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Abstract: Thioredoxin-1 (Trx-1), an important redox regulatory factor, plays a significant role in drug-induced apop-
tosis. Here we investigated the effects of the Trx-1 inhibitor 1-methylpropyl 2-imidazolyl disulfide (PX-12) on human
acute myeloid leukemia cells (AML) and the sensitivity of cells to arsenic trioxide (As203, ATO). Treatment of cells
with a different concentration of PX-12 for 48 h resulted in growth inhibition, the induction of apoptosis and in-
creased the levels of activated caspase-3 expression in AML cell lines HL-60, NB4, U937 and primary AML cells in
a dose-dependent manner. In addition, PX-12 enhanced the sensitivity of U937 cells to ATO. These results suggest
the effects of Trx-1 inhibitor PX-12 to induce apoptosis in AML cells and therapeutic potential in AML by enhancing

the sensitivity of cells to ATO.
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Introduction

Acute myeloid leukemia (AML) is a clonal disor-
der characterized by a disruption in normal
hematopoietic differentiation and the accumu-
lation of abnormal, immature myeloid cells in
the bone marrow, resulting in hematopoietic
failure [1]. AML is the most common acute leu-
kemia affecting adults and its incidence rises
dramatically with age. Despite recent advance-
ments, treatment of AML remains unsatisfac-
tory [2]. Arsenic trioxide (As203, ATO), an an-
cient traditional Chinese medicine, has been
reported to be an effective therapeutic agent
for acute promyelocytic leukemia (APL) [3, 4].
ATO induces apoptosis and partial differentia-
tion in a variety of leukemia cells, suggesting
that it may be effective against other hemato-
logic malignancies [5]. However, ATO used as a
single agent at higher concentrations causes
many side effects, cytotoxicity and drug resis-
tance are major concern [6, 7]. More recently it
has been shown to be effective, particularly in
combination with other drugs in the treatment
of leukemia [7-9].

The thioredoxin (Trx) system is one of the major
cellular antioxidant system integral to maintain-
ing the intracellular redox state [10]. Trx-1 which
is principally localized in the cytoplasm and
Trx-2 which is mainly localized in the mitochon-
dria, suggests their specific effects in different
cellular compartments [11]. Trx-1, a 12-kDa
ubiquitous protein that has disulfide-reducing
activity and protects cells against oxidant dam-
age, is one member of the Trx system.
Accumulating evidence indicates that Trx-1
plays an important role in tumor progression
and metastasis. Elevation of Trx-1 expression
increases cancer cell proliferation, inhibites
apoptosis and aggressive tumor growth.
Therefore, Trx-1 inhibitors have been regarded
as potential anticancer drugs. PX-12 which has
antitumor effects is an irreversible inhibitor of
Trx-1 [12]. PX-12 particularly reduces the activi-
ty of Trx-1 by means of thio-alkylating critical
cysteine residue (Cys73) which is located in the
outside the conserved redox catalytic site of
Trx-1 [13, 14]. Currently, PX-12 is considered as
an effective antitumor agent in clinical develop-
ment. PX-12 has been tested in a phase | trial in
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formed consent. Mononuclear
cells were isolated from bone
marrow aspirates by Ficoll densi-
ty gradient centrifugation (GE He-
althcare, Uppsala, Sweden) [18].

Cytotoxicity assay

To investigate the cell viability,
AML cells (HL-60, NB4, U937
and Primary AML cells) were
seeded in 96-well plates at 5 x
108 cells per well. After 24 h, the
, cells were then treated with vari-

ous concentrations of PX-12, a
selective inhibitor of Trx-1 (Sigma-
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Figure 1. The Trx-1 inhibitor PX-12 inhibits growth of human AML cells.
AML cell lines (NB4, HL-60 and U937) and primary AML cells were treated
with various concentrations of PX-12. Inhibition rates were assessed by
MTT assay at 48 h. All experiments were repeated three times with similar

results.

patients with terminal malignant tumor [15].
PX-12 also reduces vascular endothelial growth
factor (VEGF) and hypoxiainducible factor-1a
transactivation (HIF-1a) which may be condu-
cive to its antitumor activity [16, 17]. However,
few investigations have been done to evaluate
the effects of PX-12 on human AML cells.

In the present study, we used human acute
myeloid leukemia (AML) cell lines (NB4, HL-60
and U937) and primary AML cells to investigate
the effect of the Trx-1 inhibitor PX-12 on human
AML cells and the combined effect of PX-12
and ATO against AML. Our study may offer a
new strategy for treating AML and combinative
drug therapy.

Materials and methods
Cell lines and primary leukemic cells

Human AML cell lines (NB4, HL-60 and U937)
and primary AML cells were employed for the
present study. All cells were maintained in RPMI
1640 supplemented with 10% fetal bovine
serum (Invitrogen, Groud Island, USA) in humid-
ified 37°C incubator with 5% CO,. Primary AML
cells were obtained from 5 untreated patients
with AML (1 M2, 2 M3, 1 M4 and 1 M5, the
diagnosis was established according to the
French-America-British classification) after in-
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Aldrich, St Louis, MO, USA) for 48
h, and cell viabilities were asse-
ssed by MethylthiazolTetrazolium
(MTT) test. Briefly, 20 pL MTT
solution (5 mg/mL) was added to
the culture plates and incubated
for 4 h. At the end of the incuba-
tion period, the culture superna-
tant was moved and 100 yL DMSO was used to
completely dissolve the crystals. The absor-
bance (OD) of each well was measured on an
ELISA reader (ELx800; Bio-Tek Instruments,
Winooski, VT, USA) at a wavelength of 490 nm.
Growth inhibitory rate (%) = (OD value in the
control group - OD value in the treatment
group)/0D value in the control group x 100%.

Apoptosis assay

The cells were seeded in 6-well plates at den-
sity of 4 x 10° cells per well and treated with
various concentrations of PX-12 for 48 h.
Apoptosis was assessed by Annexin V-FITC
Apoptosis Detection Kit Il (BD Pharmingen™,
San Diego, CA, USA) according to the manufac-
turer’s protocols. CellQuest software was used
for data acquisition and analysis. Cells that
were Annexin V negative and Pl negative are
considered viable, Annexin V positive and PI
negative cells are considered early apoptosis,
and Annexin V positive and PI positive cells are
considered end stage apoptosis and death.

Detection of activated caspase-3 by flow
cytometer

For detection of activated caspase-3, cells

were treated with various concentration of
PX-12 for 48 h, and then permeabilized, fixed,
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Figure 2. PX-12 induces apoptosis in AML cells. AML cells were treated for 48 h with various concentrations of PX-
12. Cells apoptosis was detected using the Annexin V-FITC apoptosis detection kit, the percentages of annexin V
positive apoptotic cells were determined by flow cytometer. A. Representatives were shown in AML cells treated by 5
UM PX-12 for 48 h. B. After treatment with indicated concentrations of PX-12 for 48 h, cells apoptosis was detected
using the Annexin V-FITC apoptosis detection kit. Each value represented the mean = SD of three independent

experiments.

and stained for active caspase-3 PE (BD
Pharmingen™) according the staining protocol.
Cells were then analyzed by flow cytometer.

Western blotting

Western blot analysis was used for the detec-
tion of Trx-1 and actin proteins according to pre-
viously published protocols [19]. Briefly, Cells
were harvested and washed twice with PBS.
Cells lysates were prepared, separated by 15%
SDS-PAGE and transferred to PVDF mem-
branes. The membranes were block in 5% non-
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fat milk solution for 1 h, and probed with pri-
mary antibodies overnight at 4°C. Then, the
membranes were incubated 1 h at room tem-
perature with the horseradish peroxidase-con-
jugated secondary antibodies, and visualized
using the enhanced chemiluminescence sub-
strate kit (Amersham Biosciences, Inc.) accord-
ing to the manufacturer’s instructions.

Statistical analysis

Data were presented as mean + SD and statis-
tical analysis was performed using student’s

Int J Clin Exp Pathol 2014;7(8):4765-4773
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Figure 3. Effects of PX-12 on level of caspase-3 expression in AML cells. A. Representatives were shown in AML cells
treated by 5 uM PX-12 for 48 h. B. AML cells were treated with indicated concentration of PX-12 for 48 h, the level

of caspase-3 expression was detected by flow cytometer.

t-test (SPSS, USA). A P value of less than 0.05
was considered statistically significant.

Results
PX-12 inhibited growth of human AML cells

To evaluate the effect of PX-12 on AML cell
growth, AML cell lines HL-60, NB4, U937 and
primary AML cells were treated with PX-12 at
the concentration of O, 1, 3,5, 7,9 uM for 48 h.
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As shown in Figure 1, PX-12, a Trx-1 inhibitor,
inhibited the proliferation of AML cell lines
HL-60, NB4, and U937 in a dose-dependent
manner. Also, PX-12 inhibited the proliferation
of primary AML cells.

PX-12 induced apoptosis in AML cells

AML cell lines HL-60, NB4, U937 and primary
AML cells were treated with various concentra-
tions PX-12 (0, 1, 3, 5, 7, 9 yM) for 48 h, and

Int J Clin Exp Pathol 2014;7(8):4765-4773
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Figure 4. Comparison of cell growth
inhibition and Trx-1 expression induc-
tion by ATO in NB4 versus U937 cells.
A. NB4 and U937 cells were treated
with 5 uM ATO for 48 h, and the inhi-
bition was determined by MTT assay.
B. The level of Trx-1 expression was
detected by western blotting. Cells
were treated with ATO for 48 h.
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cell apoptosis was assessed by Annexin V-FITC/
Pl double staining. PX-12 induced cell apopto-
sis in AML cell lines as well as primary AML
cells in a dose-dependent manner (Figure 2).
And the maximal apoptosis rates were 79.26%
in NB4 cells, 42.03% in HL-60 cells, 76.58% in
U937 and 50.3% in primary AML cells at the
concentration of 9 uM PX-12, respectively
(Figure 2B).

PX-12 induced activation of caspase-3 in AML
cells

Activation of caspase-3 is a key event in apop-
tosis. We investigated the effect of PX-12 on
the expression of activated caspase-3 by flow
cytometer. PX-12 strongly increased the levels
of activated caspase-3 expression in AML cell
lines (HL-60, NB4 and U937) and primary AML
cells at the concentration of 5 uM for 48 h
(Figure 3A and 3B).

Thioredoxin-1 inhibitor PX-12 enhances the
sensitivity of cells to arsenic trioxide

To investigate whether the Trx-1 involved in the
sensitivity of cells to ATO, NB4 and U937 cells
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were treated with 5 yM ATO for 48 h, the inhibi-
tion was determined by MTT assay and the
level of Trx-1 expression was detected by west-
ern blotting. Our results showed that NB4 cells
were more sensitive than U937 cells (Figure
4A), this result was consistent with previously
report [20]. ATO inhibited Trx-1 protein expres-
sion in NB4 cells but not in U937 cells (Figure
4B). PX-12, a Trx-1 inhibitor, enhanced growth
inhibitory and apoptotic effects of ATO in U937
cells (Figure 5A-C). These results indicated that
the Trx-1 inhibitor PX-12 could enhance the sen-
sitivity of cells to ATO.

Discussion

Leukemia, a kind of malignant clones that origi-
nates in hematopoietic stem cell disorder, is
often characterized by clinical symptoms such
as anemia, bleeding, infection and infiltration,
which is seriously threatening human survival
and health. AML accounts for 70% of all acute
leukemia, its morbidity increases with age [21].
In recent years, the diagnostic and operative
technology is improving. However, AML is still
one of the most difficult human malignant

Int J Clin Exp Pathol 2014;7(8):4765-4773
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tumor treatments, which is prevailingly due to
the advanced cancer and new resistance
behavior to cytotoxic chemotherapy drugs and
radiotherapy. In addition, apoptosis deficiency
is regarded as the most common cause in the
chemotherapy resistance, because a lot of che-
motherapy agents act by means of the induc-
tion of apoptosis [22]. Despite a lot of the
efforts in the treatment and detection, many
patients with AML still died in this cancer, sug-
gesting that further researches are urgently
needed to develop new strategies to improve
the therapeutic effect of AML [23-25].

Trx-1 is over-expressed in a number of human
cancer, such as gastric, lung, cervical, colon,
and pancreatic cancer [26]. Clinically, overex-
pression of Trx-1 causes aggressive tumor
growth, inhibits apoptosis, and decreases pa-
tient survival [27]. PX-12, the first Trx-1 inhibi-
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Figure 5. PX-12 enhances the sensitivity of
U937 cells to ATO. A. Combination treatment
with ATO and PX-12 enhances U937 cell
growth inhibition. U937 cells were treated
with 5 uM ATO together with 1 uM PX-12, a
selective inhibitor of Trx-1, cell growth inhi-
bition was detected by MTT assay. B. PX-12
enhances the apoptosis of U937 cell in-
duced by ATO. C. Quantitation of apoptosis
in U937 cell. U937 cells were treated with 5
UM ATO together with 1 uM PX-12, a selec-
tive inhibitor of Trx-1, the percentage of cells
in apoptosis were measured using the An-
nexin V-FITC apoptosis detection kit by flow
cytometer. *P < 0.05.
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tor, reduces Trx-1 and VEGF levels in the plas-
ma of cancer patients [14]. Several studies
showed that PX-12 inhibited the growth of can-
cer, such as lung, pancreatic cancer and induce
Hela cell death [28-30]. PX-12 also has con-
ducted clinical practice in solid cancer patients
and has completed a Phase | clinical trial [15].
On the basis of pharmacokinetic and pharma-
codynamic data, a series of long-term infusion
schedule of PX-12 has been started [31].
However, the effects of PX-12 on acute myeloid
leukemia (AML) are still unknown. In this study,
we used human AML cell lines and primary AML
cells to investigate the effect of the Trx-1 inhibi-
tor PX-12 on AML cells. Cytotoxicity assay
revealed that PX-12, a Trx-1 inhibitor, inhibited
the proliferation of AML cell lines and primary
AML cells. PX-12 also induced cell apoptosis
and increased the levels of activated caspase-3
expression in AML cell lines as well as primary

Int J Clin Exp Pathol 2014;7(8):4765-4773
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AML cells in a dose-dependent manner. It is
well-known that apoptosis is modulated throu-
gh the extrinsic and intrinsic pathways, and
both result in the activation of caspases [32]
among which caspase-3 is the crucial execu-
tioners of apoptosis [33], as it takes the partial
or total responsibility for cleaving many key pro-
tein including the nuclear enzyme (ADP ribose)
and polymerase (PARP).

ATO, a traditional Chinese medicine, is the main
effective components of arsenic. Currently, ATO
has shown strong antitumor effects on APL
cells in vitro and in vivo [34], and has been
assessed in clinical studies for the treatment of
AML [35]. More interestingly, accumulating evi-
dence suggests that ATO has a fine therapeutic
effect in a certain variety of solid tumors [36-
38]. Although the definite mechanisms of anti-
tumor effect are not fully understood, ATO has
been regarded as a strong inducer of oxidative
stress in cancer cells [39, 40]. At present, apo-
ptosis inhibition is one of the most principal
mechanisms of leukemic cells drug resistance.
Research has shown that ATO induced apopto-
sis of leukemia with multidrug resistant cell and
regulated the expression of apoptosis related
genes with multiple resistance [41, 42]. How-
ever, ATO which is highly poisonous to the cells
of our bodies can emerge toxicity of cardiovas-
cular system and cause hyperleukocy. Tian C et
al reported that inhibition of TRX1 expression
by RNAI sensitized HepG2 cells to ATO-induced
apoptosis and over-expression of Trx-1 in Hep-
G2 cells resulted in the inhibition of ATO-
induced cytochrome c (cyto c) release, caspase
activation and apoptosis [43]. In this study, we
found that the expression level of Trx-1 in AML
cells was important for ATO sensitivity. ATO
treatment decreased Trx-1 protein expression
in sensitive NB4 cells but not in U937 cells.
Inhibition of Trx-1 with PX-12 sensitizes U937
cells towards ATO induced growth inhibitory
and apoptosis. These results demonstrated
that PX-12 could enhance growth inhibitory and
apoptotic effects of ATO in U937 cells.

In summary, our results showed that the Trx-1
inhibitor PX-12 could inhibit AML cell growth
and induce cell apoptosis. Furthermore, Trx-1
inhibitor PX-12 enhances the sensitivity of cells
to ATO. PX-12 may be a possible potential adju-
vant drug in treatment of human AML. The cur-
rent study provides some theoretical basis for
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its clinical application value of further study.
However, additional preclinical research is
needed to further determine the antitumor
activity of PX-12 in AML in vivo.
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