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Ethyl pyruvate (EP) was recently identified as a stable lipophilic derivative of pyruvic acid with significant
antineoplastic activities. The high mobility group box-B1 (HMGB1)-receptor for advanced glycation end-
products (RAGE) and the protein kinase B (Akt) pathways play a crucial role in tumorigenesis and devel-
opment of many malignant tumors. We tried to observe the effects of ethyl pyruvate on liver cancer
growth and explored its effects in hepatocellular carcinoma model. In this study, three hepatocellular car-
cinoma cell lines were treated with ethyl pyruvate. An MTT colorimetric assay was used to assess the
effects of EP on cell proliferation. Flow cytometry and TUNEL assays were used to analyze apoptosis.
Real-time PCR, Western blotting and immunofluorescence demonstrated ethyl pyruvate reduced the
HMGB1-RAGE and AKT pathways. The results of hepatoma orthotopic tumor model verified the antitu-
mor effects of ethyl pyruvate in vivo. EP could induce apoptosis and slow the growth of liver cancer.
Moreover, EP decreased the expression of HMGB1, RAGE, p-AKT and matrix metallopeptidase-9
(MMP9) and increased the Bax/Bcl-2 ratio. In conclusion, this study demonstrates that ethyl pyruvate
induces apoptosis and cell-cycle arrest in G phase in hepatocellular carcinoma cells, plays a critical role
in the treatment of cancer.
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1. Introduction

Hepatocellular carcinoma (HCC) is the third most frequent
cause of cancer-related death worldwide, and it has received
considerable attention in recent years because of its increasing
incidence [1,2]. Approximately 70% of these patients develop
recurrent tumors within five years and rapidly progress to
advanced stages, with a very low five-year survival rate of 7%.
Therefore, there is an urgent need for new therapies to prolong
the survival of patients with HCC.

Ethyl pyruvate (EP), a simple aliphatic ester derived from pyru-
vic acid, is more stable than pyruvic acid. It is a potent inhibitor of
the inflammatory mediator late high mobility group box 1
(HMGBT1) [3], and interferes with AKT pathways [4]. The HMGB1,
the receptor for advanced generation end-products (RAGE), AKT
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pathways play crucial roles in tumorigenesis [5,6]. EP has been
reported to induce apoptosis in many tumors, including gallblad-
der cancer, lung adenocarcinoma, and gastric cancer, yet its effects
on HCC remain unclear [4,7,8]. Here, we investigated whether EP
exerts an antitumor effect on hepatic tumor.

2. Materials and methods
2.1. Materials

EP was purchased from Sigma Aldrich (St. Louis, MO, USA) and
stored in the dark at 4 °C. The antibodies (Santa Cruz Biotechnol-
ogy, CA, USA) used for immunoblotting and immunohistochemical
staining were: anti-BCL2, anti-Bax, anti-HMGB1, anti-p-AKT, anti-
AKT, anti-MMP9.

2.2. Culture of tumor cell lines

The HCC cell lines SMMC-7721, HepG2, and HCC-LM3 (Chinese
Academy of Sciences Committee Type Culture Collection Cell Bank)
were maintained in 25 cm? polystyrene flasks (Corning Costar
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Corporation, Oneonta, NY) with high-glucose Dulbecco’s modified
Eagle’s medium (DMEM-h; Thermo, China), containing 10% fetal
bovine serum (FBS; Hyclone, South America), and 1% penicillin—
streptomycin (Mediatech) in a humidified incubator at 37 °C in
5% CO,.

2.3. Cell proliferation and viability

The HCC cell lines were plated at a density of 2 x 10% cells/well
in 96-well plates in 100 pl of medium per well, then treated with
EP of O uM, 6 uM, 12 uM, 18 uM, 24 puM, 30 pM, 36 uM, 42 M
and 48 pM. Finally, cell viability was measured using an MTT assay
(Peptide Institute Inc., Osaka, Japan) and a microplate reader at a
wavelength of 490 nm. A calibration curve was constructed using
the data obtained from wells that contained known numbers of
viable cells.

2.4. Detection of apoptosis and cell-cycle analysis using flow cytometry

Cell apoptosis was assessed using FITC (BD Pharmingen,
San Jose, CA, USA). A flow-cytometric analysis was performed on
cancer cells that were in the early apoptosis (annexin V*/PI") or
late apoptosis/necrosis (annexin V*/PI*) phase. The cell cycle was
analyzed by flow cytometry and the percentages of cells in the
different phases were calculated using the ModFit LT software
(Verity Software House) [9].

2.5. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assays

Tumor tissues from the saline-treated group and the EP-treated
groups were analyzed with TUNEL assays. Sections (3 um) from
formalin-fixed paraffin-embedded tumors were deparaffinized
with xylene and dehydrated with ethanol. The slides were rinsed
twice with PBS and treated with proteinase K (15 pg/ml in
10 mM Tris/HCl, pH 7.4-8.0) for 15 min at 37 °C. Endogenous per-
oxidases were blocked with 3% hydrogen peroxide in methanol at
room temperature for 10 min. The tissue sections were then
analyzed with an in situ Cell Death Detection Kit, POD (Roche,
Germany), in accordance with the manufacturer’s instructions.
The reaction was visualized with fluorescence microscopy.

2.6. Reverse transcription-polymerase chain reaction (RT-PCR) and
real-time PCR

An RNeasy Mini Kit (Qiagen) was used to extract RNA from cells.
Contaminating DNA was removed by DNase I digestion. cDNA was
transcribed with an RT reagent kit with 2000 ng of RNA (per 20 pl
reaction) and an oligo (dT) primer. The cDNA was then used as the
template in real-time PCR reactions to analyze the expression of
BCL2, Bax, HMGB1, MMP9 and B-actin. The primers used in the
PCR reactions are listed in Table 1. The PCR reactions were per-
formed with 10 min at 95 °C (hold), 40 cycles of amplification, each
consisting of denaturation for 15 s at 95 °C, annealing for 1 min at
60 °C, and polymerization for 2 min at 72 °C in a 7900HT Fast

Table 1
Real-time PCR primer sequences.
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Real-Time PCR System (ABI, Palo Alto, CA, USA). The relative mRNA
levels were normalized to those of B-actin mRNA, and the fold
change for each mRNA was calculated using the delta Ct method.

2.7. Western blot analysis

The total proteins were prepared with standard procedures and
quantified by the BCA method. The sample proteins were separated
by electrophoresis on SDS-polyacrylamide gel and transferred
onto a polyvinylidene difluoride membrane. After blocking, the
membranes were incubated overnight at 4 °C with various primary
antibodies and B-actin. After incubation with peroxidase-conju-
gated secondary antibodies for 1h at 25°C, membranes were
developed with the Odyssey Two-color Infrared Laser Imaging Sys-
tem (Li-Cor).

2.8. HCC model and treatment

Four-week-old male nude mice (athymic, BALB/C nu/nu) were
purchased from Shanghai Slac Laboratory Animal Co., Ltd. All
experiments were housed at the Experimental Animal Center, Ton-
gji University at a constant temperature and with a consistent light
cycle (light from 07:00 to 18:00). This study was carried out in
strict accordance with the recommendations in the Guide for the
National Science Council of the Republic of China. The protocol
was approved by the Animal Care and Use Committee of The Tenth
People’s Hospital of Shanghai (Permit number: 2011-0111). This
study was also approved by the Science and Technology Commis-
sion of Shanghai Municipality (ID: SYXK 2007-0006).

HCC-LM3 cells were suspended in 100 ml of 1:1 serum-free
DMEM and Matrigel (BD Biosciences). One nude mouse was anes-
thetized with ketamine/xylazine, and HCC LM3 cells were seeded
into the subcutaneous tissues and formed a subcutaneous tumor
two weeks later. Then 30 nude mice were anesthetized with keta-
mine/xylazine, and their abdomens surgically opened. Tumor cells
were inoculated subcutaneously into the liver parenchyma of the
30 nude mice and the mice were monitored every three days for
30 days. The 30 mice were then randomly allocated to one of three
groups. Two groups were injected intraperitoneally with EP
(40 mg/kg or 80 mg/kg) daily for four weeks and the control group
was injected with saline on the same schedule. The mice were then
killed and the tumors were measured with calipers.

2.9. Immunohistochemistry

Tumor tissues from saline-treated groups and EP-treated
groups were used for immunohistochemistry. Sections (3 pwm
thick) from paraffin-embedded tumors were dewaxed with xylene,
dehydrated with ethanol, and soaked in 3% hydrogen peroxide
solution for 10 min to block endogenous peroxidase activity. The
sections were boiled for 30 min in 10 mM citrate buffer (pH 6. 0)
for antigen retrieval. The slides were incubated for 45 min with
5% BSA and incubated overnight at 4 °C with anti-HMGB1, MMP9
and anti-p-AKT antibodies. These specimens were incubated with
the appropriate peroxidase-conjugated secondary antibody for

Gene Primer sequence (5'—3’) Gene Primer sequence (5 —3’)

Bcl-2 Forward CATGTGTGTGGAGAGCGTCAA Bax Forward GATCCAGGATCGAGCAGA
Reverse GCCGGTTCAGGTACTCAGTCA Reverse AAGTAGAAGAGGGCAACCAC

MMP-9 Forward CGTCGTGATCCCCACTTACTATGGAAACTC B-Actin Forward CTGGAACGGTGAAGGTGACA
Reverse GCAGAAGCCATACAGTTTATCCTGGTCATA Reverse AAGGGACTTCCTGTAACAATGCA

HMGB1 Forward CGGATGCTTCTGTCAACTTCT RAGE Forward CGGCTGGTGTTCCCAATAA
Reverse AGTTTCTTCGCAACATCACCA Reverse TGTTCCTTCACAGATACTCCCT
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45 min at 37 °C and visualized with the Real Envision Detection Kit
(Gene Tech Shanghai Company Limited, China), in accordance with
the manufacturer’s instructions. All slides were counterstained
with hematoxylin and eosin (HE).

2.10. Immunofluorescence

The HCC cell lines were plated in 12-well plates and treated
with EP (ICsq) for two days. The cells were washed three times with
PBS for 1 min. The cells were fixed in 4% paraformaldehyde for
10 min on ice and then washed three times on ice with PBS for
3 min each. The cell membranes were ruptured with 0.2% Triton
at room temperature for 20 min, and nonspecific antigen-binding
sites were blocked by 5% BSA for 30 min. The cells were then
incubated overnight at 4 °C with anti-HMGBI1, and anti-MMP9
antibodies. On day 2, the nuclei were stained with DAPI (1:1000)
after incubation with anti-rabbit antibody for 60 min. All cells
were observed with a fluorescence microscope.

2.11. Statistical analyses

Statistical significance was assessed using the Student’s t-test or
ANOVA when appropriate using SPSS 16.0 (SPSS, Inc., Chicago, IL,
USA). A p <0.05 was considered significant.

3. Results
3.1. Ethyl pyruvate inhibits HCC in vitro and in vivo

The HCC cell lines (SMMC-7721, HepG2, and HCC-LM3) were
treated with increasing concentrations of EP in an MTT assay. We
constructed a growth curve to show the cytotoxicity of EP. With
increasing concentrations of EP and time, EP caused a dose-depen-
dent reduction in HCC cell viability in vitro; after 24 h, 48 h, and
72 h, the cell survival rates in the treated groups were lower than
those in the corresponding control groups. These data indicate that
EP reduces the viability of HCC cells in a significantly dose- and
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Fig. 1. EP inhibits HCC cell proliferation. (A) Cell viability was determined using a MTT assay. After 24 h, 48 h, and 72 h, the cell survival rates in the treated groups were lower
than those in the corresponding control groups. (B) Tendency of tumor mean diameter after injection in nude mice (*p < 0.05). (C) Tendency of tumor mean volume after
injection in nude mice (*p < 0.05). (D) Gross observation of HCC-LM3 cell orthotopic tumors in nude mice from the saline group or EP groups (40 mg/kg or 80 mg/kg). (E)
Representative hematoxylin and eosin (H&E)-stained sections of liver showed the structure of the liver cancer tissue: nuclei of different sizes, hepatic cord structure was

destroyed, magnification 200 x.
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time-dependent manner (Fig. 1A). Based on the results of MTT, we
applied the concentration of SMMC-7721 (24.7 uM), HepG2
(29.7 uM), and HCC-LM3 (20.4 uM) for 48 h in the following exper-
iments. To investigate the antitumor activities of EP in vivo, we
established an HCC-LM3 model of in situ tumors in nude mice.
After the administration of 40 mg/kg ethyl pyruvate, 80 mg/kg
EP, or 10 g/pl saline for four weeks, the mice were killed. The liver
tumors in the EP-treated groups were smaller than those in the
control group (Fig. 1D). The mean diameter of the tumors de-
creased from 2.16 cm to 0.51 cm (*p < 0.05; Fig. 1B) and the mean
volume (V= length x width x 0. 5) of the tumors decreased from
1.187 cm?® to 0.08945 cm? (*p < 0.05; Fig. 1C). HE further confirmed
the antitumor activities of ethyl pyruvate in vivo (Fig. 1E).

3.2. Ethyl pyruvate causes cell-cycle arrest and induces apoptosis

In this study, we found that ethyl pyruvate can inhibit the pro-
liferation of HCC cell lines. Therefore, we investigated the mecha-
nism of this inhibition. The effect of EP on the cell cycle was
tested with a flow-cytometric analysis. As shown in Fig. 2A
(*p < 0.05), treatment with 29.7 uM EP for 48 h caused G2/M cell-
cycle arrest in HepG2 cells, whereas 24.7 pM and 20.4 uM EP for
48 h induced GO/G1 phase arrest in SMMC-7721 and HCC-LM3
cells, respectively. Our results indicate that EP triggers cell-phase
arrest differently in different HCC cells. We used flow cytometry
to examine whether EP induces apoptosis. An increase in the per-
centages of cells in early apoptosis (quadrant 2) plus late apoptosis
(quadrant 3) was identified in the HCC cell lines after treatment
with ethyl pyruvate (Fig. 2B). Real-time PCR and Western blotting
revealed that ethyl pyruvate treatment increased the BAX/BCL2 ra-
tio in the HCC cell lines (Fig. 2C and D; *p < 0.05). In vivo, TUNEL
staining, Real-time PCR, Western blotting and Immunohistochem-
istry also demonstrated an increase in tumor cell apoptosis after
treated with EP (Fig. 4; *p < 0.05).
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3.3. Ethyl pyruvate inhibits the HMGB1-RAGE and AKT pathways

To further clarify the mechanism underlying the effect of EP on
HCC cells, we measured the inhibition of HMGB1 and AKT expres-
sion in HCC cells treated with EP using real-time PCR, Western
blotting, and immunofluorescence analyses. The results showed
that EP-treatment significantly reduce the c-DNA expression of
HMGB1, RAGE and MMP9 (Fig. 3A, *p < 0.05). With Western blot-
ting and immunohistochemistry showed the expression of HMGB1,
RAGE, p-AKT and MMP9 were significantly downregulated com-
pared with those in the controls (Fig. 3B, *p < 0.05). Finally, we
evaluated the expression of HMGB1 and MMP9 with immunofluo-
rescence (Fig. 3C, *p < 0.05) and verified that EP downregulates the
expression of HMGB1, and MMP9 in HCC. In vivo, the results of
Real-time PCR, Western blotting and Immunohistochemistry also
verified that EP could inhibit the HMGB1-RAGE and AKT pathways.

4. Discussion

HCC is the third most frequent cause of cancer-related death
worldwide, and its incidence is increasing. Because there are no
obvious symptoms in the early stages of HCC [10], many patients
are diagnosed too late for surgery, so chemotherapy is still one of
the most important treatments for liver cancer. Ethyl pyruvate
(EP) is a commonly used food additive that is relatively nontoxic
and harmless to the body [11]. It has been reported that EP can re-
duce the malignant traits of several types of cancer cells. For in-
stance, EP inhibits gastric cancer growth by regulating the
HMGB1-RAGE and AKT pathways [4]. EP inhibits the growth of
colorectal tumors in the liver via induction of apoptosis [12]. In this
study, we also found that EP exerts an anti-hepatoma effect by
inhibiting the proliferation and inducing apoptosis (Figs. 1 and 2,
*p <0.05). An MTT assay showed that the proliferation of HCC cell
lines were inhibited after EP-treatment for 48 h (Fig. 1A). Flow
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Fig. 2. EP causes cell cycle arrest and induces apoptosis in vitro. (A) EP causes cell cycle arrest of different HCC cells in different phases of the cell cycle. (B) EP induces
apoptosis of HCC cells in vitro. Flow cytometric analyses of annexin-V/PI staining of SMMC-7721, HepG2 and HCC-LM3 cells. An increase in the percentages of cells in early
apoptosis (quadrant 2) plus late apoptosis (quadrant 3) was identified in the HCC cell lines after treatment with EP (*p < 0.05). (C) The expression of Bcl-2 and Bax on cDNA
level was detected by real time PCR in vitro (*p < 0.05 for Sham vs EP). (D) The expression of Bcl-2 and Bax on protein level was detected by Western blot in vitro.
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Fig. 3. EP inhibits HMGB, AKT signaling pathways in vitro. (A) The expression of HMGB1, RAGE, MMP9 in vitro on cDNA level was detected by real time PCR (*p < 0.05 for
Saline vs Saline + EP). (B) The expression of HMGB1, RAGE, p-AKT, MMP9 in vitro on protein level was detected by Western blot (*p < 0.05 for Saline vs Saline + EP in SMMC-
7721, *p < 0.05 for Saline vs Saline + EP in HepG2, & p < 0.05 for Saline vs Saline + EP in HCC-LM3). (C) The expression of HMGB1, MMP9 in vitro of different cell lines were

shown by immunofluorescence (Original magnifications: x400).

cytometry revealed the EP induced cell apoptosis and cell-cycle ar-
rest in HCC cell lines after treatment for 48 h (Fig. 2A). The percent-
age apoptosis in the treatment groups was significantly greater
than control groups (*p < 0.05; Fig. 2B). In vivo, hepatocellular car-
cinoma model, HE and TUNEL assays also confirmed the ideas
above (Figs. 1 and 4A, *p < 0.05).

Moreover, the molecular mechanism of EP on hepatocellular
carcinoma growth need be further explored. The HMGB1-RAGE
and the AKT pathways are closely asso ciated with tumorigenesis
of many cancers, such as HCC, gastrointestinal adenoma, colorectal
cancer [13-15]. Recent studies have shown that the level of
HMGB1 expression is consistent with the clinical cancer stage,
which suggests that HMGB1 may be a tumor marker in HCC and
that HMGB1-gene-targeted therapies may produce satisfactory
outcomes [16]. RAGE as a membrane receptor expressed by a
variety of cell types, it is overexpressed in many tumors and

tumor-associated cells [17,18]. It's known that blockade of
HMGB1-RAGE signaling pathways could result in attenuation of
gastric cancer development and growth [4]. In addition, aberrant
loss or gain of AKT activation underlies the pathophysiological
prop erties of tumor growth and proliferation [19]. AKT and
p-AKT have recently been shown to be highly expressed in liver
carcinomas, and their expression may help predict the clinical
outcome of liver cancer patients. [20] In our study, the results of
Real-time PCR, Western blotting and immunohistochemical all
show that EP could regulate of the HMGB1-RAGE and AKT
pathways in HCC (Figs. 3 and 4).

Studies have demonstrated that AKT-induced MMP9 expression
correlates strongly with HMGB1 expression [21]. Thieringer FR
established a novel MMP9 transgenic mouse model, and report
on a significantly increased susceptibility of MMP9 transgenic mice
to chemically induced carcinogenesis [22]. Furthermore, it is
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Fig. 4. The effects of EP in vivo. (A) TUNNEL staining showed the apoptotic cells in three groups at 8 h. Magnification 200x or 400x (*p < 0.05 for Saline vs Saline + EP (40 mg/
kg), *p < 0.05 for Saline vs Saline + EP (80 mg/kg)). (B) The expression of Bcl-2 and Bax on protein level was detected by Western blot in vivo. (C) The expression of Bcl-2, Bax,
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RAGE, p-AKT, MMP9 expression in vivo were evaluated by Western blot (*p < 0.05 for Saline vs Saline + EP (40 mg/kg), *p < 0.05 for Saline vs Saline + EP (80 mg/kg)). (E) The
expression of Bcl-2, Bax, HMGB1, p-AKT, MMP?9 in liver tissue of different groups was shown by immunohistochemistry (Original magnifications: x200) (*p < 0.05 for Saline
vs Saline + EP (40 mg/kg), *p < 0.05 for Saline vs Saline + EP (80 mg/kg)).

known that suppression of MMP9 could reduce tumor growth and Experimental results have suggested that HMGB1 combines with
induce apoptosis [23], we attempts to discover whether EP its ligand RAGE and activates MMP9, promoting tumor growth
influences MMP9 expression. Our results verify that EP downregu- [4,24]. Other studies have demonstrated that HMGB1 attaches to
lates MMP9 expression in HCC cell lines (Figs. 3 and 4, *p < 0.05). key points on MMP9, increasing the generation of MMP9 protein
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and improving gene activity to enhance exogenous tumor growth
[25,26]. Therefore, EP reduces HMGB1 and MMP9 expression
may have potential applications in liver cancer therapies.

It is well known that Bax promotes intrinsic apoptosis by form-
ing oligomers in the mitochondrial outer membrane, participating
in the release of apoptogenic molecules, oppositely, Bcl-2 inhibits
mitochondrial apoptpsis by blocking the release and oligomeriza-
tion of Bax. Our results showed that the balance between Bax
and Bcl-2 trended to abnormal, with the increase of Bax and de-
crease of Bcl-2 with EP treatment (Fig. 2C and D, Fig. 4B, C and E,
*p <0.05). In addition, the number of TUNEL-positive HCC cells
and early apoptosis (quadrant 2) plus late apoptosis (quadrant 3)
of flow cytometric analyses results had a significant increase,
Hence, we supposed that EP ameliorated liver cancer by promoting
the intrinsic pathway of apoptosis via positive regulation of the
BAX/BCL2 ratio. Dai [27] report that TMZ/PYR inhibited the growth
and induced cell cycle arrest, apoptosis of malignant tumors via
negative regulation of MMP9 and positive regulation of the BAX/
BCL2 ratio. In our study, Real time-PCR and Western blotting
showed that EP down regulation the expression of the MMP9 pro-
teins. Immunofluorescence and immunohistochemical confirmed
these results (Figs. 3 and 4, *p < 0.05). So we confidently conjecture
that EP significantly inhibits the growth of liver cancer cells, and
promotes tumor apoptosis via positive regulation of the BAX/
BCL2 ratio, which might be mediated by the HMGB1-RAGE and
AKT pathways.

In summary, EP, as a HMGB1 inhibitor, displayed marked anti-
tumor proper ties and inhibited liver cancer growth, promotes
apoptosis via positive regulation of the BAX/BCL2 ratio, which
might be mediated by the HMGB1-RAGE and AKT pathways. It
therefore constitutes a potential therapeutic agent for this aggres-
sive malignancy.
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