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Ethyl pyruvate suppresses the growth, invasion and migration
and induces the apoptosis of non-small cell lung cancer cells
via the HMGB1/RAGE axis and the NF-kB/STAT3 pathway
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Abstract. As an inhibitor of high mobility group protein Bl
(HMGBU), ethyl pyruvate (EP) has been associated with various
inflammatory diseases. Recent studies have investigated the
relationship between EP and cancer. The present study aimed
to determine the antitumor efficacy of EP in non-small cell lung
cancer (NSCLC) cells and elucidate the underlying mechanism.
A549, H520 and PC-9 cells were treated with EP in suitable
concentrations. RT-qPCR and western blot analysis were
performed to evaluate HMGBI1 and RAGE expression levels.
MTT and colony formation assays assessed the effect of EP on
cell growth. A Transwell assay was used to evaluate invasion
and migration potential and flow cytometry was performed to
analyze cell apoptosis. Bcl-2 family proteins were identified by
western blot analysis. The results demonstrated that an increased
EP concentration effectively reduced HMGB1 and RAGE expres-
sion, thus inhibiting the HMGB1/RAGE axis. EP decreased level
of PCNA and MMP-9 and increased P53 levels. Bcl-2 and Mcl-1
were also decreased, whereas Bax expression was increased.
Furthermore, a high concentration of EP (30 mmol/l) signifi-
cantly inhibited NF-kB and STAT3 activation. In summary,
EP inhibited NSCLC cell growth, invasion and migration and
induced apoptosis by suppressing the HMGB1/RAGE axis and
the NF-kB/STAT3 pathway, thus suggesting that EP may be a
valuable therapeutic agent for NSCLC.

Introduction

Lung cancer is a leading cause of cancer-related mortality, with
non-small cell lung cancer (NSCLC) accounting for ~80% of
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all lung cancer cases. Lung cancer incidence and mortality
have significantly increased worldwide (1). The 5-year overall
survival (OS) rate is only 15% among patients treated with
traditional chemotherapeutic drugs due to the development of
side effects and drug resistance. Approximately 1.7 million
patients worldwide succumb to lung cancer yearly (2). It is
therefore important to identify new therapies that may prolong
the survival of lung cancer patients.

Cytokines, including inflammatory factors in the microen-
vironment, affect tumor cell proliferation and survival (3,4).
Various inflammatory factors, including TNF-a, IL-6 and
IL-8, promote tumor growth through Toll-like receptor
(TLR)-mediated signaling pathways, thus promoting ERK,
NF-kB and STAT3 activation (5-7). Damage-associated
molecular patterns (DAMPs) are released by stressed, injured
or dying cells, and initiate non-infectious inflammatory
responses (8,9). High mobility group protein Bl (HMGBI),
one of the DAMPs, is released from damaged, inflamed, and
cancerous cells, in turn promoting tumor cell survival through
its receptor RAGE. HMGBI, which organizes DNA and
regulates transcription, has various biological functions in and
outside the cell, and promotes inflammation and tumorigen-
esis. The HMGB1/RAGE axis may cause pro-inflammatory
gene activation (10). Due to enhanced levels of HMGBI in
certain chronic diseases, the RAGE receptor is believed to
exert a promoting effect in inflammatory diseases and various
tumors. NF-kB is a heterodimeric protein belonging to the Rel
family, and plays a major role in stress-induced immune and
inflammatory responses (11). It was previously demonstrated
that the NF-«xB transcription factor group has an important
association with tumor progression by affecting programmed
cell death, proliferation control and tumorigenesis (12). Recent
studies suggest that STAT proteins (particularly STAT3) play
a crucial role in the carcinogenic inflammatory microenviron-
ment at the early stages of malignant transformation, as well as
during cancer progression (13,14). Several human malignan-
cies, including lymphoma, leukemia and multiple myeloma,
are associated with STAT?3 (15). Therefore, inhibiton of STAT3
signaling may be a promising approach to cancer treatment.

Ethyl pyruvate (EP), a lipophilic ester, is derived from
pyruvic acid and is a non-toxic food additive (16,17). EP has
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pharmacological benefits, namely alleviation of redox-caused
cellular and tissue damage (18), anti-inflammatory proper-
ties (19,20) and promotion of apoptosis (21). EP inhibits
HMGBI release (22). Although EP may suppress various
tumors to different degrees, its effect on lung cancer remains
unclear. The aim of the present study was to investigate
whether EP exerts antitumor effects on lung cancer cells and
elucidate the underlying mechanism.

Materials and methods

Materials. The NSCLC cell lines A549, H520 and PC-9 were
obtained from Tianjin Medical University Cancer Institute. The
primers for HMGB1, RAGE, MMP-9, PCNA, P53 and ACTIN
were all obtained from Invitrogen; Thermo Fisher Scientific, Inc.
HMGBI (cat. no. ab227168), RAGE (cat. no. ab3611), MMP-9
(cat. no. ab38898) antibodies were all purchased from Abcam.
ACTIN (cat. no. sc-58673), GAPDH (cat. no. sc-365062), P53
(cat. no. sc-126), pCNA (cat. no. sc-9857), Bax (cat. no. sc-4239),
Bcl-2 (cat. no. sc-7382), Mcl-1 (cat. no. sc-12756) and STAT3
(cat. no. sc-8019) antibodies were purchased from Santa Cruz
Biotechnology, Inc. The antibodies against NF-kB (cat. no. 8242),
p-NF-kB (cat. no. 3033 and p-STAT?3 (cat. no. 9131) were all
purchased from Cell Signaling Technology, Inc.

Drugs and reagents. MTT was purchased from Roche
Molecular Biochemicals. EP was purchased from
Sigma-Aldrich; Merck KGaA and RPMI-1640 from Thermo
Fisher Scientific, Inc. Fetal bovine serum (FBS) was obtained
from Gibco; Thermo Fisher Scientific, Inc. and TRIzol reagent
was purchased from Invitrogen; Thermo Fisher Scientific, Inc.
The PrimeScript RT Reagent kit (Perfect Real-Time) and SYBR
Premix Ex Taq (Tli RNaseH Plus) were obtained from Takara
Biotechnology Co., Ltd. The cell apoptosis kit with propidium
iodide and Annexin V-FITC was from BD Pharmingen.

Cell culture. The cell lines A549, H520 and PC-9 were all
cultured in RPMI-1640 medium. All three cultures were
supplemented with 10% FBS, penicillin (100 U/ml) and strep-
tomycin (100 mg/ml). The cell lines were all maintained at
37°C in a humidified atmosphere containing 5% CO,.

MTT assay. The MTT assay was used to analyze cell growth.
Following treatment with EP, the cells were incubated in a
96-well-plate at a density of 3x10* cells/well. MTT (10 pl,
5 mg/ml) was added to the wells at 0, 1, 2, 3 and 4 days of culture.
After incubation for 2 h, the crystals were dissolved by adding
DMSO (150 pl/well) and mixed well with a multichannel pipette.
The optical density (OD) of the soluble formazan in each well was
measured at 490 nm with a microplate reader (Thermo Fisher
Scientific, Inc.). All experiments were performed in triplicate.

RT-gPCR. mRNA expression levels were determined by
RT-qPCR. Total RNA was extracted with TRIzol according
to the manufacturer's specifications. Reverse transcription
was carried out using a Prime Script RT Reagent kit (Perfect
Real-Time) and cDNA amplification was conducted using
SYBR Premix Ex Taq (Tli RNaseH Plus) according to the
manufacturer's instructions. Target genes were amplified
using oligonucleotide primers. The ACTIN gene was used as
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Table I. Primer sequences for PCR.

Genes Primer sequences (5'—3")
HMGBI Forward ATATGGCAAAAGCGGACAAG
Reverse AGGCCAGGATGTTCTCCTTT
RAGE Forward GTCATGGAACTGCCCAAACT
Reverse TCCTTCTGCGGATCTGTCTT
PCNA Forward GCCGAGATCTCAGCCATATT
Reverse ATGTACTTAGAGGTACAAAT
MMP-9 Forward CGCAGACATCGTCATCCAGT
Reverse GGATTGGCCTTGGAAGATG
P53 Forward AACGGTACTCCGCCACC
Reverse CGTGTCACCGTCGTGGA
ACTIN Forward CTGGAACGGTGAAGGTGACA

Reverse AAGGGACTTCCTGTAACAATGCA

endogenous control. The PCR primer sequences are listed in
Table 1. Data were analyzed using the comparative Cq method
(2-44¢4) (23). Each experiment was conducted in triplicate.

Western blot analysis. The cells of each group were collected
and treated with EP (0, 5, 10, 20 and 30 mmol/l). Subsequently,
proteins were extracted with CellLytic M cell Lysis Reagent with
protease inhibitor and phosphatase inhibitor cocktails (all from
Sigma-Aldrich; Merck KGaA). The proteins were quantified
using a BCA protein assay kit. Proteins (30 ug) were sepa-
rated by 10% SDS-PAGE. Polyvinylidene difluoride (PVDF)
membrane were blocked with a blocking reagent [Tris-buffered
saline-0.1% Tween-20 (TBST) containing 5% polyvinyl pyrrol-
idone (PVP), 5% FBS] at room temperature for 1 h and then
incubated with primary antibody (dilution 1:1,000) overnight
at 4°C. After washing the membranes three times, PVDF
membranes were incubated with HRP-conjugated secondary
antibodies (Cell Signaling Technology; dilution 1:2,000) for 1 h
at normal temperature. Immunoreactive bands were visualized
by an Imaging System (Tanon Science and Technology) after
adding chemiluminescent HRP substrate (Millipore Corp.).
Each experiment was conducted in triplicate.

Colony formation assay. The A549, H520 and PC-9 cells were
treated with EP and seeded in 6-well plates with 800 cells/clone.
The culture medium was replaced every 3 days. Colonies
were counted when visible with the naked eye. The cells were
then fixed with methanol and stained with 5% crystal violet
solution. Each experiment was conducted in triplicate.

Cell apoptosis analysis. The percentage of apoptotic cells was
calculated by means of an Annexin-V fluorescein isothiocya-
nate (FITC) and propidium iodide (PI) apoptosis detection kit
(BD Biosciences) according to the manufacturer's instructions.
The percentage of apoptotic cells (Annexin*/PI*) was analyzed
via flow cytometry (BD Biosciences). Each experiment was
conducted in triplicate.

Transwell assay. Transwell chambers (8 ym) were used for cell
migration and invasion assays (Corning, Inc.). For the migration
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Figure 1. Effects of EP administration on the expression of the HMGBI/RAGE axis and the NF-xB/STAT3 pathway in lung cancer cell lines. (A and B) The
protein and mRNA expression levels of HMGBI as determined by western blot analysis and qPCR were decreased in EP-treated groups in a dose-dependent
manner compared with the control group. (C and D) gPCR and western blot analysis were used to measure the RAGE mRNA and protein levels, respectively,
in A549, H520 and PC-9 cells. The RAGE levels were significantly reduced in EP-treated groups in a dose-dependent manner compared with the control group.
(E) Western blot analysis revealed that the expression level of p-NF-kB was decreased in the EP-treated groups in a time-dependent manner (at 2, 4, 6 and
8 h) compared with the control group (0 h). (F) The protein levels of p-STAT3 were determined by western blot analysis in A549, H520 and PC-9 cells, and
were found to be significantly reduced by treatment with 30 mmol/l EP in a time-dependent manner compared with the control group. "P<0.05, “P<0.01 and

sk

assay, 1x10° cells were harvested and seeded on the upper chamber.
For the invasion assay, 3x10° cells were harvested and placed in
the upper chamber coated with Matrigel (300 pg/ml, 100 ul).
RPMI-1640 (600 ul) supplemented with 20% FBS was added to
the lower chamber. The migrating or invading cells were fixed
with 100% methanol for 30 min and stained with 5% crystal
violet solution for 8 min post 24 h. Cells in 5 random fields (x4)
were calculated using Nikon MA100 optical microscope (Nikon
Corp., Tokyo. Japan). Each assay was performed in triplicate.

P<0.001 as compared to the 0 mmol/l EP group. EP, ethyl pyruvate; HMGBI, high mobility group protein B1.

Statistical analysis. All statistical analyses were carried out using
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Results are
presented as mean + standard deviation. The capability of cell
migration and invasion between 20 mmol/l EP and O mmol/l EP
in Fig. 3 (bar graph) were calculated using independent sample
t-tests. Furthermore, the statistical analysis method used for
the data of mRNA expression level and cell apoptosis index in
Figs. 1,2 and 4 (bar graphs) was the Kruskal-Wallis followed
by Dunnett's post hoc test when the 0 mmol/l EP group was
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Figure 2. EP administration suppresses lung cancer cell proliferation and independent growth. (A) A549, H520 and PC-9 cells were treated with gradually
increasing concentrations of EP (0-30 mmol/l) and the dose-dependent anti-growth effect was detected by MTT assay. (B and C) Independent cell growth activity
was evaluated by colony formation assay. A549, H520 and PC-9 cells were treated with gradually increasing concentrations of EP prior to seeding in 6-well plates.
The number of colonies were counted from day 10 onwards and the colony formation rate was calculated and presented as a histogram. (D) The PCNA protein level
was detected by western blot analysis. GAPDH protein was used as an endogenous control. (E) The PCNA expression level was measured in A549, H520 and PC-9
cells treated with different concentrations of EP by qPCR and was found to be decreased by EP in a dose-dependent manner. "P<0.05, “P<0.01 and ““P<0.001 as
compared to the 0 mmol/l EP group. EP, ethyl pyruvate; HMGBI, high mobility group protein Bl; PCNA, proliferating cell nuclear antigen.

compared with the 5, 10, 20 and 30 mmol/l EP groups. P<0.05  cancer cells. RAGE, also known as AGER, is a transmem-

was considered to indicate a statistically significant difference. brane receptor that binds to a variety of ligands, including
HMGBI (24,25). A549, H520 and PC-9 cells were treated
Results with EP (0, 5, 10, 20 and 30 mmol/l) in order to investigate

its effects on HMGBI1 and RAGE protein as well as mRNA
Administration of EP suppresses the expression of the expression. The protein and mRNA expression levels of
HMGBI/RAGE axis and the NF-kB/STAT3 pathway in lung ~ HMGBI were significantly decreased with increasing EP dose



SPANDIDOS ONCOLOGY REPORTS 42: 817-825, 2019 821

0

o L s
Q'Lﬂ’é‘
X

A
AS49 f¢

B
g z g
j 4 1
:3 03 g
£: i3 £:
58 53 ]
g §s gs
3 3 3
o o o
.-
EP (mmoll) EP (mmol/l)
D H520 PC9
z z z
53 H ‘% E § -
i3 i3 i3
o ,p 'P o
EP (mmoli) EP (mmoll) EP (mmaolil)
E 0 5 10 20 30 20 30 30 EP(mmolfl)
m = = —_ MMP9  92KkDa
”—--- —— — — — GAPDH 37 kDa
A549 H520
F 1.0 1.0 1.0
s 2 2
- 08 ® — 0.8 o — 08
L 4 it
gg 0.6 % 5 0.6 gg 0
= £ 0.4 =2 g4 = § o
23 25 s
§ 302 38 0.2 i 302
0.0 0.0 0.0
S L] K 2 » ° ] K o -
EP (mmoll) EP {mmolfl)

Figure 3. EP administration suppresses lung cancer cell migration and invasion. (A-D) Transwell assay was performed to determine cell invasion and migration
ability. EP treatment significantly reduced the invasive activity of A549, H520 and PC-9 cells in the presence or absence of Matrigel compared with control
(untreated) cells. (E) The expression level of MMP-9 was detected by western blot analysis. GAPDH was used as an endogenous control. (F) The expression
levels of MMP-9 measured in A549, H520 and PC-9 cells treated with different concentrations of EP by qPCR were decreased in a dose-dependent manner.

ok

"P<0.05, “P<0.01 and "“P<0.001 as compared to the 0 mmol/l EP group. EP, ethyl pyruvate; MMP-9, matrix metallopeptidase 9.

(Fig. 1A and B). Similarly, the mRNA and protein expression NF-kB regulates DNA transcription, cytokine production
levels of RAGE were also decreased with increasing EP dose  and cell survival (26). In the present study, A549, H520 and
(Fig. 1C and D). PC-9 cells were treated with 30 mmol/l EP for 2,4, 6 and 8 h
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Figure 4. EP administration induces the apoptosis of lung cancer cells. (A and B) Flow cytometry with PI/FITC-Annexin V staining was performed to
determine cell apoptosis. The apoptotic index of A549, H520 and PC-9 cells treated with gradually increasing concentrations of EP was markedly higher
compared with that of the untreated cells. (C) The expression level of p53 was detected by western blot analysis and GAPDH was used as an endogenous
control. (D) gPCR was used to investigate the effect of EP on p53 mRNA level. The mRNA level of p53 was increased in EP-treated groups compared with
the control group. GAPDH was used as an endogenous control. (E) The expression of Bcl-2, Mcl-1 and Bax at the protein level was evaluated by western blot

ok

analysis. ACTIN was used as an endogenous control. ‘P<0.05, “P<0.01 and “"P<0.001 as compared to the 0 mmol/l EP group. EP, ethyl pyruvate.
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in order to examine NF-kB and p-NF-«B levels. The protein
expression of p-NF-kB was gradually decreased over time
(Fig. 1E). STAT3 is a member of the STAT protein family (27).
A549, H520, PC-9 cells were treated with 30 mmol/l EP for
2,4,6 and 8 h in order to examine STAT3 and p-STAT3 levels.
The protein expression level of p-STAT3 was also decreased
over the specified time period (Fig. 1F).

Administration of EP suppresses the growth of lung cancer
cells. A hallmark of cancer is enhanced cell proliferation (28).
A549 H520 and PC-9 cell growth was assessed via MTT and
colony formation assays. It was observed that A549, H520
and PC-9 cell growth was markedly suppressed by EP in a
dose/time-dependent manner (Fig. 2A). The colony formation
rate of A549, H520 and PC-9 cells was significantly decreased
in the EP-treated groups (Fig. 2B and C).

Proliferating cell nuclear antigen (PCNA) is a DNA clamp
that is essential for replication (29) and tumor progression.
Therefore, anticancer treatment effectiveness may be deter-
mined by PCNA (30). PCNA was investigated by western
blot analysis and RT-qPCR. The data demonstrated that the
expression of PCNA was decreased in the EP-treated groups
(Fig. 2D and E).

Administration of EP inhibits the migration and invasion of
lung cancer cells. A Transwell assay demonstrated that the
migration and invasion potential of A549, H520 and PC-9 cells
in the EP-treated groups was reduced compared with that of
the control group (Fig. 3A-D).

Matrix metallopeptidase 9 (MMP-9) participates in
the degradation of the extracellular matrix (31). MMP-9
may be associated with the development of various human
malignancies by affecting invasion, metastasis, growth and
angiogenesis (32,33). Western blot analysis revealed down-
regulation of MMP-9 (Fig. 3E). The results were consistent
with those of RT-qPCR (Fig. 3F).

Administration of EP promotes apoptosis of lung cancer cells.
Flow cytometry was used to determine whether EP affects the
apoptotic process of lung cancer cells. The results demon-
strated that the apoptotic index of A549, H520 and PC-9 cells
in the EP-treated groups was significantly higher compared
with that of the control group (Fig. 4A and B).

P53, a tumor suppressor, directly participates in the endog-
enous apoptotic pathway by interacting with members of the
Bcl-2 family (34,35). Western blot analysis and qPCR were
used to determine P53 changes. The data demonstrated that
the protein and mRNA levels of P53 increased with increasing
EP concentration (Fig. 4C and D).

The Bcl-2 family plays an important role in the regulation
of apoptosis, a type of programmed cell death. Bcl-2 family
members may promote or inhibit apoptosis (36). Western blot
analysis revealed that EP treatment increased the pro-apoptotic
protein Bax and decreased the anti-apoptotic proteins Bcl-2
and Mcl-1 (Fig. 4E).

Discussion

In the present study, it was established that ethyl pyruvate (EP),
a lipophilic ester, suppressed lung cancer cell growth, invasion
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and migration in vitro, and promoted apoptosis. Our results
showed that the EP-mediated suppression of lung cancer cell
growth was mediated via inhibition of the HMGB1/RAGE
axis and the NF-«B/STAT3 pathway.

The results revealed that inflammatory factors play an
important role in tumor initiation and progression. As an
anti-inflammatory drug, EP has been shown to decrease
organ dysfunction in several inflammation-induced disease
models (19,20). Several trials have attempted to improve the
overall surivial (OS) rate of cancer patients via EP administra-
tion. It was previously demonstrated that tumor progression
may be suppressed by EP. The OS of animals in several tumor
models, including hepatic, gastric, gallbladder cancer and
mesothelioma, may be increased via EP (37-42). As an HMGBI1
inhibitor, the antitumor effect of EP is mediated by inhibiting
the HMGBI1/RAGE axis (37,40,42). Previous studies have
investigated the expression levels of HMGBI and its receptor
RAGE in lung cancer (43), and reported that growth, invasion
and migration of lung cancer cells are dependent on these
signaling molecules (44). In the present study, a significant
reduction in HMGBI1 and RAGE protein levels was observed
in EP-treated lung cancer cells. Furthermore, RT-qPCR
demonstrated that HMGB1-induced RAGE mRNA expres-
sion was specifically suppressed by EP treatment. Therefore,
the antitumor effects exerted by EP on lung cancer cell lines
may be explained by disruption of the HMGB1/RAGE loop.
Using varying concentrations of EP, decreased non-small cell
lung cancer (NSCLC) cell growth, invasion and migration, as
well as increased apoptosis, were observed. To the best of our
knowledge, this is the first study to investigate EP as a poten-
tial therapeutic agent for NSCLC. NF-«kB has been found to be
active in tumor cells; therefore, NF-kB suppression may prevent
tumor cell proliferation, thus enhancing the effectiveness of
antitumor agents (45,46). STAT3 regulates gene expression
and plays a critical role in a number of cellular processes, such
as cell growth and apoptosis (47). In the present study, EP
suppressed the RELA protein expression in a time-dependent
manner in three lung cancer cell lines via phosphorylation
of Ser536. In regards to the STAT3 pathway, EP suppressed
STAT3 in a time-dependent manner via phosphorylation of its
Tyr705 residue.

EP may be proven to be useful as an antitumor agent.
Unlike other chemical compounds, EP is associated with no
toxicity and has a good safety profile (16). EP is widely used as
a food additive and is found in caramel, brandy, rum, chocolate
and other food spices. Its lack of toxicity has been verified in
several previous studies conducted on animal models. EP treat-
ment in humans was also proven to be risk-free (48). Preclinical
research has demonstrated that tumor cell sensitivity to other
antitumor agents is significantly increased by inhibiting the
release of HMGBI via EP, and chemotherapy-related cytotox-
icity is decreased by EP (49). This evidence strongly supports
the use of EP as an adjuvant lung cancer therapy.

Moreover, human malignant mesothelioma (MM) arises
from the malignant transformation of mesothelial cells in the
pleura, peritoneum and pericardial cavity. In a recent study
by Pellegrini et al, it was observed that HMGBI targeting by
EP inhibited the development of MM (39). EP was shown to
suppress the viability, motility and migration of MM cell lines
(REN, HP3 and PPM-MILL) by inhibiting the HMGB1/RAGE
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and NF-«B pathways. Furthermore, Pellegrini et al found that
EP inhibited orthotopic tumor growth in MM xenografts.
Similarly, in our present study, we found that EP suppressed
the growth, invasion and migration and induced apop-
tosis of NSCLC cells via the HMGB1/RAGE axis and the
NF-«kB/STAT3 pathway. However, our findings were not tested
in vivo. Taken together, the findings of Pellegrini er al (39) and
those of the present study indicate that EP may be useful as an
adjuvant treatment for thoracic malignancies.
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