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Abstract

Introduction: Change in the balance of Bel-2 family proteins is one of the main reasons for resistance of tumor cells
to ABT-199. In this study, the effect of dihydroartemisinin on cell growth, apoptosis and sensitivity of the AML cells to
ABT-199 was investigated. Methods: Cell proliferation and survival were assessed by trypan blue staining and MTT
assay, respectively. Cell apoptosis was measured by Hoechst 33342 staining and caspase-3 activity assay. The expression
levels of Bel-2, Mcl-1 and Bax mRNA were tested by qRT-PCR. Results: Our data showed that combination therapy
significantly reduced the IC,  value and synergistically decreased the AML cell survival and growth compared with
dihydroartemisinin or ABT-199 alone. Treatment with each of ABT-199 or dihydroartemisinin alone clearly enhanced
the Bax mRNA expression and inhibited the expression of Mcl-1 and Bel-2 mRNA. Inhibition of Mcl-1 mRNA by
dihydroartemisinin was associated with enhancement of apoptosis induced by ABT-199 in AML cells. Conclusion: In
conclusion, dihydroartemisinin not only triggers the intrinsic pathway of apoptosis, but also can increase the sensitivity

of the AML cells to ABT-199 via suppression of Mcl-1 expression.
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Introduction

Acute myeloid leukemia (AML) is malignant clonal
diseases characterized by the uncontrolled proliferation
of immature myeloid cells with a reduced capacity
to differentiate into mature cells [1-3]. Despite initial
sensitivity to standard chemotherapy, long-term survival
rate is only 30-40%, and the majority of patients
eventually relapse. The main limitation in treatment
of AML patients is the development of primary and
secondary drug resistance. Therefore, novel therapeutic
strategies are required for complete cure of AML [1-3].

The intrinsic pathway of apoptosis (mitochondrial)
is regulated by Bcl-2 family proteins, which include
anti-apoptotic and pro-apoptotic proteins [4-6]. Increased
expression of Bcl-2 family anti-apoptotic proteins such
as Bcl-2, Bel-xL and Mcl-1 has been observed in many
hematological malignancies such as AML, which is
associated with increased survival and resistance to cell
apoptosis [4-6]. Therefore, targeting these proteins is
considered as a therapeutic strategy in cancer.

ABT-199 is a synthetic BH3 domain mimic of

BH3-only pro-apoptotic proteins, which induces the
mitochondrial pathway of apoptosis by binding to Bcl-
2 and not Bcl-xL and Mcl-1 proteins [7, 5]. ABT-199
shows promising anticancer activity in AML patients,
but resistance occurs rapidly [8]. Reports show that ABT-
199 reduces the association of the proapoptotic protein
Bim with Bel-2 without affecting Bel-xL. Also, in AML
cells resistant to ABT-199, it has been observed that the
relationship between Bim and Mcl-1 is strengthened and
the intrinsic pathway of apoptosis is not induced [9]. These
evidences show that the change in the balance of Bcl-2
family proteins is one of the main reasons for resistance
to ABT-199. Therefore, simultaneous suppression of Bel-
2 and Mcl-1 is an attractive strategy for sensitizing cells
resistant to ABT-199 [9].

Artemisinin is the active ingredient of Artemisia annua
plant, which is used as an antimalarial drug. Artemisinin
and its strongest derivative, dihydroartemisinin, in
addition to antimalarial properties, also show anticancer
properties [10]. Numerous laboratory and clinical
evidences have shown that artemisinin and its derivatives
play a role in controlling the growth and migration of
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cancer cells by mediating the systems of oxidative stress,
DNA damage and repair, apoptosis and angiogenesis [10].
In addition, it has been found that these compounds change
the expression of different genes involved in apoptosis,
such as Bcel-2, Mcl-1 and Bax, by changing different cell
signaling pathways [10]. However, the combined effect
of these compounds with ABT-199 on AML cells has
not been investigated so far. In this study, the effect of
dihydroartemisinin on the sensitivity of AML cells to
ABT-199 has been investigated.

Materials and Methods

Cell culture

The human AML cell lines U937 and KG-1 were
purchased from the Iranian Pasteur Institute (Tehran,
Iran). The cells were maintained in RPMI-1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 1% penicillin- Streptomycin (Sigma-Aldrich), 2 mM
glutamine, 20% fetal bovine serum (Invitrogen, Carlsbad,
CA, USA). The cells were cultured in suspension at a
concentration of 10°-10°¢ cells/ml and incubated at 37°C
containing 5% CO,

MTT assay

Cell toxicity was assessed by 3-(4, 5-dimethylthiazol-
2-yl) 2, 5-diphenyl tetrazolium bromide (MTT) assay.
The Experiment was divided into 5 groups: blank control,
solvent control, ABT-199, dihydroartemisinin, ABT-199+
dihydroartemisinin. The AML cell lines were grown in
96-well plates at a density of 2x10* cells per well. After
24 h of adhesion, the cells were treated with different
concentrations of ABT-199, dihydroartemisinin for 24 h.
Next, 10 pl of MTT solution (5 mg/ml) (Sigma-Aldrich)
was added into each well and then incubated for another
4 h. The medium was removed, and 150 pl of DMSO was
added to each well to dissolve the sediment. All mixtures
were gentle shaken for 15 minutes. The optical density
(OD) for each well plate was calculated by a micro-plate
reader spectrophotometer (Awareness Technology, Palm
City, FL, USA) at a reference wavelength of 490 nm. In
the next experiments the IC; doses of drugs were used.

Combination index study

The combination index (CI) analysis based upon the
Chou-Talalay method was used to calculate the interaction
between ABT-199 and dihydroartemisinin [11, 12]. The
all data obtained with the MTT assay was converted to
Fraction affected (Fa; where Fa = 1 is 0% cell survival
and Fa = 0 is 100% cell survival) and analyzed with the
CompuSyn 1.0 software (ComboSyn Inc., Paramus, NJ,
USA). Additive, synergistic and antagonistic effects are
indicated by CI=1, CI<I and CI>1, respectively.

Cell proliferation assay

The antiproliferative effects of ABT-199 and
dihydroartemisinin were measured by trypan blue
staining. In Brief, each cancer cell lines were seeded in
6-well culture plates at a density of 4x104 cells per well
and treated with ABT-199 and dihydroartemisinin, alone
and in combination for five days. At various time points,
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all cells were harvested and next cell suspensions were
stained with equal volumes of 0.4% trypan blue (Merck
KGaA, Darmstadt, Germany) for 3 min. Next, the number
of unstained cells (viable cells) was counted using an
inverted microscope (Nikon Instrument Inc., Melville,
NY, USA) and a hematocytometer. Cell viability was
considered as a percent of the blank control group.

RT-gPCR

Following treatments, total cellular RNA was extracted
from the leukemic cells by using RNA extraction reagent
(Parstous, Tehran, Iran) as described by the manufacturer’s
protocol. Then, 1 pg of total RNA was reverse transcribed
into complementary DNA (cDNA) by using of MMLV
reverse transcriptase and oligo-dT primer following
the manufacturer’s instructions (Parstous). Relative
gene mRNA expression was quantified by RT-qPCR
using SYBR green PCR Master Mix (Parstous) and
the LightCycler 96 system (Roche Diagnostic GmbH,
Mannhein, Germany). The RT-qPCR was performed
in a 20 pl reaction system containing 1 pl of cDNA
template, 12 pl of SYBR green reagent, 0.2 uM of each
of the primers and 6 pl of nuclease-free distilled water.
The sequences of primers used for PCR are listed in
Table 1. The RT-qPCR condition was 95°C for 10 min
followed by 35 cycles at 950C for 20 sec and 60 °C for 1
min. Relative gene expression was determined with the
2-42¢ method [13, 14], using B-actin as an internal control.

Apoptotic morphologic changes

IC,, concentration of ABT-199 and dihydroartemisinin
were used to treat the U937 and KG-1 cells for 24 h.
After treatment, the cells were washed and fixed in 4%
formaldehyde for 15 minute at room temperature. The
fixed cells were washed with PBS and then stained with
5 ngmL Hoechst 33342 (Sigma-Aldrich) for 10 minute
according to the manufacturer’s protocol. Finally, by using
a fluorescence microscope (Olympus, Tokyo, Japan), the
morphological changes in the Hoechst 33342-stained
nuclei of cells were observed. U937 and KG-1cells with
fragmented or condensed nuclei were considered as
apoptotic cells.

Caspases-3 activity assay

Induction of caspase-3 activity was determined using
a colorimetric caspase activity Kit according to the
manufacturer’s instruction (Abnova, Taipei, Taiwan).
Briefly, the cells were resuspended in 50 pul of cooled lysis
buffer and incubate on ice for 15 min. The cell suspension
was centrifuged at 9,000 g for 2 min. Subsequently, 50
pl reaction buffer and 5 pl of caspase-3 (DEVD-pNA)
substrate was added to each well and incubated at 37°C for
24 h. The absorbance was determined using a microplate
ELISA reader (Awareness Technology, Palm City, FL,
USA) at 405 nm.

Statistical Analysis

Data were presented as mean + standard deviation
(SD). Analysis of variance (ANOVA) followed by
t-test was used to explored the significant differences
between groups. A p-value less than 0.05 were considered



significant. All statistical analyses were performed using
GraphPad Prism software.

Results

Dihydroartemisinin increased the sensitivity of AML cells
to ABT-199

To explore the effect of dihydroartemisinin on the
sensitivity of the AML cells to ABT-199, a combination
treatment of dihydroartemisinin and ABT-199 on
U937 and KG-1 cells was studied. The results of MTT
assay (Figure 1) demonstrated that treatment whit
either dihydroartemisinin or ABT-199 alone, markedly
decreased the cell survival in a dose-dependent way
(p<0.05, relative to the blank control). As shown in
Table 2, the IC, values for dihydroartemisinin and ABT-
199 for 24 h of treatment were 14.95 and 0.12 uM in U937
cells, and 11.26 and 0.18 uM in KG-1 cells, respectively.
Moreover, the dihydroartemisinin in combination with
ABT-199 further reduced the cell survival rate and
lowered the IC, value (p< 0.05, relative to the single
therapy). These results suggest that dihydroartemisinin
can increase the sensitivity of the AML cells to ABT-199.
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The combination effect of dihydroartemisinin and
ABT-199 on AML cells was synergistic

CI analysis based on the non-constant method
of Chou-Talalay was performed to assess the drugs
interaction. The CI-Fa curves indicated that combination
treatment was synergistic (CI<1) when dihydroartemisinin
(0-0.32 uM) combined with ABT-199 (0-0.32 pM)
(Figure 1). Our results showed that the best mean CI value
of 24 h was observed at 0.32 uM ABT-199 in combination
with 0.32 uM dihydroartemisinin (CI=0.70) with Fa level

Table 1. Sequence of Primers Used in Real-Time PCR

Genes Sequence (5'—3")

B-actin FW GACATCCGCAAAGACCTGTA
B-actin RV GGAGCAATGATCTTGATCTTCA
Bcl-2 FW GGATGCCTTTGTGGAACTG
Bcl-2 RV CAGCCAGGAGAAATCAAACAG
Bax FW GCTTCAGGGTTTCATCCAG

Bax RV TTACTGTCCAGTTCGTCCC

Mcl-1 FW TAGTTAAACAAAGAGGCTGGGA
Mcl-1 RV CCTTCTAGGTCCTCTACATGG
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Figure 1. Effect of Dihydroartemisinin and ABT-199 Combination on Cell Survival. The U937 and KG-1 cells were
exposed to dihydroartemisinin (DHA) (A) and ABT-199 (B) at indicated concentrations. After 24 h, the cell survival
rate was measured using MTT assay. The cell survival curves were plotted using GraphPad 6.1 software (C, D, F and
G). Data are showed as mean+SD of three experiments. The combination index (CI) values were determined using the
fractional affected (Fa) values of MTT assay and CalcuSyn software (E and H).
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Figure 2. Proliferation Inhibition of AML Cells. The U937

KG-1
—=— ABT-199
~e- DHA + ABT-199

—e— Blank control
-@- Solvent control
—— DHA

e

120

100

80

60

Cell viability %

40

20

2 3
Time (day)

and KG-1 cells were treated with ABT-199 and dihydroar-

temisinin (DHA) for 1-5 day. Next, the cell viability was determined using trypan blue exclusion assay. The data are

showed as mean+SD of three experiments. *p<0.05 versus

0f 0.96 in U937 cells (Figure 1). Moreover, in KG-1 cells
the best mean CI value was observed at 0.16 uM ABT-199
in combination with 0.16 pM dihydroartemisinin
(CI=0.71) with Fa level of 0.58 (Figure 1).

Table 2. IC, Values of the ABT-199 Alone and in
Combination with Dihydroartemisinin in AML Cells

blank control or solvent control.

Dihydroartemisinin augmented the growth inhibitory
effect of ABT-199

We next studied whether dihydroartemisinin and
ABT-199 could restrain the proliferation of AML cells.
The cells were exposed to dihydroartemisinin and
ABT-199, alone and in combination and cell viability was
then determined using trypan blue assay over a period
of 5 days. The results are presented as the percentage

IC. (24h . 3
o (241) of viable cells relative to total number of cells. The cell
U937 KG-1 growth curve revealed that compared with the control
ABT-199 0.12 0.18 groups, the viability of the cells in dihydroartemisinin,
Dihydroartemisinin 14.95 11.26 ABT-199 and combinatorial group significantly reduced
Combination 0.09% 0.11* in a time-dependent manner. In U937 cells, the cell growth
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Figure 3. RT-qPCR Analysis of AML Cells. The U937 and KG-1 cells were treated with dihydroartemisinin (DHA)
and ABT-199 (IC50 doses) for 24 h. Next, relative mRNA expression levels of Bcl-2 (A and D), Mcl-1 (B and E) and
Bax (C and F) were determined by RT-qPCR using 244 method. Results are presented as mean+SD (n=3). #p< 0.05
relative to single treatment; *p<0.05 relative to blank control.
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Figure 4. The Effect of Dihydroartemisinin and ABT-199 on Apoptosis of AML Cells. U937 and KG-1 cells were
exposed to the IC50 doses of dihydroartemisinin (DHA) and ABT-199 for 24 h. Next, the apoptosis was measured
using Hoechst 33342 staining (A and B) and caspase-3 activity assay (C and D). The data are expressed as mean+SD
(n=3) of three experiments. *p<0.05 compared with blank control. Arrows show the apoptotic cells.

in dihydroartemisinin, ABT-199 and combinatorial group
reduced to 62 %, 59 % and 54 %, respectively, and then to
a further 26 %, 21 % and 19 % at the end of the experiment
(p<0.05; Figure 2). Similar results were observed in the
KG-1 cell line.

Dihydroartemisinin changed the expression of apoptotic
genes

The effect of dihydroartemisinin and ABT-199 on the
Mcl-1, Bel-2 and Bax mRNA expression was determined
by qRT-PCR method. The results showed that 24 h
treatment of AML cells with each of dihydroartemisinin or
ABT-199 decreased Bcl-2 and Mcl-1 mRNA expression,
while increased the Bax mRNA expression (compared
to the blank control group, p<5%). Combination therapy
led to a stronger effect in gene expression levels relative
to the single therapy (Figure 3, p<5%). In addition, no
significant difference in mRNA expression levels was
observed between the solvent control and blank control
groups (p>5%). The findings were consistent across both
U937 and KGI cell lines, indicating that the treatment had
comparable effects on both cell lines. (Figure 3).

Dihydroartemisinin enhanced the apoptotic effect of ABT-
199 in AML cells

To determine whether the inhibitory effect of
treatments on cell survival was related to apoptosis, the

U937 and KG-1 cells were exposed to the IC, doses of
dihydroartemisinin, ABT-199 and their combination for 24
h. Then, we performed Hoechst 33342 nuclear staining and
caspase-3 activity assay. As shown in Figure 4, apoptotic
cells containing nuclear morphologic changes were
observed in dihydroartemisinin and ABT-199 treated
cells but not in the control cells. Moreover, the number
of apoptotic cells in the combination treated cells was not
significantly differing from the mono-treated cells.

To explore the molecular mechanism of apoptosis
induced by dihydroartemisinin and ABT-199, caspase-3
activity assay was conducted. The results revealed that
there was a marked increase in caspase-3 activity in
the cells treated with dihydroartemisinin and ABT-199
(p<0.05). The extent of caspase-3 activity in the AML cells
treated with the combination of dihydroartemisinin and
ABT-199 was not different relative to caspase-3 activity
in the cells treated with either dihydroartemisinin or ABT-
199 alone (p>0.05, Figure 4).

Because the IC, dose of the combination group is
lower than the IC, dose of either agent alone, thus, our
result show that the combination of the two agents has
a stronger effect on triggering apoptosis compared to
treatment with each single agent. The enhanced apoptotic
effect is in consistent with the results from the MTT assay.
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Discussion

Although AML patients show an initial response to
chemotherapy, the long-term survival rate is only 30-
40%, and the majority of patients eventually relapse.
The main limitation in the treatment of AML patients
is the development of primary and secondary drug
resistance. Therefore, novel therapeutic strategies are
required for complete cure of AML [1-3]. Increased
expression of Bcl-2 family anti-apoptotic proteins such
as Bcl-2, Bel-xL and Mcl-1 has been observed in many
hematological malignancies such as AML, which is
associated with increased survival and resistance to cell
apoptosis [15, 4-6]. Moreover, change in the balance
of Bcl-2 family proteins is one of the main reasons for
resistance to ABT-199 [9]. In this study, the effect of
dihydroartemisinin on the sensitivity of AML cells to
ABT-199 has been investigated.

In this study we showed that treatment with either
dihydroartemisinin or ABT-199 alone, caused a significant
decrease in the cell survival and proliferation, and
triggered apoptosis in AML cell lines. Combination
therapy significantly reduced the IC,; value and
synergistically decreased the cell survival compared
with dihydroartemisinin or ABT-199 alone. The IC,;
in combination treatment was lower than the IC, dose
of either compound alone; therefore our data suggest
that the combination therapy has a greater inhibitory
effect on cell growth and apoptosis relative to the
monotherapy. As yet, different studies have investigated
the relationship between the expression levels Mcl-1
and Bcl-2 with ABT-199 sensitivity in tumor cells. Peirs
et al. [16] found that Bcl-2 shows high expression in
early T-cell precursors and gradually decreases during
normal T-cell differentiation, and differences in ABT-199
sensitivity could partially be mediated by distinct stages of
differentiation arrest between different molecular genetics
subtypes of human T-ALL. Pan et al. [5] in a study found
that HL-60 cells with high levels of Bcl-2 protein and
relatively low Bcl-xL and Mcl-1 expression are very
sensitive to ABT-199. The study demonstrated that
ABT-199 alone decreases the association of proapoptotic
protein Bim with Bcl-2, but this is compensated by
increased Mcl-1 protein levels, which contribute to ABT-
199 resistance. The study also showed that AML cell lines,
primary patient samples, and murine primary xenografts
are very sensitive to treatment with the selective Bcl-2
antagonist ABT-199. Wang et al. [17] in another study
found that B-cell lymphoid cell lines with low Bcl-xL
and Mcl-1 expression develop resistance to ABT-199
following chronic exposure. The study also showed that
preventing PI3K/AKT/mTOR activation can overcome
Mcl-1 and Bcl-xL-dependent resistance to the ABT-199
in lymphoid malignancies. Another study demonstrated
that combination of ABT-199 and the proteasome
inhibitor bortezomib results in strongly synergistic
apoptosis induction. Mechanistically, ABT-199 mainly
affected the multidomain effector Bax by liberating it
from Bcl-2 inhibition. The combination with bortezomib
additionally resulted in the accumulation of Bok, a Bax/
Bak homologue, and of the BH3-only protein Noxa, which
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inhibits the Mcl-1 protein [18].

The effect of ABT-199 on Bcl-2 mRNA expression
is not clear, but ABT-199 treatment results in decreased
Bcl-2 protein levels, leading to on-target cell death in
some cell types. In line with the above studies, other
studies have investigated the role of Mcl-1 protein
in resistance to ABT-199. For example, Luedtke et
al. [19] investigated the anti-leukemic activity of the
Mcl-1-selective inhibitor A-1210477 in combination
with ABT-199 in AML cells. They found that A-1210477
synergistically induces apoptosis with ABT-199 in AML
cell lines and primary patient samples. The synergistic
induction of apoptosis was decreased upon Bak, Bax
and Bim knockdown. While A-1210477 treatment
alone also increased Mcl-1 protein levels, combination
with ABT-199 reduced binding of Bim to Mcl-1. These
results demonstrate that sequestration of Bim by Mcl-1,
amechanism of ABT-199 resistance, can be abrogated by
combined treatment with the Mcl-1 inhibitor A-1201477.
Another study showed that sustained B-cell receptor
stimulation in CLL cells results in significant ABT-
199 resistance, which correlates with induction of the
anti-apoptotic protein Mcl-1. A major role for Mcl-1 in
conferring ABT-199 resistance supported by knockdown
and enforced expression experiments with primary CLL
cells [20]. In this study, we showed that inhibition of
Mcl-1 mRNA expression by dihydroartemisinin enhances
the apoptotic effect of ABT-199 in U937 and KG-1 cells.
Our results are in agreement with the above reports and
demonstrate that dihydroartemisinin can increase the
sensitivity of the AML cells to ABT-199 by suppressing
the expression of Mcl-1 mRNA.

We also investigated the effect of dihydroartemisinin
and ABT-199 on mRNA expression by qPCR assay. The
results showed that treatment with each of ABT-199
or dihydroartemisinin alone clearly enhances the Bax
mRNA expression and inhibits the expression of Mcl-1
and Bcl-2 mRNA. The effect of combination treatment
on gene expression was greater than single treatment.
In this regard, several studies have been conducted
regarding the effect of dihydroartemisinin on gene
expression and drug-resistance of cancer cells. Qin et
al. [21] demonstrated that dihydroartemisinin enhances
Bim and Bak expressions and reduces Mcl-1 expression
in hepatocellular carcinoma cells thereby triggers the
intrinsic pathway of apoptosis. Hou et al. [22] showed
that dihydroartemisinin significantly exerted cytotoxic
effect in hematoma cells but had a low cytotoxicity in
normal liver cells. This compound triggered cell cycle
arrest, suppressed cell proliferation, lowered the levels
of cyclin E, cyclin D1, and enhanced the levels of Kip1/
p27 and Cipl/p21. Dihydroartemisinin also enhanced
the Bax/Bcl-2 ratio and triggered apoptosis. Moreover,
it augmented the therapeutic efficacy of the gemcitabine
in hematoma cells. Results of another study showed that
treatment with dihydroartemisinin lead to activation of
caspases, DNA fragmentation and induction of apoptosis
in T-lymphoma cells. Moreover, dihydroartemisinin
enhanced the Noxa expression and activated the Bak
protein. This compound also enhanced the cytotoxic effect
of ionizing radiation in lymphoma cells [23]. Other study



revealed that dihydroartemisinin exhibits an anti-leukemic
activity and induces apoptosis in human leukemia cells.
This process involves inactivation MEK/ERK signaling
pathway, Mcl-1 down-regulation, release of cytochrome
¢ and caspase activation [24]. In another research, the
combination effect of artemisinin and resveratrol on
HeLa and HepG2 cells was explored. Data revealed that
both artemisinin and resveratrol inhibits the proliferation
and invasion of HepG2 and HeLa cells. Furthermore,
the combination therapy with two agents exhibited the
synergistic anti-cancer activity [25]. The results of above
studies are in agreement with our results and show that
dihydroartemisinin can sensitize the cancer cells to
anti-cancer agents, such as ABT-199, through induction
of apoptosis.

The mitochondrial or intrinsic pathway of cell death
is initiated by intracellular cues, such as chemotherapy,
free radicals, toxins, radiation and hypoxia. Intrinsic
apoptosis pathway is regulated by the pro- or anti-
apoptotic members of the Bcl-2 family proteins which
bound to the mitochondrial membrane [1, 26, 27].
In apoptotic conditions, the activated pro-apoptotic
members such as Bax and Bak cause the mitochondrial
outer membrane permeability (MOMP), release of
proapoptotic proteins into the cytoplasm and activation
of caspases. Bcl-2 and Mcl-1 are anti-apoptotic proteins
that prevent apoptosis by inhibiting the activation of Bax
and Bak on the mitochondrial outer membrane [1, 26,
27]. ABT-199 is a synthetic BH3 domain mimic, which
induces the mitochondrial pathway of apoptosis by
binding to Bel-2 protein [5, 7]. ABT-199 shows promising
anticancer activity in AML patients, however, cancer cells
can develop resistance to ABT-199, which can limit its
efficacy as an anti-cancer agent [8]. ABT-199 resistance
can arise through multiple mechanisms, including
up-regulation of Mcl-1, activation of the AKT pathway,
and dependence on other anti-apoptotic proteins [18, 20,
28]. Also, in AML cells resistant to ABT-199, it has been
observed that the relationship between Bim and Mcl-1
is strengthened and the intrinsic pathway of apoptosis is
not induced. These evidences show that the change in the
balance of Bcl-2 family proteins is one of the main reasons
for resistance to ABT-199 [9]. Numerous evidences
have shown that artemisinin and its derivatives such
as dihydroartemisinin play a pivotal role in controlling
the cancer cell growth and apoptosis. Moreover, these
compounds change the expression of different genes
involved in apoptosis, such as Bcl-2, Mcl-1 and Bax,
through ERK, AKT and NF-kB cell signaling pathways
[10]. In this study, we showed that dihydroartemisinin
reduced the expression of B¢l-2 and Mcl-1, and enhanced
the expression of Bax in AML cells. These changes were
associated with inhibition of cell growth and increased
apoptosis induced by ABT-199. These data suggest
that dihydroartemisinin not only triggers the intrinsic
pathway of apoptosis, but also can increase the sensitivity
of the AML cells to ABT-199 through suppression of
Mcl-1 expression.

In conclusion, our study revealed that both
dihydroartemisinin and ABT-199 significantly decreases
the expression levels of Mcl-1 and Bcl-2, while they
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enhance the expression level of Bax mRNA in AML cells.
These changes in gene expression are associated with
the inhibition of cell proliferation and enhancement of
intrinsic pathway of apoptosis. In combination therapy, the
IC,, value was significantly decreased and a greater anti-
leukemic effect was observed. Since resistance to ABT-
199 is associated with increased expression of Mcl-1 and
Bcl-2, therefore dihydroartemisinin can increase ABT-199
sensitivity of the AML cells by inhibiting the expression
levels of these anti-apoptotic proteins.
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