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Abstract

Purpose 4-(4-Bromophenyl)-2,3-dihydro-N,3-bis(3,4,
5-trimethoxyphenyl)-2-oxoidmi-dazole-1-carboxamide
(MZ3) is one of the synthesized combretastatin-A-4
analogues and has been reported that it displayed a
promising specific activity against leukemia cell lines.
Our purpose was to investigate the mechanism of
MZ3’s cytotoxicity.

Methods Cytotoxicity was measured by MTT method,
apoptosis was measured by flow cytometry. DNA frag-
mentation was tested by agarose gel electrophoresis.
Mitochondrial membrane potential (A¥m) was detected
by JC1 staining and flow cytometry, while intracellular
reactive oxygen species (ROS) was detected by 5-(and-
6)-carboxy-2'-7'-dichlorofluorescin ~ diacetate staining
and flow cytometry. Protein expression was analyzed by
western blotting. In vivo activity of MZ3 was assayed
through severe combined immunodeficiency (SCID)
mice model of human leukemia engrafts.

Results MZ3 exhibited high anti-cancer activity in six
leukemia cell lines, including two drug-resistant cell
lines. MZ3 induced DNA fragmentation, and caused
an elevation of ROS and a loss of AYm in HL60 cells.
MZ3 also induced the activation of caspase-3, influ-
enced the expression of Bcl-2 family members,
MAPKSs and other proteins relative to mitochondria-
induced apoptosis. In addition, N-acetylcysteine
cannot inhibit HL60 cell apoptosis caused by MZ3.
Furthermore, a prolonged survival time was observed
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after treatment with MZ3 in SCID mice model of
human leukemia engrafts.

Conclusions MZ3 is a potent compound against leu-
kemia cell lines both in vitro and in vivo, and the mito-
chondrial pathway mediated by Bcl-2 protein family
and MAPKs might be involved in signaling MZ3-
induced apoptosis.
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Abbreviations

A¥m Mitochondrial membrane potential
SCID Severe combined immunodeficiency
MST Median survival time

ROS Reactive oxygen species

JC-1 5,5',6,6'-Tetrachloro-1,1',3,3'-tet-

raethylbenzimidazol-carbocyanine
iodide

Carboxy- DCFDA 5-(and-6)-Carboxy-2'-7'-dichloro-
fluorescin diacetate

Apaf-1 Apoptosis-activating factor 1

IAPs Inhibitors of apoptosis proteins

MZ3 4-(4-Bromophenyl)-2,3-dihydro-
N,3-bis  (3,4,5-trimethoxyphenyl)-
2-oxoidmi-dazole-1-carboxamide

CTX Cyclophosphamide

NAC N-Acetylcysteine

Introduction

Combretastatin-A-4 has been reported as one of the
most potent anti-tumor agents of Combretum Caffrum,
because of its simple structure and strong cytotoxicity
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against a variety of human cancer cells, including mul-
tidrug-resistant cancer lines [1]. Numerous studies on
the structure—activity relationships of combretastatin-
A-4 have demonstrated that the cis-orientation
between the diaryl groups was essential for its strong
cytotoxicity. This finding prompted the design and
synthesis of a number of cis-restricted analogues of
combretastatin-A-4 [2-5]. 4-(4-Bromophenyl)-2,3-dihy-
dro-N,3-bis(3,4,5-trimethoxyphenyl)-2-oxoidmi-daz-
ole-1-carboxamide (MZ3, Fig. 1) is one of the synthesized
combretastatin-A-4 analogues. Although it displayed a
promising specific activity against leukemia cell lines in
previous reports [5], the mechanism of MZ3’s cytotox-
icity is not clear.

Recent investigations have demonstrated that the
mitochondrial dysfunction is involved in apoptosis [6—
8]. An increase of reactive oxygen species (ROS) [9,
10] and a consequent loss of mitochondrial membrane
potential (AWm) [11, 12] were reported as typical phe-
nomena in the process of apoptosis related to mito-
chondria [13, 14]. It is known that mitochondria-
mediated apoptosis is regulated by two major path-
ways. The death receptors on the cell surface can affect
the mitochondria indirectly by regulation of MAPKs
[15] and the convergence of the signaling at the mito-
chondria can influence the mitochondria directly by
regulation of Bcl-2 protein family [16-19].

In this article, we reported the anti-leukemia effects of
MZ3 on six leukemia cell lines in vitro, including two
drug-resistant cells, and on severe combined immunode-
ficiency (SCID) mice model of human leukemia engrafts
in vivo. In addition, the involvement of mitochondrial
dysfunction in MZ3-induced apoptosis was investigated.

Materials and methods

Drugs and chemicals

MZ3 was synthesized according to the previous report
[5], dissolved in DMSO (8.0 mM stock solution) and
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Fig. 1 Structure of MZ3
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stored at -20°C. For in vivo test, MZ3 and cyclophos-
phamide (CTX, Shanghai Hualian Pharmaceutical Co.,
Ltd, Shanghai, China) were freshly dissolved in inject-
able oleum camelliae or saline, respectively, to make a
final concentration of 2.0 mg/ml. The mitochondrial
fluorescent probe 5,5',6,6'-tetrachloro-1,1',3,3’'-tetra-
ethylbenzimidazol-carbocyanine iodide (JC-1) and
the 5-(and-6)-carboxy-2’'-7'-dichlorofluorescin diacetate
(carboxy-DCFDA) were purchased from Molecular
Probes (Eugene, OR, USA). Stock solutions of JC-1
(2.0 mg/ml) and carboxy-DCFDA (15.0 mM) were dis-
solved in DMSO and stored at -20°C. The thiol anti-oxi-
dant N-acetylcysteine (NAC) was purchased from Sigma
(St Louis, MO, USA). NAC was freshly dissolved in
medium at a final concentration of 200.0 uM, the pH
adjusted to 7.4, and sterilized by 0.22 uM filtration. The
primary antibodies to caspase-3, Bcl-2, Bax, ERK1/2,
p38, JNK, p-ERK1/2, p-p38, p-JNK, XIAP, PARP,
a-tubulin and B-actin, and HRP-labeled secondary anti-
goat, anti-mouse and anti-rabbit antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). ECL, a western blot detection reagent, was pur-
chased from Pierce Biotechnology (Rockford, IL, USA).

Cell lines

The human leukemia cell lines (K562, HL60, and Molt-
4) were obtained from ATCC, and two drug-resistant
cell lines (K562R, HL60R) [20] and an acute promyel-
ocytic leukemia line (NB4) were endowed by Shanghai
Institutes for Biological Sciences (Chinese Academy of
Sciences). The K562R displayed 76.1-fold resistance to
vincristine and HL60R displayed 26.9-fold resistance
to daunorubicin compared with their corresponding
parental cells. All cell lines were maintained in RPMI-
1640 medium (Gibco, Grand Island, NY, USA) with
10% heat-inactivated newborn calf serum (NCS,
Gibco, Grand Island, NY, USA) at 37°C in 20% O,.

Cytotoxicity assay

The cytotoxic activity of MZ3 on six leukemia cell lines
was measured using the MTT assay. After treatment
(0.25-16.0 yM MZ3 for 72h ) in 96-well plates, MTT
solution (5.0 mg/ml in RPIM-1640, Sigma, St Louis, MO,
USA) was added (10.0 pl/well), and plates were incu-
bated for a further 4 h at 37°C. The purple formazan
crystals were dissolved in 100.0 ul DMSO. After 5 min,
the plates were read on an automated microplate spec-
trophotometer (Bio-Tek Instruments, Winooski, VT,
USA) at 570 nm. For some assays, NAC was added to a
final concentration of 200.0 uM, 3 h before the addition
of MZ3. Assays were performed in triplicate on three
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independent experiments. The concentration of drug
inhibit for 50% of cells (ICs,) was calculated using the
software of dose—effect analysis with microcomputers.

Flow cytometric analysis of DNA content

HL60 cells (2 x 10%) were collected by centrifugation,
washed with PBS, and fixed with 70% ethanol. The
fixed cells were harvested by centrifugation at 200g for
10 min and resuspended in 100.0 ml of PBS containing
50.0 mg/ml RNase (Amersco, Solon, OH, USA), then
incubated at 37°C for 1 h. After incubation, the cells
were stained with 200.0 mg/ml propidium iodide (PI,
Sigma, St Louis, MO, USA) at 4°C for 30 min. The fluo-
rescence of cell (2 x 10*) was measured with FACSCal-
ibur (Becton Dickinson, Lincoln Park, NJ, USA) [21].

Electrophoretic analysis of DNA fragmentation

HL60 cells (2 x 10°) were lysed in 200.0 ml lysis buffer
(10.0 mM EDTA; 50.0 mM Tris—-HCI, pH 8.0; 0.5%
sodium lauryl sulfate; 100.0 mg/ml proteinase K) at
37°C for 12 h, then incubated with RNase (50.0 mg/ml)
at 37°C for an additional 1 h. After incubation, DNA in
the lysate was extracted with equal volume of phenol/
chloroform/isoamyl alcohol (25:24:1), then with chloro-
form. DNA was precipitated with two volumes of etha-
nol in the presence of 0.3 M sodium acetate. After
centrifugation at 12,000g for 15 min, the DNA pellets
were washed with 70% ethanol, air-dried, and resus-
pended in 20.0 ml TE (10.0 mM Tris—=HCI and 1.0 mM
EDTA, pH 8.0). DNA was separated on 1.5% agarose
gels containing 0.5 mg/ml ethidium bromide and pho-
tographed by Bio-Rad GD2000 (Bio-Rad, Hercules,
CA, USA) [22].

Assessment of A Ym

The harvested cells (2 x 10°) were resuspended in
0.5 ml of complete medium containing 10.0 pg/ml of
JC-1 for 10 min at 37°C. JC-1 is a cationic dye that
exhibits potential-dependent accumulation in mito-
chondria, indicated by a fluorescence emission shift
from green (525 &+ 10 nm) to red (610 + 10 nm). Sam-
ples (1 x 10* cells/sample) were analyzed by FACSCal-
ibur using an argon laser (488 nm). Mitochondria
depolarization is specifically indicated by a decrease in
the red to green fluorescence intensity ratio [21].

Detection of intracellular ROS

The production of intracellular ROS was measured in
the HL60 cell line using the oxidation-sensitive fluores-

cent dye carboxy-DCFDA. An increase in green fluo-
rescence intensity is used to quantify the generation of
intracellular ROS. After adding carboxy-DCFDA at a
final concentration of 15.0 uM to the culture medium,
the cells were incubated at 37°C for an additional
30 min, harvested, washed with PBS, and measured
immediately by FACSCalibur using an argon laser at
488 nm and a 525-nm band pass filter [23].

Western analysis

Proteins of HL60 cells were extracted in radioimmuno-
precipitation assay buffer (50.0 mM NaCl, 50.0 mM
Tris—HCI, 1.0% Triton X-100, 1.0% sodium deoxycho-
late, and 0.1% SDS) and 40.0-80.0 pg of total protein
was loaded per lane. Proteins were fractionated on 10—
15% Tris—glycine pre-cast gels, transferred to nitrocel-
lulose membrane (Pierce Biotechnology, Rockford, IL,
USA), and probed with primary antibodies and then
HRP-labeled secondary antibodies. Proteins were visu-
alized using ECL (Pierce Biotechnology).

Measurement of in vivo activity

To establish SCID mice model of human leukemia
engrafts, female SCID mice (6- to 7-week-old) were
chosen and transplanted by tail vein injection with
1 x 107 HL60 human leukemia cells that had been
washed and seeded into fresh medium 12 h prior to use
[24]. The day after transplantation of the HL60 cells,
mice were administrated (i.m.) with 10.0 mg/kg MZ3 or
10.0 mg/kg CTX daily for ten consecutive days. Then
the survival curves were obtained by monitoring the
length of their survival time.

Statistics

Significance of mean values was determined by
unpaired two-tailed Student’s f-test. Significance of
dose-response curve was detected by ANOVA.

Results
Cytotoxicity of MZ3

The anti-leukemia activity of MZ3 was determined on
six human leukemia cell lines, including HL60, K562,
Molt-4, NB4, and two drug-resistant cell lines, HL60R
and K562R. As shown in Table 1, MZ3 has anti-leuke-
mia activity on all six cell lines, and ICs, values of MZ3
for all six leukemia cells are <8.0 uM in a dose-depen-
dent manner. Particularly, MZ3 shows strong cytotoxic
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effect on two drug-resistant cell lines. The results
suggest that MZ3 has promising anti-leukemia activity.

MZ3-induced apoptosis

DNA fragmentation is a common feature of apoptotic
cell death. Electrophoretic analysis of DNA (Fig. 2a)
shows that exposure of HL60 cells to MZ3 (4.0, 8.0,
16.0 uM) for 24 h resulted in a characteristic fragmen-
tation of DNA at intranucleosomal sites, a biochemical
hallmark of apoptosis. In addition, the results of flow
cytometric analysis of DNA content (Fig. 2b) further
shows that MZ3 induced 2.5-85.4% increases in the
DNA fragments when HL60 cells were treated with
MZ3 (4.0 uM) for 6-72 h.

Table 1 Cytotoxicity of MZ3 on human leukemia cell lines

Leukemia origin Cell line ICsy (1M)
Acute promyelocytic leukemia NB4 1.16 £ 0.22
Acute lymphoblastic leukemia Molt-4 4.17 £ 0.39
Chronic myelocytic leukemia K562 3.38+0.12
Chronic myelocytic leukemia K562R 8.00 £ 0.29
(76.1-fold resistance
to vincristine)
Acute promyelocytic leukemia HL60 2.65 +0.19
Acute promyelocytic leukemia HL60R 3.46 + 0.48

(26.9-fold resistance
to daunorubicin)

Cells were exposed with various concentrations (0.25-16.0 uM) of
MZ3 for 72 h

150

Loss of AYm

Loss of AYm leads to release of cytochrome c from
mitochondria and consequently trigger other apopto-
tic factors. We observed A¥Ym in HL60 cell line
treated with 8.0 pM MZ3 for 8-24 h by flow cytome-
try after JC-1 staining. A loss of AWm is specifically
indicated by a decrease in the ratio of red to green
fluorescence intensity (Fig. 3a). Compared to the cor-
responding control, MZ3 caused an obvious decrease
of AYm in HL60 cells at 16-24-h incubation in a time-
dependent manner, and 48.4% cells presented low
A¥m at 24-h incubation while 2.0% in control group
(Fig. 3b).

Increase of ROS

Mitochondria are sensitive to changes in cellular redox
state, and ROS can cause mitochondrial dysfunction.
HL60 cells were exposed to 8.0 uM MZ3 for 1-4h
prior to staining with carboxy-DCFDA and flow cyto-
metric analysis. A peak of mean green fluorescence
(1.7-fold over control) was detected at 2-h treatment
with MZ3 (Fig. 4a). Afterward, ROS production
showed a decreased trend at 3—4 h after the addition of
MZ3 (Fig. 4b). In order to investigate whether the pro-
duction of ROS is the key matter in MZ3-induced
apoptosis. NAC (200.0 uM) was added 3 h before the
addition of MZ3 (8 uM for 72h), and the results
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Fig. 2 MZ3-induced apoptosis in HL60 cells. After treatment with MZ3, a characteristic cleavage of DNA was observed (a) in HL60
cells. By PI staining and flow cytometry, 2.5-85.4% DNA fragments were detected in HL60 cells treated with MZ3 (b)
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showed that the anti-cancer activity (inhibition rate) of
MZ3 to HL60 cells did not decrease, indicating that
NAC failed to abrogate cytotoxicity of MZ3 in HL60
cells (Fig. 4c).

Caspase cascade in MZ3-induced apoptosis

In most cases, the activation of caspase cascade
accompanies with the apoptosis. The expression of
caspase-3, XIAP, and PARP was measured in HL60
treated with MZ3 (8.0 uM, 6-24 h). As shown in Fig. 5,
MZ3 (>12-h treatment) obviously decreased procas-
pase-3 and XIAP protein levels, and induced the
cleavage of procaspase-3 and PARP in a time-depen-
dent manner.

Changes of protein expression related to mitochondria

There are many proteins related to the mitochondrial
pathway. MAPKs and Bcl-2 family are two major pro-
tein families regulating mitochondria on the upstream,
and caspase-3 pathway, on the downstream, can be
activated after mitochondrial dysfunction. The expres-
sion of Bcl-2, Bax, ERK1/2, p38, INK, p-ERK1/2,
p-p38, p-JINK was measured in HL60 treated with MZ3
(8.0 uM, 6-24h). As shown in Fig. 6a, MZ3 (>12-h
treatment) decreased p-ERK and ERK protein levels,
increased the expression of p-p38 and p-JNK in a time-
dependent manner. Moreover, MZ3 treatment
resulted in the decrease of Bcl-2 and increase of Bax
(Fig. 6b), with an increase in Bax/Bcl-2 ratio (Fig. 6¢).

Fig. 4 Increase of ROS after

300
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3—4 h after the addition of 2]
MZ3 (b). However, pre-treat- ] 2
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Fig. 5 Caspase-3 (relative protein) expression and apoptosis in
HL60 cells treated by MZ3. MZ3 obviously decreased procas-
pase-3, XIAP protein levels in HL60 cells and induced the cleav-
age of procaspase-3 and PARP expression in a time-dependent
manner

In vivo anti-tumor activity

Severe combined immunodeficiency mice trans-
planted with HL60 cells were administrated (i.m.)
with 10.0 mg/kg MZ3 or 10.0 mg/kg CTX daily for
ten consecutive days and the length of their survival
time was monitored (Fig. 7). As shown in Fig. 7, the
six untreated control animals were all dead by the
20th day after implantation, while the first death
occurred in 25th and 26th day in CTX group and
MZ3 group, respectively. The MSTs of CTX group
and MZ3 group were 26.5 and 33.5 days, respec-
tively, compared with the control group (MST 15
days).

Discussion

MZ3 was modified from combretastatin-A-4 and was
reported to have specific cytotoxicity to leukemia cells.
Although combretastatin-A-4 was reported as a vascu-
lar- and mitosis-targeted agent, after modification,
MZ3’s structure was fundamentally changed. As a
novel compound, this paper focuses on the effect and
mechanism of its anti-leukemia characteristics. The
analysis of cytotoxicity in vitro indicates that MZ3 is
able to inhibit the cell proliferation on all six leukemia
cell lines with a time-dependent and dose-dependent
manner. Particularly, MZ3 shows strong cytotoxic
effect on drug-resistant cell lines, suggesting that it may
service as a potential anti-resistant drug. Meanwhile,
the DNA fragmentation indicates that cytotoxicity of
MZ3 is related to the apoptotic process. In addition,
the results that MZ3 (10.0 mg/kg, i.m.) prolonged the
survival time of SCID mice transplanted with human
leukemia engrafts indicated its anti-leukemia action of
MZ3 in vivo.

It has been reported that mitochondria are involved
in signaling apoptosis [6-8], and ROS is a powerful acti-
vators in loss of A¥m [9] and apoptosis [10]. The pres-
ent study exhibited that MZ3 induced an increase of
ROS and a consequent loss of AYm, but NAC failed to
inhibit cytotoxicity of MZ3 in HL60 cells, indicating
that ROS may not the key matter in this apoptotic pro-
cess. A¥Ym loss can induce the opening of permeability
transition pores in mitochondria, and release cell death-
promoting factor, cytochrome c [11, 12], which leads to
the formation of a complex consisting of apoptosis-
activating factor 1 (Apaf-1) and caspase-9 and initiates
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HLG60 cells after MZ3 treat-
ment. MZ3 obviously de- [ XX -l ERK J_I_ll 3 I-- - e | Bax
creased p-ERK1/2 protein £
levels in HL60 cells, increased |m | P-ERK I . . 2 -_es - * | Bel-2
expression of p-p38 and i - e e | o -tublin
p-JNK in a time-dependent | - oo D T | p3s J_I_I_I_ )
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Fig. 7 Survival curves of SCID mice transplanted with HL60.
Both of MZ3 and CTX prolonged the survival time compared
with control group, and survival curves were drawn at the day
after transplantation

the proteolytic apoptotic cascade. Therefore, the
observation of MZ3-mediated activation of procas-
pase-3 and subsequent cleavage of its substrate PARP
[25] suggested that mitochondrial pathway played a
very important role in MZ3-induced apoptosis. Fur-
thermore, the MZ3-caused downregulation of XIAP,
one of the inhibitors of apoptosis proteins (IAPs)
family [26-28], was detected in HL60 cells. Since the
XIAP is able to inhibit activation of caspase-3 to pro-
tect cells from apoptosis, the downregulation of
XIAP provides an additional documentation that
MZ3-induced anti-leukemia is related to activate cas-
pase cascade. Taken together, the present study indi-
cate that MZ3-induced apoptosis is mediated by
mitochondrial permeability changes that lead to cas-
pase-dependent cytotoxicity.

Recent investigations have demonstrated that two
major pathways are involved in mitochondria-medi-
ated apoptosis. Through convergence of the signaling
at the mitochondrial membrane, Bcl-2 protein family
[18-21] can influence the mitochondria directly. The
Bcl-2 protein family includes proapoptotic members,
such as Bax, Bad, and Bcl-Xs, and anti-apoptotic mem-
bers, such as Bcl-2, Bel-XL, and Bel-W. Anti-apoptotic
members act as repressors of apoptosis by blocking the
release of cytochrome c, whereas proapoptotic mem-
bers act as promoters. The final action is dependent on
the balance between Bcl-2 [29, 30] and Bax [31], and
the increase of Bax/Bcl-2 ratio could induce the release
of cytochrome c [32, 33]. Our results demonstrated a
dramatic increase of Bax/Bcl-2 ratio in HL60 cells

treated with MZ3, indicating that the regulation of Bcl-
2 protein family expression plays an important role in
MZ3-induced apoptosis.

As discussed above, the expression level of Bcl-2
protein family is vitally important to mitochondrial-
mediated apoptosis. Furthermore, the activation, deac-
tivation, and translocation are also critical for Bcl-2
protein family to affect the mitochondrial function.
MAPKSs, a protein family, related to death receptors on
the cell surface, can indirectly affect mitochondrial
function by interaction with Bcl-2 family and other fac-
tors. The MAPK family consists of a superfamily of
three parallel signal transduction modules converging
on the serine/threonine kinases JNK, ERK, and p38
[15]. These kinases are activated by a variety of stimuli
and are intimately involved in diverse cellular pro-
cesses including responses to DNA damage or osmotic
shock, mitogenic stimuli, cell differentiation, and sur-
vival [34]. Although exceptions occur, activation of
JNK and p38 MAPK are generally associated with
induction of apoptosis, whereas ERK exerts cytopro-
tective effects [35]. As reported, JNK can interface the
binding ability of Bcl-2 with Bax and impair anti-apop-
totic function of Bcl-2 by phosphorylation [36, 37].
Activation of ERK leads to phosphorylation of several
downstream effectors, including protein kinases and
transcription factors responsible for regulating genes
that enhance cell proliferation and protect from apop-
tosis [38]. One biochemical link between ERK and Bcl-
2 family is regulation of the phosphorylation of Bad.
ERK can phosphorylate Bad at Ser112 and then inacti-
vate Bad by sequestering it in the cytosol and prevent-
ing its dimerization with Bcl-XL [39]. Furthermore,
ERK can regulate Bcl-2 [40] and Bcl-XL [41] protein
expression in some cell types. Bax translocation to
mitochondria occurs in response to activation of p38
and is an early event in the release of cytochrome c
[42]. Inhibition of p38 strongly reduces the UVB-
induced formation of sunburn cells and blocks Bax
conformational change both in cultured human kerati-
nocytes and in human skin, providing clear evidence
for the physiological role of the p38 MAPK-Bax path-
way in the removal of precancerous, UVB-damaged
keratinocytes [43]. Since JNK, p38, and ERK can only
exert their activity after phosphorylation, the upregula-
tion or the downregulation of these phosphorylated
proteins indicate the activity of the corresponding pro-
teins. In present study, our results exhibited that MZ3
obviously upregulated p-JNK and p-p38, and downreg-
ulated p-ERK and ERK. In contrast, there was little
change in the expressions of JNK and p38. These
observations suggested that the MAPKSs activity may
involve in the MZ3-mediated apoptotic process.
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In conclusion, all of the data above demonstrated
that MZ3 is a potent compound against leukemia cell
lines both in vitro and in vivo, and the mitochondrial
pathway, mediated by Bcl-2 protein family and
MAPKSs, might be involved in the activation of caspase
cascade to induce cell apoptosis.
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