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Resveratrol inhibits viability and induces
apoptosis in the small-cell lung cancer H446 cell
line via the PI3K/Akt/c-Myc pathway
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Abstract. There have been no major breakthroughs in the
treatment of small-cell lung cancer (SCLC) in recent decades.
It is thus essential to explore new or adjuvant treatment
options for SCLC. Resveratrol (Res) is a natural antioxidant
revealed to influence the entire process of cancer develop-
ment. Accordingly, the present study used the SCLC cell
line H446 to explore the antitumor mechanism of Res. Cells
were treated with 40 yg/ml Res with or without pretreatment
with the antioxidant N-acetyl-L-cysteine (NAC). H446 cell
viability and apoptosis were assessed with MTT and flow
cytometry, and the expression of cytochrome ¢ and the
PI3K/Akt/c-Myc pathway and the nuclear translocation of
apoptosis inducing factor (AIF) were assessed by western
blotting. In addition, the changes in ROS content and mito-
chondrial membrane potential were determined. The results
revealed that Res inhibited H446 cell viability and induced
apoptosis, increased cytochrome c expression, inhibited
the expression of PI3K/Akt/c-Myc signaling pathway
components, and promoted the translocation of AIF from
the cytoplasm to the nucleus in H446 cells. However, NAC
pretreatment reversed these changes to various extents. The
results of the present study indicated that Res may inhibit the
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viability and promote the apoptosis of human SCLC H446
cells through the PI3K/Akt/c-Myc pathway and that oxidative
stress and mitochondrial membrane potential depolarization
may be involved in the aforementioned processes.

Introduction

According to a study by the World Health Organization's
International Agency for Research on Cancer (IARC), lung
cancer has the highest incidence and mortality of all malignant
tumors (1). In the United States, its incidence and mortality in
the male population have gradually decreased, the incidence
in females has remained unchanged, and the overall mortality
rate has exhibited a downward trend (1). However, in China,
because the number of smokers is still increasing, the incidence
of lung cancer is also increasing. According to an epidemio-
logical survey conducted in 2002, patients aged 65 years or
older accounted for 55% of the total number of lung cancers
and, among people older than 65 years, the incidence of lung
cancer was significantly higher in developed countries than in
less developed countries (1). The age of onset of lung cancer
has decreased in recent years, with the incidence rate curve
tending to move forward by ~5 to 10 years (2). In addition, as
the population of China ages, the predicted incidence of lung
cancer will continue to rise.

In recent decades, the diagnosis and treatment of lung
cancer have considerably improved due to better under-
standing of lung cancer pathogenesis and clinical treatment
research. Treatments for patients with advanced non-small-cell
lung cancer (NSCLC) have been sequentially launched and
include first-, second-, and third-line mature chemotherapy
regimens (3). Notably, targeted therapy with molecular
targets as a classification standard has become a milestone
in the treatment of NSCLC (4). In contrast to the continually
updated iterative treatments for NSCLC, there have been no
major breakthroughs in the treatment of small-cell lung cancer
(SCLC). Since chemotherapy with or without radiotherapy
remains the preferred option for SCLC patients, its failure may
significantly reduce survival (3). Therefore, identification of
new treatment options or adjuvant treatment options for SCLC
has urgent practical needs.
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Resveratrol (Res), chemically known as trans-3,4,5-trihy-
droxystilbene, is a small molecule polyphenolic compound
found in the dried rhizomes and roots of the sylvestris plant,
the skin and seeds of the fruit of the grape family, legumes,
and peanuts. Res is a natural antioxidant with multiple effects
that has been used in multi-system research (5). Zeng et al (6)
revealed that the anticancer activity of Res affects the entire
process of cancer development and can inhibit the prolifera-
tion of cancer cells and induce their apoptosis. Our previous
research results (7) revealed that Res significantly inhibited
the viability of H446 SCLC cells and had a synergistic effect
on cisplatin, indicating that their combination could enhance
the anticancer effects of cisplatin on H446 cells.

Based on the previous results, the present study further
clarified that Res affects cell oxidative stress and mitochon-
drial membrane potential by interfering with the PI3K/Akt
signaling pathway in H446 cells and ultimately inhibits the
viability and promotes the apoptosis of H446 cells.

Materials and methods

Cell culture. The human SCLC H446 cell line was provided
by the Department of Respiratory and Critical Care Medicine,
Tangdu Hospital, Air Force Military Medical University.
The cells were cultured in RPMI-1640 medium containing
10% fetal calf serum (Gibco; Thermo Fisher Scientific, Inc.)
in a 37°C incubator with 5% CO, Cells in the logarithmic
growth phase were used for the subsequent experimental
studies. The cells were randomly divided into a blank control
group, Res group, Res+ N-acetyl-L-cysteine (NAC) group, and
NAC group. The treatment concentrations of Res and NAC [a
reactive oxygen species (ROS) inhibitor] were 40 pg/ml and
2 mmol/l, respectively, in line with our previous research
results (7,8). Cells in the Res+NAC group were first treated
with 2 mmol/l of NAC for 2 h and then with 40 ug/ml Res for
24 h.

Cell viability assay. Cell viability was assessed by the MTT
method. H446 cells in the logarithmic growth phase were
seeded in a 96-well plate at a density of 5x10* cells/well.
After treatment of the cells in each group, MTT (5 mg/ml,
15 pl/well) was added to each well and incubated at 37°C
for 4 h. Then, the culture medium in each well was changed
to 200 1 DMSO and the optical density (OD) value of each
well was measured at 492 nm using a Bio-Rad 550 microplate
reader (Bio-Rad Laboratories, Inc.). Cell survival rates were
calculated according to the OD value of each well.

Apoptosis detection. After the various treatments were
completed, the cells (1x10%) in each group were assessed for
apoptosis using flow cytometry. Briefly, the detection process
was as follows: Each group of cells was co-incubated with
propidium iodide (PI) and Annexin V-FITC solution (BD
Biosciences) and processed according to the instructions of the
kit. The apoptosis level of each group of cells was examined by
flow cytometry (BD FACSVerse™; BD Biosciences) and the
results were analyzed by FlowJo (Flow Jo 7.6; Tree Star Inc.).

Intracellular ROS content detection. After the various treat-
ments were completed, the cells (1x10°) from each group were
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collected and the differences in the ROS content of each group
were determined by flow cytometry. Briefly, the 2',7'-dichlo-
rodihydrofluorescein diacetate (DCF-DA) stain (Beyotime
Institute of Biotechnology, 10 ymol/I, 20 min of incubation
at 37°C) was used to detect the ROS contents of the cells, and
the cells were processed according to the instructions of the
kit. The fluorescence intensity of DCF was detected by flow
cytometry (BD-FACSVerse; BD Biosciences), and the average
DCF intensity level was considered as a reflection of the ROS
content of the cells in each group.

Mitochondrial membrane potential detection. After the
various treatments were completed, the cells (1x10°) from
each group were collected, stained with 10 pg/ml tetra-
chloro-tetraethyl benzimidazol carbocyanine iodide (JC-1;
Abcam), and incubated at 37°C for 45 min. Flow cytometry
(BD-FACSVerse; BD Biosciences) was used to determine and
FlowJo (Flow Jo 7.6; Tree Star Inc.) was used to analyze the
mitochondrial membrane potential (MMP) in the cells of each
group according to the instructions.

Western blotting. The aforementioned groups of cells were
collected and the expression levels of the target proteins in each
group were determined by western blotting. Total protein and
nuclear protein were extracted according to the procedure of
the Protein Extraction Kit (BestBio Institute of Biotechnology).
The concentration of each protein sample was analyzed
by the BCA method and samples were stored at -20°C after
denaturation. A 12% SDS-PAGE separation gel was prepared,
and 20 pg of the protein sample was subjected to SDS-PAGE
and then transferred to a PVDF membrane (EMD Millipore).
The PVDF membrane was blocked in TBST containing 5%
skim milk powder (blocking solution) at room temperature for
2 h, and then the corresponding primary antibody (Table I)
was diluted in the blocking solution to the desired concentra-
tion and incubated at 4°C overnight. After three washes with
the TBST solution, the PVDF membrane was placed in a
secondary antibody solution for 2 h at room temperature. The
protein expression signals were detected using an ECL detec-
tion system (ChemiScope 5300 Pro; CLiNX) and analyzed by
Imagel] (version 1.8.0; National Institutes of Health).

Statistical analysis. Statistical analysis was performed with
GraphPad Prism 6 (GraphPad Software, Inc.). Numerical
variables are expressed as the means + standard deviations.
Statistical differences among experimental conditions were
assessed by one-way analysis of variance (ANOVA) followed
by Dunnett's test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Effect of Res on the survival rate of H446 cells. The cell
survival rate of the blank control group (Ctl) was regarded as
‘1’, and the OD values of the Res group, the Res+NAC group,
and the NAC group were compared with that of the Ctl group,
allowing calculation of the relative viability inhibition rates
of the cells in each group. As revealed in Fig. 1, the viability
inhibition rate of 40 pug/ml Res in H446 cells was 51.33%
(P<0.05 vs. the Ctl). After pretreatment with NAC, the viability
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Table I. Antibodies used in the present study.
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Antibody Source Dilution ratio Catalogue no. Supplier
Anti-Bcl-2 Mouse 1:2,000 ab182858 Abcam
Anti-Bcl-xL Rabbit 1:2,000 ab178844 Abcam
Anti-Bax Rabbit 1:2,000 ab32503 Abcam
Anti-cyto-c Rabbit 1:1,000 ab13575 Abcam
Anti-AIF Mouse 1:1,000 PBO388 Boster
Anti-p-Akt Rabbit 1:1,000 ab38449 Abcam
Anti-t-Akt Rabbit 1:2,000 ab176463 Abcam
Anti-PI3K Rabbit 1:2,000 ab140347 Abcam
Anti-GAPDH Rabbit 1:5,000 ab181602 Abcam
Anti-Lamin A/C Rabbit 1:5,000 GB11407 Servicebio
Goat anti-rabbit IgG Goat 1:4,000 BLOO3A BioSharp
Rabbit anti-mouse IgG Rabbit 1:4,000 BLOOIA BioSharp
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Figure 1. Effects of Res on the survival rate of H446 cells are evaluated by
MTT assay. The results were expressed as the mean + standard deviation of
at least 3 separate experiments. Res at 40 yg/ml significantly inhibited H446
cell viability ("P<0.05 vs. the control), and the inhibition of 40 pg/ml Res was
significantly higher than that of 2 mmol/l NAC and 40 pg/ml Res ("P<0.05
vs. the Res group). Res, resveratrol; NAC, N-acetyl-L-cysteine.

inhibition rate of 40 yg/ml Res decreased to 36.61%. There
was also a statistically significant decrease in the viability
inhibition rate of H446 cells in the NAC+Res group compared
with the Res group (P<0.05), but there was no significant effect
on cell survival with 2 mmol/l NAC alone.

Effect of Res on H446 cell apoptosis. Flow cytometry was
used to determine the effect of Res on the apoptosis of H446
cells with or without NAC pretreatment. As revealed in Fig. 2,
the apoptosis rate was 40.39% in H446 cells when they were
stimulated by 40 pg/ml Res for 24 h, which was significantly
higher than that in the Ctl group (P<0.05). However, after
pretreatment with NAC, 24 h of Res treatment resulted in
28.23% apoptosis in H446 cells. In addition, compared with
the Res group, the NAC+Res group was significantly decreased
(P<0.05). Treatment with 2 mmol/l NAC had no marked effect
on apoptosis in H446 cells.

Effect of Res on ROS production in H446 cells. Since Res
inhibited the viability of H446 cells and promoted their

further examined. The results are presented in Fig. 3. Following
Res treatment, the level of ROS in H446 cells was significantly
increased, reaching ~16 times that of the Ctl group (P<0.05).
In addition, Res treatment also increased the ROS content in
NAC-pretreated H446 cells, which was 12.10 times that of
the Ctl. However, the ROS level in cells from the NAC+Res
group was still significantly lower than that of the Res group
(P<0.05). Treatment of cells with NAC alone had no significant
effect on the level of ROS in H446 cells.

Effect of Res on the MMP of H446 cells. After confirming
that Res inhibited the viability of H446 cells and promoted
apoptosis in a manner that was related to ROS production,
the changes in the MMP of H446 cells treated with Res were
further examined. Res at 40 pg/ml increased the amount of
H446 cells with depolarized MMP by 29.13% compared with
the Ctl group (P<0.05; Fig. 4). While pretreatment of NAC at
2 mmol/l alleviated the effects of Res on depolarization of
MMP to 19.44% compared with that of Ctl group. Statistical
analysis also revealed that the NAC+Res group was signifi-
cantly lower compared with the Res group (P<0.05). NAC
treatment alone had no significant effect on the MMP of H446
cells.

Effect of Res on the expression of apoptotic proteins in H446
cells. After confirming that Res inhibited the viability of H446
cells and promoted apoptosis through ROS production and
MMP, the effect of Res on the expression of apoptosis-related
proteins was further explored in H446 cells. As revealed in
Fig. 5, after Res treatment of H446 cells, the expression of
Bcl-2 and Bcl-xL was significantly lower than that of the Ctl
group (P<0.05). However, after pretreatment with NAC, the
expression of Bcl-2 and Bcel-xL in the NAC+Res group was
significantly higher than that of the Res group (P<0.05). In
contrast to the expression of Bcl-2 and Bcl-xL, the expression
of Bax in H446 cells was significantly increased after Res
treatment compared with the Ctl group (P<0.05). Conversely,
NAC pretreatment significantly alleviated the increase in Bax
expression in Res-stimulated H446 cells (P<0.05).
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Figure 2. Effects of Res on H446 cell apoptosis are detected by flow cytometry. The results were expressed as the mean + standard deviation of at least 3
separate experiments. (A-D) representative flow cytometric histograms of cell apoptosis analysis from the control (Ctl), Res, NAC+Res and NAC groups,
respectively. (E) Results of cell apoptosis analysis. Res at 40 pg/ml increased the percentage of apoptotic cells compared with that of the control ("P<0.05),
while pretreatment of NAC at 2 mmol/l decreased the amount of apoptosis in cells stimulated by Res ("P<0.05 vs. the Res group). Res, resveratrol; NAC,

N-acetyl-L-cysteine.

Effect of Res on the cytoplasmic expression of cytochrome
C in H446 cells. Based on the aforementioned results, the
effect of Res on the expression of cytochrome ¢ (cyto-c) in the
H446 cytoplasm was further explored. Western blot analysis
(Fig. 6A and B) revealed that the expression of cyto-c in the H446

cytoplasm was significantly higher in Res-treated cells than in
the control group (P<0.05). However, in the NAC-pretreated
N446 cells, the cytoplasmic expression of cyto-c was signifi-
cantly lower than that of the Res group (P<0.05). NAC alone had
no significant effect on the expression of cyto-c in H446 cells.
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Figure 3. Effect of Res on ROS production in H446 cells is detected by flow cytometry. The results were expressed as the mean =+ standard deviation of at
least 3 separate experiments. (A-D) Representative flow cytometric histograms of ROS content from the control (Ctl), Res, NAC+Res and NAC groups groups,
respectively. (E) Results of ROS generation analysis. Res at 40 yg/ml increased the content of ROS compared with that of control (‘P<0.05), while pretreatment
of NAC at 2 mmol/l decreased the generation of ROS in cells stimulated by Res (*P<0.05 vs. the Res group). Res, resveratrol; ROS, reactive oxygen species;

NAC, N-acetyl-L-cysteine.

Effect of Res on the expression of AIF in H446 cells. The effect
of Res stimulation on AIF expression in H446 cells was further
examined. The results revealed that the cytoplasmic expres-
sion of AIF was significantly lower in Res-stimulated cells
than in the control group (P<0.05) (Fig. 6A and C). However,

the expression of AIF in the NAC+Res group was significantly
higher than that of the Res group (P<0.05). In contrast, anal-
ysis of AIF expression in the nuclear fraction of H446 cells
(Fig. 7A) revealed that Res stimulation increased the nuclear
AITF expression of H446 cells compared with the control group
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Figure 4. Depolarization of the MMP in H446 cells was evaluated by flow cytometry. (A-D) Representative flow cytometric histograms of MMP from the
control (Ctl), Res, NAC+Res and NAC groups, respectively. (E) Results of MMP analysis. Res at 40 pg/ml increased the amount of H446 cells with depolarized
MMP compared with that of the control ("P<0.05), while pretreatment of NAC at 2 mmol/l alleviated the effects of Res on depolarization of MMP in cells
stimulated by Res (*P<0.05 vs. the Res group). MMP, mitochondrial membrane potential; Res, resveratrol; NAC, N-acetyl-L-cysteine.

(P<0.05) and the expression of AIF in the NAC+Res group
was significantly lower than that of the Res group (P<0.05). In
addition, NAC treatment alone had no significant effect on the
expression of AIF in the H446 cytoplasm or nucleus.

Effect of Res on the expression of PI3K/Akt signaling
pathway components. Based on the aforementioned experi-
ments, the mechanism by which Res affects SCLC H446
cells and its effect on the PI3K/Akt signaling pathway were
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Figure 6. Effects of Res on the expression of cyto-c and AIF in the H446 cytoplasm are assessed by western blotting. (A) Groups and representative bands.
Res at 40 ug/ml increased the expression of (A and B) cyto-c and decreased the expression of (A and C) AIF in the H446 cytoplasm compared with the control
("P<0.05). While pretreatment of NAC at 2 mmol/l decreased the expression of cyto-c and increased the AIF expression in H446 cytoplasm stimulated with
40 pg/ml Res (*P<0.05 vs. the Res group). Res, resveratrol; Cyto-c, cytochrome c; AIF, apoptosis inducing factor; NAC, N-acetyl-L-cysteine.

further investigated. As revealed in Fig. 8A-C, the expression
levels of PI3K and p-Akt were significantly decreased in
Res-stimulated H446 cells (P<0.05 vs. the Ctl), the expression
of p-Akt and PI3K in the NAC+Res group was significantly
higher than that of the Res group (P<0.05). In addition, we
assessed the expression of c-Myc in H446 cells. The results
(Fig. 7B and 8D) revealed that Res stimulation decreased the
expression of c-Myc in both the cytoplasm and nucleus but the
expression of c-Myc in the NAC+Res group was higher than
that of Res group (P<0.05).

Discussion

SCLC is a major type of primary malignant tumor in the
lungs, accounting for 15-20% of all lung cancers. This cancer

subtype has a high degree of malignancy, is prone to recur-
rence and metastasis, and has a short survival period. A
platinum-based double-drug chemotherapy regimen has been
recommended as the standard treatment for lung cancer since
its first application in the 1970s, but it has not fundamentally
improved the survival and recovery of patients with SCLC (3).
Res is a natural plant-derived compound widely found in
nature (9). Since its recognition, considerable research into its
bioactivity has been conducted (10). A number of studies have
found that Res has potential anticancer activity in tumors of
multiple systems in the human body (6,11), although there are
few studies on the anticancer effects of Res in lung cancer.
Previous research by our group revealed that Res concentra-
tion- and time-dependently decreased the viability of H446
cells, promoted their apoptosis through the mitochondrial
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Figure 8. Effects of Res on the Akt, PI3K and c-Myc expression in H446 cells are evaluated by western blotting. (A) Groups and representative bands. Res
at 40 pg/ml decreased the expression of (B) p-Akt, (C) PI3K and (D) c-Myc in total protein fractions compared with that of control ("P<0.05). By contrast,
pretreatment of NAC at 2 mmol/l alleviated the inhibition of Res on the expression of p-Akt, PI3K and c-Myc ("P<0.05 vs. the Res group). Res, resveratrol;

NAC, N-acetyl-L-cysteine.

apoptosis pathway, and boosted the antitumor effect of
cisplatin on H446 cells (7).

In our previous research, the relationship between the
concentration of Res and toxicity in H446 cells was explored,
confirming that Res has potent toxic effects on the SCLC

H446 cell line (7). Based on these findings, 40 ug/ml Res was
used in the present study to further explore the anticancer
effects of Res in H446 cells. It was confirmed that 40 pg/ml
Res caused morphological damage, inhibited proliferation,
and induced the apoptosis of H446 cells. However, NAC
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pretreatment attenuated the morphological changes and
reduced the proliferative capacity of Res-treated H446 cells.
NAC is an antioxidant that can significantly reduce the oxida-
tive stress response of tissues and cells (12). Therefore, the
present results further confirmed that the antitumor effects of
Res were related to oxidative stress.

ROS play a key role in regulating apoptosis, and the aim
of chemotherapy strategies is to alter the oxidative and anti-
oxidant balance by increasing ROS production in tumor cells,
which can further lead to tumor cell apoptosis (13). Excessive
ROS production decreases the MMP (14). Mitochondria
are dynamic intracellular organelles that provide 95% of
the adenosine triphosphate (ATP) required by the human
body (15). A normal MMP is critical for oxidative phosphory-
lation and ATP production, and a reduced MMP is a hallmark
of various early apoptotic pathways (16). In the present study,
Res-treated H446 cells generated more ROS than control cells
and experienced more apoptosis, as well as an MMP decrease.
Conversely, after pretreatment with NAC, Res-induced ROS
production and MMP depolarization were ameliorated to
some extent, and assessment of apoptosis also revealed that
NAC reduced the number of apoptotic H446 cells after Res
treatment.

A lower MMP is often followed by the release of cyto-c
from the mitochondria to the cytoplasm (17), which mediates
apoptosis with the participation of Bcl-2 family proteins (18).
Bcl-2 and Bcel-xL are generally considered to play a role
in preventing apoptosis and cell death caused by various
stressors (19). In contrast, Bax homodimers with sequence
homology to Bcl-2 are important pro-apoptotic proteins (20).
The results of the present study indicated that Res stimula-
tion promoted the release of cyto-c from the mitochondria
to the cytoplasm while increasing the expression of the
pro-apoptotic protein Bax and decreasing the expression of
the antiapoptotic proteins Bcl-2 and Bcl-xL. AIF is a redox
active enzyme on the mitochondrial membrane that would
be released into the cytoplasm and then enter the nucleus
after depolarization of the MMP. Once the AIF enters the
nucleus, the DNA is cleaved into 50-kb fragments and then
caspase family-independent apoptosis is triggered (21). After
Res treatment of H446 cells, the cytoplasmic expression of
AITF decreased while its nuclear expression increased, which
is consistent with a study of AIF involvement in apop-
tosis (22). After NAC treatment, the inductive effect of Res
on the release of cyto-c and expression of Bax in H446 cells
was alleviated. Concurrently, Bcl-2 and Bcl-xL expression
levels were maintained at a relatively high level. In addition,
Res slightly reversed the change in AIF expression. These
results are consistent with our previous results (7) and those
of other researchers examining the antitumor mechanism of
Res (23).

The PI3K/Akt pathway is an important intracellular
signaling pathway that governs the cell cycle and is directly
involved in regulating numerous cell processes, including
cell growth, proliferation, differentiation, and migration (24).
Phosphorylated Akt (p-Akt) activates or inhibits downstream
target proteins such as mTOR, caspase-9, NF-xB, and p21
that are involved in cell proliferation (25). The expression of
p-Akt is increased in approximately 50% of SCLCs, and its
overexpression is associated with the prognosis of lung cancer.
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p-Akt inhibits the Bcl family members Bad and Bax, inhibits
p53-mediated apoptosis, activates NF-kB, and increases the
expression of Bcl-2 and Bcl-xL (26). In the present study it
was revealed that Res stimulation significantly decreased the
expression levels of PI3K and p-Akt in H446 cells, which was
consistent with its effects on cell viability and apoptosis and
the expression of related proteins. In addition, NAC pretreat-
ment alleviated the inhibitory effects of Res on PI3K and
p-Akt expression. c-Myc regulates the glycolytic activity of
tumors (27) and is a key downstream molecule in the PI3K/Akt
pathway (28). Overexpression of c-Myc has been observed in
multiple tumors (23), and inhibition of c-Myc could inhibit the
malignant biological behavior of tumor cells (29). The present
results indicated that Res stimulation decreased the expression
of c-Myc in both the cytoplasm and nucleus of H446 cells,
which was consistent with our anticancer results for Res as
well as those in another study (30). However, the effect of Res
on c-Myc was markedly inhibited after NAC pretreatment,
indicating that Res exerts its antitumor effect through oxida-
tive stress.

In summary, the results from the present study indicated
that Res inhibited the viability and promoted the apoptosis
of human SCLC H446 cells, which may be related to the
oxidative stress level and abnormal mitochondrial membrane
potential of H446 cells during Res stimulation. Moreover, Res
may exert its antitumor effects through the PI3K/Akt/c-Myc
pathway.
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