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Resveratrol inhibits the growth of tumor cells under
chronic stress via the ADRB-2-HIF-10 axis
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Abstract. Resveratrol is a type of polyphenol that is abundantly
present in knotweed and grapes, and has been confirmed
to have tumor-inhibitory properties. However, the effect of
resveratrol on tumor cells under chronic stress conditions
remains unclear. The aim of the present study was to demon-
strate that resveratrol exerts a significant inhibitory effect on
the growth and proliferation of tumor cells under chronic
stress in a dose-dependent manner. Furthermore, resveratrol
was able to induce apoptosis of cancer cells under chronic
stress conditions. Moreover, resveratrol was found to inhibit
tumor cells under chronic stress by decreasing the expres-
sion of the f,-adrenergic receptor (ADRB-2); in addition, the
protein expression of hypoxia-inducible factor (HIF)-1a was
suppressed by resveratrol in a dose-dependent manner. Thus,
these data suggest that resveratrol inhibits the growth of cancer
cells under chronic stress by regulating the ADRB-2-HIF-1a
axis. In summary, the present study may provide a new basis
supporting the use of resveratrol for the prevention and
treatment of pancreatic cancer.

Introduction

Cancer is the second cause of death worldwide, with increasing
incidence and mortality rates, and it is the leading cause
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of death in China. Data from the National Central Cancer
Registry of China indicate that an estimated 3,682,000 new
cancer cases and 2,229,300 cancer-related deaths occurred
in 2013 in China, and that 4,292,000 new cancer cases and
2,814,000 cancer deaths occurred in 2015 (1,2). An increasing
number of studies have reported that social and psychological
factors are implicated in the process of cancer development,
mainly through pathophysiological mechanisms triggered in
response to stress (3). Therefore, the effect of chronic stress on
cancer patients should not be overlooked.

Currently available studies provide convergent evidence
that two pathways, namely the hypothalamic-pituitary-adrenal
(HPA) axis and the sympathetic nervous system (SNS), are
activated under chronic psychological stress conditions. The
[,-adrenergic receptor (ADRB-2), a SNS receptor, which can
be activated by chronic stress, contributes to the tumorigenesis
and cancer development. Hypoxia-inducible factor (HIF)-1a
expression is induced by lack of oxygen, which has been found
to be closely associated with the occurrence and development
of several types of tumors. Our previous study revealed that
activation of the ADRB-2/HIF-1a pathway plays an essential
role in cancer growth and angiogenesis under chronic stress
conditions (4). Thus, identifying a treatment targeting the
ADRB-2/HIF-1a axis may serve as an effective strategy for
cancer therapy.

Resveratrol (Res) is atype of polyphenol abundantly present
in knotweed and grapes, and it has been confirmed to inhibit
tumor development (5-8). The mechanism underlying the
anticancer properties of Res has been extensively investigated,
and it includes metabolic shift (9), inhibition of migration and
invasion of cancer cells (10), induction of autophagy (11), as
well as direct cytotoxicity (12). However, the effect of Res on
cancer cells under chronic stress remains unclear. The aim of
the present study was to determine whether Res inhibits tumor
cell proliferation and promotes apoptosis via suppressing cate-
cholamine neurotransmitters induced by the ADRB-2/HIF-1a
axis activation in cancer.

Materials and methods
Cell culture and major reagents. The BxPC-3 human pancre-

atic cancer cell line was purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). The human
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hepatoblastoma HepG2 cell line (13) was generously provided
by Dr Chang Liu (Medical College, Xi'an Jiaotong University).
The SKOV-3 ovarian carcinoma cell line was kindly provided
by the First Affiliated Hospital Obstetrics and Gynecology
Laboratory at Xi'an Jiaotong University. BxPC-3 and HepG2
cells were cultured in DMEM, and SKOV-3 cells were cultured
in RPMI-1640 medium. The medium was supplemented with
10% fetal bovine serum (FBS), and cells were maintained
under normal culture conditions of 5% CO, at 37°C. Res,
norepinephrine (NE), HIF-la antibody (diluted 1:1,000,
ab51608), ADRB-2 antibody (diluted 1:1,000, ab61778) and
MTT were purchased from Sigma-Aldrich; Merck KGaA
(Darmstadt, Germany). Proliferating cell nuclear antigen
(PCNA) and Ki-67 antibodies (both diluted 1:200, sc-56 and
sc-15402) were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA).

MTT cell viability assay. BxPC-3, HepG2 and SKOV-3 cancer
cells were plated in 96-well plates at a density of 5x10* cells/
well and treated with 10 yM norepinephrine (NE). After
24 h, the NE-containing medium was removed and various
concentrations (0, 25, 50, 75 and 100 uM) of Res were added
to the cells. Cell viability was assessed by the MTT assay
at the indicated time points (24, 36 and 48 h). A multi-well
microplate reader (BIO-TEC, Inc., Richmond, VA, USA) was
used to measure the absorbance at 490 nm.

Colony formation assay. Cells (1,000 cells/well) were seeded
in triplicate and allowed to adhere overnight, and they were
then incubated with NE for 48 h. Subsequently, the cells were
treated with Res without NE-containing medium for 24 h
followed by incubation with media lacking Res for 7-10 days.
The cells were then fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet solution, and the colonies
(>50 cells) were counted.

Apoptosis assay. Apoptosis was determined by flow cytometry
with an Annexin V-FITC/PI apoptosis detection kit (Beyotime
Institute of Biotechnology, Shanghai, China). Briefly, cells
were seeded at density of 1x10° cells/well in 6-well plates and
cultured to the indicated density followed by treatment with
10 uM NE for 24 h. Cells were treated with fresh medium
containing various concentrations (0, 25 and 50 M) of Res for
an additional 24 h. Subsequently, the cells were trypsinized,
washed with phosphate-buffered saline (PBS) and stained
with Annexin V and PI. Apoptosis was evaluated using flow
cytometry (FACSCalibur; BD Biosciences, Franklin Lakes,
NJ, USA).

Western blotting. For analysis of the HIF-1la, ADRB-2,
proliferating cell nuclear antigen (PNCA) and Ki-67 protein
expression, cell lysates were prepared from BxPC-3, HepG2
and SKOV-3 cells, which had been treated with medium
containing 10 uM NE for 24 h followed by treatment with
fresh medium containing various concentrations (0, 25 and
50 uM) of Res. Total proteins were extracted using RIPA
lysis buffer (Sigma Aldrich; Merck KGaA), separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred onto PVDF membranes. After blocking with
5% non-fat milk in Tris-buffered saline Tween-20 (TBST) for
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Figure 1. NE treatment increases the expression of ADRB-2 in BxPC-3,
HepG2 and SKOV-3 cancer cell lines. Western blot analysis demonstrated
that ADRB-2 expression was enhanced in the three cell lines following treat-
ment with NE. NE, norepinephrine; ADRB-2, §,-adrenergic receptor.

1 h, the membranes were incubated with primary antibody
overnight at 4°C. The primary antibody was removed, and
the membranes were then incubated with 1:2,000 horseradish
peroxidase-conjugated secondary antibody for 2 h at room
temperature. Protein expression was visualized with enhanced
chemiluminescence, and images were captured using the
ChemiDoc XRS imaging system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Quantity One image software was used
for the densitometry analysis of each band. $-actin was used as
an internal loading control.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total cell RNA was extracted using
TRIzol reagent following the manufacturer's instructions
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). cDNA synthesis was performed using a PrimeScript RT
reagent kit (Takara Biotechnology Co., Ltd., Dalian, China).
gPCR was performed with an iQ5 Multicolor Real-Time
PCR Detection System (Bio-Rad Laboratories, Inc.) using
a SYBR-Green PCR kit (Takara Biotechnology Co., Ltd.)
according to the manufacturer's instructions. The amplification
consisted of predenaturation at 95°C for 5 min, denaturation
at 95°C for 30 sec, annealing at 58°C for 30 sec and exten-
sion at 72°C for 30 sec for 32 cycles. After the last cycle, a
final extension was performed at 72°C for 7 min. The primer
sequences for ADRB-2 were as follows: Forward 5'-GGG
TCTTTCAGGAGGCCAAA-3' and reverse 5'-ATGCCTAAC
GTCTTGAGGGC-3'; the primer sequences for HIF-1a were
as follows: Forward 5'-CTTGGCAACCTTGGATTGGAT
G-3' and reverse 5-AATCTCCGTCCCTCAACCTCT-3'". The
AACq method was used to calculate the relative expression of
the sample genes with 3-actin as the normalized reference gene.

Immunofluorescence staining. Cells were plated in chamber
slides, incubated for 24 h, and then treated as indicated. The
cells were fixed using 4% paraformaldehyde for 15 min and
permeabilized using PBS containing 0.5% Triton X-100 for
20 min at room temperature. The cells were then incubated
with the primary antibody overnight at 4°C, followed by
incubation with fluorescein-conjugated secondary antibody at
room temperature for 1 h. The cells were then visualized using
a fluorescence microscope.

Statistical analysis. Each experiment was performed at least
three times. The results are expressed as the mean + standard
deviation of the number of experiments. One-way analysis
of variance was used to evaluate the statistical significance
between groups. P-value <0.05 was considered to indicate
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Figure 2. Inhibitory effect of Res on the proliferation of chronically stressed cancer cells. (A) Chronically stressed cancer cells (BxPC-3, HepG2 and SKOV-3)
were treated with different concentrations of Res (0, 25, 50, 75 and 100 yM). After 24,48 and 72 h, cell viability was assessed by an MTT assay. (B and C) Res
treatment inhibited the colony-forming ability of chronically stressed BxPC-3, HepG2 and SKOV-3 cancer cells ("P<0.05). (D) PNCA and Ki-67 protein
expression was detected in the chronically stressed BxPC-3, HepG2 and SKOV-3 cancer cells. Treatment of the three chronically stressed cancer cell lines with
25 and 50 uM Res significantly reduced the expression of PNCA and Ki-67. Res, resveratrol; PNCA, proliferating cell nuclear antigen.

statistically significant differences. All statistical analyses
were performed using SPSS software, version 15.0 (SPSS, Inc.,
Chicago, IL, USA).

Results

NE induces the expression of ADRB-2 in BxPC-3, HepG?2 and
SKOV-3 cancer cell lines. To imitate a chronic stress condition
in vitro, three cell lines, namely BxPC-3, HepG2 and SKOV-3,
were treated with NE. After 24 h, western blotting was used
to detect ADRB-2 expression. The results demonstrated that
ADRB-2 expression was significantly increased after treat-
ment, indicating that NE may be used for in vitro experiments
to simulate chronic stress (Fig. 1).

Res inhibits the proliferation of cancer cells under chronic
stress conditions. First, the effects of Res on the viability of
chronically stressed cancer cells were examined. Res inhibited
chronically stressed cancer cells in a dose- and time-dependent

manner (Fig. 2A). Colony formation ability was detected
after the addition of Res to chronically stressed cancer cells.
Compared with untreated cells, treatment with 25 uM Res
markedly decreased the number of colonies, and there was
almost no colony formation when the concentration of Res
was increased to 50 uM (P<0.05) (Fig. 2B). PCNA is located
in the nucleus and plays an important role in cell proliferation.
Ki-67 protein expression is used as a marker to indicate cell
proliferation. To test whether Res inhibits the proliferation of
chronically stressed cancer cells, PCNA and Ki-67 protein
expression was measured in the three cell lines. Western blot
analysis revealed that Res (0, 25 and 50 M) suppressed PCNA
and Ki-67 expression in chronically stressed cancer cells in a
dose-dependent manner (Fig. 2C).

Res induces apoptosis of chronically stressed cancer cells.
To determine whether Res induces cancer cell apoptosis
under chronic stress conditions, flow cytometric analyses
were conducted after the cancer cells (BxPC-3, HepG2 and
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Figure 3. Res treatment induces apoptosis of chronically stressed cancer cells. After treatment of the three chronically stressed cancer cell lines with 0,
25 and 50 uM Res for 48 h, flow cytometry was used to detect cancer cell apoptosis ('P<0.05). Res, resveratrol.

SKOV-3) were treated with Res (25 and 50 M) for 48 h in the
presence of NE. The apoptosis rates of the cancer cells were
calculated by summing up the quadrants of the early (lower
right) and late (upper right) apoptosis of the FITC graphs. Res
increased apoptosis of the three chronically stressed cancer
cell types compared with untreated cells (Fig. 3, P<0.05).

Res suppresses chronically stressed cancer cell proliferation
through the ADRB-2/HIF-1a axis. Previous studies provided
evidence that ADRB-2 plays an important role in chronic

stress-induced tumor growth (4). Based on our previous find-
ings, we hypothesized that the inhibition of chronically stressed
cancer cells by Res may be mediated by the ADRB-2/HIF-1a
axis. To verify the effect of Res on the ADRB-2/HIF-1a axis,
RT-qRCR, western blotting and immunofluorescence assays
were used to measure ADRB-2 and HIF-1a expression after
treatment of chronically stressed BxPC-3, HepG2 and SKOV-3
cancer cells with 0, 25 and 50 uM Res. RT-qRCR demon-
strated that Res treatment markedly decreased ADRB-2 and
HIF-1a expression at the mRNA level (P<0.05) (Fig. 4A).



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

ONCOLOGY REPORTS 41: 1051-1058, 2019

1055

*

A 20 . = Control 10 » 'L = Control
- M . = Res (25 uM) c * (. = Res (25 uM)
2 r [ 1 = Res (50 uM) S8 I Res (50 uM)
w 15 * — @
2 | * T @
o 1 o -
38 [ - 53 6 e [ .
TR B . is . .*-
[+ ¢ Icdc
<E I E 4 ! =
k=] o ;
5] @
5 ° : ) T2
] I ] ° ] I
0 0
BxPC-3 HepG2 SKOV-3 BxPC-3 HepG2 SKOV-3
B Res (uM) O pM 25 M 50 pM O pM 25 UM 50 M O pM 25 pM 50 uM
ADRB-2 gilh e B B S ame -
HIF-1o o o— o -_ s — —
Actin — — — - - - — — —
BxPC-3 HepG2 SKOV-3
C ADRB-2 HIF-1a ADRB-2 HIF-1a ADRB-2 HIF-1e

NE+50 uM Res

NE

BxPC-3

o “M - - -- --

HepG2

SKOV-3

Figure 4. Res suppresses the proliferation of cancer cells under chronic stress through the ADRB-2-HIF-1a axis. (A) The effects of Res on the mRNA expres-
sion of ADRB-2 and HIF-10 were examined by qPCR with (3-actin as the normalized reference gene ("P<0.05). (B) The effects of Res on the protein expression
of ADRB-2 and HIF-la were examined by western blotting. (C) Immunofluorescence detection of ADRB-2 and HIF-1a protein in chronically stressed
BxPC-3, HepG2 and SKOV-3 cancer cells treated with and without Res. Magnification, x200. Res, resveratrol; ADRB-2, 3,-adrenergic receptor; HIF-1a,

hypoxia-inducible factor-la; qPCR, quantitative polymerase chain reaction.

The protein expression levels of ADRB-2 and HIF-1a were
confirmed by western blotting (Fig. 4B). Consistently, the
immunofluorescence results revealed that the ADRB-2 and
HIF-1a protein levels were markedly decreased following Res
treatment (Fig. 4C). Taken together, these findings confirmed
that Res inhibits chronically stressed cancer cell proliferation
via inhibiting ADRB-2 and HIF-1la expression.

Discussion

Chronic stress is characterized by inability to adjust to the
circumstances or cope with emotional and psychological
pressure. A number of studies have reported that chronic
stress interferes with immune, endocrine and neural system
functions. A number of epidemiological and clinical studies
have reported that chronic stress plays an essential role in
cancer occurrence, development and mortality, and reducing
stress may prolong survival and decrease recurrence after
therapy (14-17). It has been demonstrated that chronic stress
can activate the HPA axis and the SNS, leading to a release
of catecholamines (NE, epinephrine and dopamine), gluco-
corticoids and other hormones. NE, a stress hormone, has
been found to stimulate cancer cell proliferation, invasion and
metastasis through f-adrenergic receptors (18-20). In addition,

our previous data demonstrated that HIF-1a is a downstream
target of ADRB, and that the ADRB-2-HIF-1la axis induces
cancer growth in animal stress models (4). Thus, the identifica-
tion of drug targets within the ADRB-2-HIF-1a axis may be
of value in cancer therapy. Accumulating evidence has shown
that Res exerts a potent inhibitory effect on tumor growth
in pancreatic cancer (21), hepatoblastoma (22) and ovarian
cancer (6). However, it remains unknown whether Res can
inhibit tumor growth under chronic stress conditions. In the
present study, Res was shown to inhibit cancer development
and progression through the ADRB-2/HIF-1a axis under
chronic stress conditions.

HIF-1a is a pivotal molecule and its activation has long
been known to drive cancer cell responses to a hypoxic micro-
environment by regulating the expression of genes involved in
cell proliferation/survival, apoptosis, metastasis and resistance
to radio- and chemotherapy (23,24). However, HIF-1a. may
also be expressed under normoxic conditions (4). Sun et al
reported (25) that Res inhibited HIF-1a protein accumulation
without affecting the HIF-1ao. mRNA level, which was not
consistent with our results. Our study focused on chronically
stressed cancer cells, and the three cell lines were treated with
NE to simulate chronic stress conditions. The HIF-lo. mRNA
levels in the three chronically stressed cancer cell lines were
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found to be significantly inhibited by Res, although our results
were not consistent with those of Sun et al (25). We inferred
that NE may play an important role.

NE is a catecholamine, the secretion of which is increased
during stress. Preclinical models have suggested that NE
plays a decisive role in cancer promotion. Thus, NE treatment
of cells or animals may mimic stress in in vitro and in vivo
models (26,27). Therefore, NE-treated cancer cells were used
to mimic a chronic stress state, which allowed testing the
effects of Res on chronically stressed cancer cells. First, MTT,
colony formation and western blotting data revealed that Res
inhibited chronically stressed cancer cell proliferation in a
dose- and time-dependent manner. Cell apoptosis was assessed
after the chronically stressed cancer cells (BxPC-3, HepG2,
and SKOV-3) were treated with or without Res. Our results
indicated that Res inhibited the proliferation and increased
apoptosis in chronically stressed cancer cells.

Mechanistic studies have focused on Res chemopreven-
tion and treatment of cancers, as well as on the effects of

Res on chronic diseases that may develop into cancer. The
main pathways involved are the AMPK/Akt/mTOR (28),
Wnt/pB-catenin (29), MAPK (30) and STAT3 (31) pathways.
Ulcerative colitis is associated with a high risk of colon
cancer, which is abated by Res treatment through down-
regulation of inflammatory stress (32). Epidemiological data
have demonstrated that there is a strong association between
diabetes mellitus and pancreatic cancer. Accumulating
evidence has shown that the antidiabetic properties of Res
may inhibit glucose uptake and suppress cancer cell metabo-
lism (30,33). It has been reported that the HBsAg prevalence
for the Chinese population aged 1-59 years was 7.2% (34),
and chronic hepatitis B virus infection may promote the
development of liver cancers, such as hepatoblastoma (35).
However, the mechanism underlying the suppressive effect
of Res on chronic stress-induced cancer has not been fully
elucidated. In the present study, Res was used to treat
chronically stressed cancer cells in order to demonstrate
its anticancer effects on stress-induced cancer cells and to
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determine whether the underlying mechanism may involve
inhibition of the ADRB-2-HIF-1a axis (Fig. 5).

In conclusion, the findings of the present study demon-
strated that Res can significantly inhibit the growth of tumor
cells under chronic stress in a dose-dependent manner by
suppressing their proliferation and promoting their apoptosis
of tumor cells. The mechanism underlying these effects
of Res may be mediated by inhibiting the activation of the
ADRB-2-HIF-1a axis in tumor cells under chronic stress.
Thus, Res may be an effective treatment strategy for cancer
patients who suffer from chronic stress.
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