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Abstract: Background: 1-methylpropyl 2-imidazolyl disulfide (PX-12), a thioredoxin 1 (Trx1) inhibitor, has been in-
vestigated in a number of ancers, but its effectiveness in the treatment of hepatocellular carcinoma (HCC) has not
been reported. PX-12 has generated considerable interest in its use in a variety of solid tumors, yet most studies
have confined their interests to using PX-12 as a single agent. The aim of this study is to investigate whether PX-12
inhibits cell growth and has a synergistic anti-tumor effect in combination with 5-fluorouracil (5-FU) in HCC. Methods:
Cells were treated with different concentrations of PX-12 and 5-FU. Cell viability assays, colony formation assay, cell
cycle assay, reactive oxygen species (ROS) assay, apoptosis analysis, western blot assay, immunohistochemistry
and xenograft tumorigenicity assay were performed. Results: Treatment with PX-12 inhibited cell growth, induced
S-phase arrest, and increased ROS levels. PX-12-induced apoptosis and inhibition of colony formation were associ-
ated with the generation of ROS, and inhibition of ROS attenuated PX-12-induced apoptosis and inhibition of colony
formation. Treatment with PX-12 increased the expression of bax and reduced the expression of bcl-2, indicating
that PX-12-mediated apoptosis is mitochondria-dependent. PX-12 also exerted a synergistic effect with 5-FU tosig-
nificantly suppress tumorigenicity both in vitro and in vivo. Inhibition of ROS accumulation reduced the synergistic
effect of PX-12 and 5-FU. Conclusions: PX-12 has anti-tumor activity and a synergistic effect in combination with
5-FU in HCC. Treatment with PX-12 alone or in combination with 5-FU may have clinical use in the treatment of HCC
and other cancers.
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Introduction

1-methylpropyl 2-imidazolyl disulfide (PX-12),
an inhibitor of thioredoxin 1 (Trx1) is currently
being used as a therapy for advanced cancers
in phase II/IB clinical trials. Trx1 is an important
protein because of its antioxidant activity.
Modification of thiols in thioredoxin interrupts
signaling mechanisms involved in cell growth,
proliferation, and apoptosis. Trx1 is upregulat-
ed in a wide variety of carcinomas [1-4].
Increased Trx1 levels have been correlated
with increased proliferation and decreased
apoptosis of human gastric tumors [5] and with
decreased patient survival in non-small cell
lung cancer [6]. Inactivation of Trx-1 increases
reactive oxygen species (ROS) levels. ROS

mediates cell mitochondrial dysfunction [7],
leads to autophagic cell death of hepatocellular
carcinoma (HCC) cells [8], and promotes apop-
tosis via activation of JNK and p38 [9]. At low
levels, ROS act as signaling molecules to acti-
vate proliferation and survival pathways.
However, high ROS levels induce cell senescen-
ceor death. Therefore, Trx-1linhibitors have been
regarded as potential anti-tumor drugs.

PX-12 causes rapid reversible thioalkylation of
the catalytic site Cys32 and Cys35 residues
ofTrx4, and slower irreversible thioalkylation of
Cys73 that is outside the catalytic site, and pre-
vents the reduction of Trx1 by thioredoxin
reductase 1 [10]. PX-12 has been shown to
have antitumor activities in several types of
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cancer cells [11-13]. PX-12 inhibits HIF-1a and
VEGF protein levels in MCF-7 tumor xenografts
in vivo [14]. Although PX-12 has been investi-
gated in many cancers, its effectiveness in the
treatment of HCC has not been reported.

The compound 5-fluorouracil (5-FU) is one of
the most commonly used chemotherapeutic
drugs for HCC [15], colorectal and gastric can-
cers [16]. It acts by blocking nucleoside metab-
olism that leads to cell cycle arrest and subse-
quent apoptosis. Increased ROS levels elevate
the toxicity of 5-FUin MCF-7 cells [17]. PX-12
enhances the generation of ROS [12-14],
whether PX-12 increases the inhibitory effect of
5-FU on HCC remains unknown.

In this study, we have investigated the roles of
PX-12 in HCC and the effects of the combina-
tion of PX-12 and 5-FU on HCC in vitro and in
vivo. We found that PX-12 induced S-phase
arrest and ROS-dependent apoptosis and inhi-
bition of colony formation. PX-12 sensitized
HCC to 5-FU both in vitro and in vivo. Inhibition
of ROS reduced the synergistic effect of PX-12
and 5-FU. Collectively, our data suggests that
treatment with PX-12 alone or in combination
with 5-FU has significant potential as an anti-
tumor agent for HCC and other cancers.

Materials and methods
Cell culture and reagents

HCC cell lines HepG2 and SMMC7721 were
obtained from China Center for Type Culture
Collection (CCTCC, Wuhan, China). Cells were
cultured in Dulbecco’s modified Eagle’s medi-
um (Gibco, USA) with 100 U/mL penicillin
and 100 pg/mL streptomycin (Invitrogen Life
Technologies, USA) at 37°C in a 5% CO, humidi-
fied incubator. PX-12 (Santa Cruz, USA) was
diluted to 100 mM. 5-FU was purchased from
Sigma-Aldrich (St. Louis, MO, USA). N-Acetyl
Cysteine (NAC) (Beyotime Institute of Bio-
technology, China) was diluted to 200 mM.

Cell viability assays

For Cell Counting Kit-8 assays, indicated cells
(2000 cells/well) were cultured in 96-well
plates for the indicated time periods. Cell
Counting Kit-8 (CCK-8, Dojindo, Japan) was
added in the plates for 2 h to test the optical
density (OD) value at 450 nm. IC50 was then
calculated using SPSS software.
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Cell cycle assay

For cell cycle analysis, HepG2 or SMMC-7721
cells were seeded in 6-well plates (1x10° cells/
well) and serum starved for 24 h. The cells were
treated with PX-12 for 48 h. The cells were har-
vested and washed with PBS. The cells were
then fixed with 70% ethanol. Immediately prior
to the analysis, the cells were incubated with
fresh propidium iodide containing RNase A for
30 min at 37°C. A total of 1x10* cells were ana-
lyzed from each sample on a fluorescence-acti-
vated cell sorting Calibur flow cytometer
(Becton Dickinson).

Assay of the intracellular ROS level

The intracellular ROS level was measured by
using a dichlorofluorescein assay (Beyotime
Institute of Biotechnology, China). 2, 7-dichloro-
dihydrofluorescein diacetate (DCFH-DA) was
used to evaluate the generation of ROS in oxi-
dative damage. Cells (1x10° cells/well) were
seeded in 6-well plates in a humidified atmo-
sphere containing 5% CO, at 37°C and serum
starved for 24 h. The cells were treated with the
indicated concentrations of PX-12 in the pres-
ence or absence of NAC (5 mM) or 5-FU and
further incubated for 48 h. Thereafter, the cells
were harvested and incubated with 100 uM
DCFH-DA for 20 min in a 5% CO, humidified
incubator. Finally, the cells were washed three
times with phosphate-buffered saline (PBS, pH
7.4). Fluorescence was measured using flow
cytometry (Becton Dickinson).

Apoptosis detection

For apoptosis analysis, HepG2cells were seed-
ed in 6-well plates (1x10° cells/well) and serum
starved for 24 h. The cells were treated with
PX-12 or 5-FU for 48 h. The cells were harvest-
ed and stained by FITC-labeled Annexin V/PI
apoptosis assay kit (BD Biosciences, San Jose,
CA, USA). Cells (1x10% were analyzed from
each sample on flow cytometry. Three indepen-
dent assays were performed with at least 3
replicates.

Colony formation assay

HepG2 cells (500 cells/well) were plated in
6-well plates and treated with PX-12 and 5-FU
for 48 h. Then, fresh culture media were
replaced every two days. 12 days later, the
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Figure 1. PX-12 inhibits cell growth. Cell growth inhibition was evaluated by CCK8. HepG2 and SMMC-7721 cells
were treated with escalated doses of PX-12 (0, 3.12, 6.25, 12.5, 25, and 50 uM, respectively) and incubated for
24 h or 48 h. CCK8 assay was used to calculate the number of cells. All experiments were performed in triplicate.

plates were stained with 1% crystal violet
(Sigma-Aldrich, USA) and photographed. Colo-
nies were counted and analyzed using Alpha
Innotech Imaging system (Alphatron Asia Pte
Ltd, Singapore).

Western blot analysis

Cells were lysed in RIPA lysis buffer (50 mM
Tris-HCI at pH 8.0, 1% NP40, 0.1% sodium
dodecyl sulfate, 0.5% sodium deoxycholate,
0.02% sodium azide and 150 mM NacCl) con-
taining Protease Inhibitor cocktail (Roche,
Switzerland) at 4°C. 40 ug proteins were sepa-
rated on precasted 10% sodium dodecyl sul-
fate-polyacrylamide gels and then transferred
onto PVDF membranes (Millipore). The blots
were blocked in 5% non-fat milk and incubated
overnight at 4°C with primary antibodies (anti-
bcl-2, bax, PARP, cleaved PARP antibodies at
1:1000 dilution; other antibodies at 1:2000
dilution). All the antibodies were bought from
Cell Signaling Technology, USA. The blots were
then incubated with horseradish peroxidase-
conjugated secondary antibody at 1:2000 dilu-
tion for 1 h at 37°C. The signals were visualized
using the enhanced chemiluminescence sys-
tem (Bio-Rad, USA). Protein expression was
quantified by densitometry and normalized to
[B-actin expression using Image Lab software.

Drug combination effects

To determine the drug combination effects, the
commercially available program CalcuSyn (Bio-
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soft Ferguson, MO, USA) was used to calculate
combination index (Cl) values and dose-reduc-
tion index (DRI) values for combination of drugs.
Cl: A quantitative measure of the degree of
drug interaction in terms of additive effect
(CI=1), synergism (CI 1), or antagonism (CI>1)
for a given endpoint of the effect measure-
ment. DRI: A measure of how much the dose of
each drug in a synergistic combination may be
reduced at a given effect level compared with
the doses of each drug alone. Drug combina-
tions that acted synergistically can be identified
as those that exhibited significant dose reduc-
tion values.

Xenograft tumorigenicity assay

All of the in vivo studies satisfied the National
Institutes of Health guidelines (NIH publication
86-23 revised 1985) and the protocol was
approved by the Committee on the Ethics of
Animal Experiments of the Tongji Medical
College, Huazhong University of Science and
Technology. 5x10° HepG2 cells were subcuta-
neously injected into the mice at day O. Drug
administration started when tumor xenograft
grew up to approximately 100 mm?2 in size. Mice
were treated with vehicle control (0.9% NaCl
solution), 25 mg/kg PX-12 (2.5 mg/mL in vehi-
cle) i.v. injection, 30 mg/kg 5-FU (3.0 mg/mLin
vehicle) i.p. injection, or combination of PX-12
with 5-FU three times per week till the end of
the study. Subcutaneous tumors were removed,
fixed and sectioned for proliferation and apop-
tosis analysis.
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Table 1. Combination of PX-12 with 5-FU in HepG2 cells

Combination Drug alone Fa o DRI

PX-12 B-FU PX-12 5-FU PX-12 5-FU

0 0 0 0

3.12 2.5 7.63+2.74 7.58+0.55 0.53+0.02 0.78+0.17 2.45+0.88 3.03+0.22
6.25 5 27.8+2.23 20.00+6.16 0.71+0.05 0.57+0.18 3.57+0.96 4.00+1.23
12.5 10 42.18+0.25 37.01+4.23 0.80+0.01 0.57+0.03 3.37+0.02 3.70+0.42
25 20 135.56+42.19 102.76+£12.90 0.90+0.00 0.39+0.03 5.42+1.69 5.14+0.65
50 40  613.72+298.45 408.58+191.72 0.96+0.01 0.22+0.08 12.27+5.97 10.21+4.79

Fa the fraction affected by the dose.

Immunohistochemistry analysis

Immunohistochemistry was carried out as
described previously [18, 19]. The Ki-67 prima-
ry antibody was purchased from Dako (Golstrup,
Denmark). The apoptosis of paraffin-embedded
sections of the tumors was detected by a
TUNEL assay kit (R&D Systems, Minneapolis,
MN, USA).

Statistical analysis

Data analyses were performed by SPSS 13.0
(Chicago, IL, USA) or GraphPad Prism 5.0 (La
Jolla, CA, USA). All experiments were at least
three independent times and the results were
presented as mean * SEM. Comparisons
between the different groups were evaluated
using one-way ANOVA, and p<0.05 was consid-
ered statistically significant.

Results
PX-12 inhibits cell growth

We started by investigating the effect of PX-12
on HepG2 and SMMC-7721HCC cell lines in
vitro. HCC cells were incubated for 24 or 48
hours with increasing concentrations of PX-12.
We found a progressive reduction in HCC cell
numbers that was proportional to both the con-
centration of PX-12 and the duration of culture
(Figure 1). The IC50 values of PX-12 on HepG2
and SMMC-7721 cells for the 24 h time point
were 30.30 and 25.15 yM. The IC50 values of
PX-12 on HepG2 and SMMC-7721 cells for the
48 h time point were 6.32 and 13.38 pM.

PX-12 induces S-phase arrest and increases
the accumulation of ROS

To further examine the mechanism by which

PX-12 inhibited cell growth, we studied the
effects of PX-12 on cell cycle. PX-12 treatment
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led to a dose-dependent induction of S-phase
arrest in HepG2 and SMMC-7721 (Figure 2A,
2B). The fluorescent probe DCFH-DA was used
to monitor intracellular ROS levels in different
concentrations of PX-12. PX-12-treated cells
had significantly higher ROS levels compared
with untreated cells (Figure 2C, 2D).

NAC inhibits ROS accumulation and activa-
tion of the mitochondria-dependent apoptosis
induced by PX-12

We next investigated whether ROS accumula-
tion induced by PX-12 was responsible for
apoptosis in HCC cells. Cells were pre-treated
with the antioxidant NAC (5 mM) 1 h before
being incubated with PX-12 for a further 48 h.
Pretreatment with NAC caused a significant
decrease in ROS levels induced by PX-12
(Figure 3A, 3B). NAC prevented cell from apop-
tosis induced by PX-12 (Figure 3C, 3E). Addition
of NAC significantly reduced the inhibitive effect
of PX-12 on colony formation (Figure 3D, 3F).
Moreover, the presence of NAC resulted in a
reversal in the ability of PX-12 to inhibit HCC cell
growth (Figure 3G). Bcl-2 is a protein of the
anti-apoptotic family, and bax is a protein of the
pro-apoptotic family. PX-12 induced an increase
in bcl-2 and PARP cleavage and a decrease in
bax (Figure 3H). These data shows that PX-12-
induced apoptosis is mitochondria-dependent.
Treatment of NAC reversed the changes of
bcl-2, bax, and PARP cleavage. To conclude,
these results suggest that PX-12 induces
mitochondria-dependent apoptosis via ROS
accumulation.

PX-12 potentiates anti-tumor effect of 5-FU in
vitro

5-FU remains the principle cytotoxic chemo-
therapy in the treatment of HCC. We next
explored the effects of treatment with PX-12
and 5-FUon HCC. We found that the combina-
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Figure 2. PX-12 induces S-phase arrest and increases the accumulation of ROS. A, B. HepG2 and SMMC-7721 cells
were treated with various concentrations of PX-12 for 48 h, and the DNA content was analyzed by flow cytometry.
The percentages of cells in the G1, S and G2/M phases of the cell cycle were shown. C, D. DCFH-DA was used to de-
tect ROS in HepG2 and SMMC-7721 cells. Relative ratio of mean fluorescence intensity was normalized to control.
All the results are represented as the mean + SEM from three independent trials. *P<0.05, **P<0.01.
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Figure 3. NAC inhibits ROS accumulation and activation of the mitochondria-dependent apoptosis induced by PX-12.
A, B. HepG2 and SMMC-7721 cells were treated with the antioxidant NAC at 1 h before adding PX-12 and incubation
for an additional 48 h. ROS level was measured using DCFH-DA. Relative ratio of mean fluorescence Intensity was
normalized to control. C, E. Annexin V/PI staining was used to identify apoptosis of HepG2 cells induced by PX-12
or in the presence or absence of NAC. The percentage of apoptosis was shown as the mean + SEM from three
independent experiments. D, F. HepG2 cells were treated with PX-12 in the presence or absence of NAC for 48 h.
The plates were stained and photographed 12 days later. The percentage of the colonies was calculated. G. HepG2
and SMMC-7721 cells were treated with NAC at 1 h before adding PX-12 and incubation for an additional 24 and 48
h. CCK8 assay was used to monitor the cell growth. H. HepG2 cells were treated with or without NAC at 1 h before
adding PX-12 and incubation for an additional 48 h. Western blot was used to analyze the expression of apopto-
sis-related protein. All the results are represented as the mean + SEM from three independent trials. *P<0.05,
**P<0.01.
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Figure 4. PX-12 potentiates anti-tumor effect of 5-FU in vitro. A. 2000 cells/well were plated overnight followed by
treatment with increasing doses of PX-12and 5-FU in combination at a fixed ratio (PX-12/5-FU=1.25). CCK8 assay
was used to calculate the inhibition rate of PX-12 or 5-FU on cells. B. Cl was obtained using CalcuSyn2.0 for synergy
analyses. C. Annexin V/PI staining was used to identify apoptosis induced by PX-12 and/or 5-FU. D. The percentage
of cell apoptosis was shown as the mean + SEM from three independent experiments. E. Western blot analysis of
the expression levels of apoptosis-related protein in HepG2 cells which incubated for 48 h. All the results are repre-
sented as the mean + SEM from three independent trials. *P<0.05, **P<0.01.
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Figure 5. Combination of PX-12 with 5-FU induces apoptosis, reduces colony formation of HCC cells via ROS-depen-
dent mechanism. A, D. HepG2 cells were treated with PX-12 and/or 5-FU in the presence or absence of NAC for 48
h. After incubation for 48 h, DCFH-DA was used to detect ROS level. Relative ratio of mean fluorescence intensity
was normalized to control. B, E. Annexin V/PI staining was used to identify apoptosis induced by PX-12 and/or 5-FU
in the presence or absence of NAC. C, F. HepG2 cells were treated with PX-12 and/or 5-FUin the presence or ab-
sence of NAC for 48 h. The plates were stained and photographed 10 days later. The percentage of the colonies was
calculated. G. Western blot analysis of the expression levels of apoptosis-related protein in HepG2 cells which incu-
bated for 48 h. All the results are represented as the mean + SEM from three independent experiments. *P<0.05,

**P<0.01, n.s. means no significance.

tion of PX-12 with 5-FU had a synergistic effect
in inhibiting cell growth (Figure 4A). This was
demonstrated by Cl<1 and DRI (Figure 4B,
Table 1). The dose of each drug used in the
combination to achieve a specific measurable
effect level was substantially reduced when
compared with the dose needed to achieve the
same inhibition rate when the drugs were given
alone (Table 1). Incubation of HCC cells with
either 5-FU or PX-12 alone caused a slight
increase in apoptosis, while combination of the
two agents strongly increased apoptosis
(Figure 4C, 4D). Western blot analysis revealed
a stable expression of bax and cleaved-PARP
after incubation with PX-12 and 5-FU, while
antiapoptotic opponent bcl-2 was diminished
(Figure 4E). All these results demonstrated that
PX-12 acts synergistically with5-FU to inhibit
the growth of HCC.

Combination of PX-12 with 5-FU induces apop-
tosis, reduces colony formation of HCC cells
via ROS-dependent mechanism.

Combination of PX-12 with 5-FU increased ROS
levels compared with single agents, while pre-
treatment of NAC down-regulated ROS accumu-
lation (Figure 5A, 5D). Combination of both
agents significantly reduced colony formation
and increased apoptosis, addition of NAC
decreased the combined effects of the two
agents (Figure 5B, 5C, 5E, 5F). Western blot
assay showed that combination of the two
agents decreased bax and increased bcl-2 and
PARP cleavage, while NAC significantly reversed
the changes of apoptosis-related proteins
induced by the two agents (Figure 5G). These
data indicated that combination of PX-12 with
5-FU reduces colony formation and induces
apoptosis of HCC cells via ROS-dependent
mechanism in vitro.

PX-12 enhances the anti-tumor effect of 5-FU
in vivo

To further verify PX-12 and 5-FU have synergis-
tic antitumor effect, we next explored the effect
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of both agents on HCC cell growth in vivo. Mice
were subcutameously injected with HCC cell
line HepG2. Drug treatment was initiated as
soon as the tumor volume reached approxi-
mately 100 mm?2 at day 9. At day 24, mice were
sacrificed. Treatment with PX-12 and 5-FU had
no influence on body weight (Figure 6A).
Although treatment with either PX-12 (25 mg/
kg) or 5-FU (30 mg/kg) alone slightly reduced
HCC cell growth compared with vehicle, co-
treatment resulted in a significant reduction in
HCC tumor size and weight (Figure 6B-D).
TUNEL staining and Ki-67 of the tumor sections
were used to detect the apoptosis and prolifer-
ation in vivo. After treatment with either PX-12
or 5-FU alone, the apoptotic index determined
by the percentage of TUNEL stained nuclei was
slightly increased and the proliferation index
determined by the percentage of Ki-67 positive
cells was also slightly decreased, while co-
treatment significantly increased apoptosis
and reduced proliferation (Figure 6E-G).

Discussion

PX-12, a Trx1 inhibitor, is currently being
assessed in phase |l trials in the treatment of
advanced pancreatic cancer [20] and in a
phase IB trials in treatment of advanced gastro-
intestinal cancers [21]. Its ability to inhibit the
ability of Trx1 has generated considerable inter-
est in its use in a variety of solid tumors, yet
most studies have confined their interests to
using PX-12 as a single agent. In this study, we
testify whether PX-12 inhibits cell growth and
enhances the chemosensitivity to 5-FU in HCC
cells both in vitro and in vivo. PX-12 greatly
inhibited the anchorage-dependent growth of
COLO-357 cells, and this inhibitory effect was
markedly attenuated in CS7 clones that
expressed high levels of Trx [22]. Human Trx1
belongs to a family of small redox proteins that
undergo NADPH-dependent reduction by thio-
redoxin reductase (TrxR), and reduce oxidized
cysteine groups on proteins. Trx1 plays an
important role in regulating cell redox homeo-

Am J Transl Res 2015;7(9):1528-1540



PX-12 inhibits cell growth and enhances 5-FU cytotoxicity

A 304 == Vehicle B 1000-
= PX-12 -
~ 5-FU 800-
2 5 T Px-toes, E
§ ™
20 '§ “00 i
g £
" N
_0 3 6 9 12 15 18 21 24 '9 12 15 18 21 24
Days after implant Days after implant
C D
Vehicle
1.5+ l_"
’ B Vehicle
PX-12 - — =i
S —_—
1.0- Bl 5-FU
5-FU £ PX-1245-FU
-g n.s. - *
PX-12+5-FU -S 0.51
=
[

25-

2

3~ 20

% 154 Ll n.s. Bl PX-12+5-FU
3

< 4

- 10

(]

£ s

5

TUNEL

Stained nuclei (%)
o B & 8 8

Ki-67

Vehicle
PX-12
5-FU
PX-12+5-FU

Figure 6. PX-12 enhances the anti-tumor effect of 5-FU in vivo. A. The body weight curve of mice in all groups. B.
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ferent groups. E. Hematoxylin and eosin (H&E) staining. E, F. TUNEL staining was performed for apoptosis analysis.
The apoptotic index was calculated by the percentage of TUNEL stained nuclei. E, G. Ki-67 staining was used for
growth analysis. The proliferation index as determined by the percentage of Ki-67 stained nuclei was calculated in
different groups. All the results are represented as the mean + SEM from three independent trials. **p<0.01, n.s.

means no significance.

stasis and cell growth, differentiation, and
apoptosis. The expression of Trx1 is high in a
wide variety of carcinomas such as hepatocel-
lular carcinoma [1, 2], colorectal cancer [3],
and thyroid cancer [4]. Increased serum levels
of Trx1 in patients secreted by cancer cells are
associated with aggressive tumor growth and
decreased survival [23-26]. Recombinant
human Trx attenuated ethanol-induced increas-
es in markers of oxidative stress, inflammatory
cytokine expression, and apoptosis [27].
Overexpressed hTrx is responsible for the devel-
opment of cellular resistance to CDDP, possibly
by scavenging intracellular toxic oxidants gen-
erated by this anticancer agent [28].

In this study, PX-12 reduced cell number by cell
cycle arrest and inducing activation of the mito-
chondria-dependent apoptosis. Furthermore,
apoptosis was associated with the enhanced
generation of ROS and was inhibited in the
presence of NAC, a potent antioxidant agent.
Antioxidant can reduce ROS level and amelio-
rate oxidative stress [29]. PX-12 promotes
ROS-dependent apoptosis in several cell lines,
such as Hela [12], A549 [13], and Calu-6 [30].
NAC, an antioxidant, can prevent dissociation
of Trx-ASK1 and inactivates p38 MAPK path-
way [31]. ROS induces mitochondrial dysfunc-
tion [7], promotes apoptosis via activation of
JNK and p38 [9], and leads to death of HCC
cells through autophagy [8]. We found that
PX-12 increased the expression of PARP cleav-
age and bax and reduced the expression of bcl-
2. It suggests that PX-12 induced apoptosis via
mitochondria-dependent mechanism. NAC
reduced the effect of PX-12 on the expression
of PARP cleavage, bax, and bcl-2. It suggests
that ROS plays an important role in PX-12-
induced cell activation of the mitochondria-
dependent apoptosis pathway. In addition to
inducing apoptosis, PX-12 also induced S-phase
arrest. Therefore, the S-phase arrest and apop-
tosis in PX-12-treated cells are underlying
mechanisms to inhibit cell growth.

PX-12 increased generation of ROS in our study,
we therefore predicted that it may augment the
cytotoxicity of 5-FU via ROS-dependent mecha-
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nism in HCC cells. The compound 5-FU has
been used against cancer for about 40 years
[32]. 5-FUis one of the most commonly used
chemotherapeutic drugs for hepatocellular car-
cinoma [15], colorectal and gastric cancers in
clinical practice [16]. There is compelling evi-
dence that cellular adaptation to ROS stress
has a part in maintaining a cellular cancer phe-
notype and chemotherapy resistance [33].
Increased ROS levels increased toxicity of 5-FU
in MCF-7 cells [17]. We deduce that PX-12 may
increase cytotoxicity of 5-FU in HCC cells. To
test this hypothesis, we measured Cl and DRI
of PX-12 and 5-FU. If drug combinations inter-
act in a manner that result in synergy, then the
dose of each drug used in the combination to
achieve a specific measurable effect level will
be substantially reduced when compared with
the dose needed to achieve the same effect
level when the drugs are given alone. We found
that PX-12 and 5-FU had a synergistic effect on
inhibition of cell growth (Cl<1 and DRI).
Combination of PX-12 with 5-FU significantly
increased ROS level, induced apoptosis, and
inhibited colony formation.NAC reduced the
effects of PX-12 and 5-FU on ROS accumula-
tion, apoptosis, and inhibition of colony forma-
tion. Combined treatment with PX-12 and 5-FU
increased the expression of bax and cleaved-
PARP and diminished the expression of bcl-2
compared with each agent used alone. NAC
reversed the changes of apoptosis-related pro-
teins caused by the combined treatment. These
results suggest that PX-12 increase cytotoxicity
of 5-FU via ROS-dependent mechanism.

Finally, Xenograft tumorigenicity assay was
used to verify PX-12 and 5-FU synergistically
exert the antitumor effect in vivo. We found
combination of PX-12 with 5-FU significantly
reduced tumor burden compared with single
agents that matched with the results in vitro.

Conclusions

In summary, PX-12 inhibits the growth of HCC
and the ability of PX-12 and 5-FU to synergisti-
cally inhibit growth in HCC. Combination thera-
py may yield success when applied in the clini-
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cal setting.PX-12 is currently being assessed in
phase II/IB trials. This underscores the realistic
and potentially rapid clinical application of
these findings.
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