent activity 

against leukemic cells. Furthermore, combination of 

DNR with ABT-737 exhibited synergistic anti-tumor 

effect. These findings highlight anti-apoptotic Bcl-2 

family of proteins as a relevant target and drug 

resistance factor in AML patients. Our findings 

underline the potential of ABT-737 to induce tumor 

cell apoptosis and reduce the serious side effects caused 

by high dose chemotherapy. We suggest that the 

specific suppression of Mcl-1 may further enhance the 

chemosensitization effect of ABT-737. 
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