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Hesperidin induces apoptosis and G0/G1 arrest in
human non-small cell lung cancer A549 cells
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Abstract. Lung cancer has high incidence and mortality rates
worldwide. In the present study, the mechanisms by which
hesperidin decreases the viability and induces the apoptosis
of human non-small cell lung cancer (NSCLC) A549 cells
were investigated. Initially, MTT and flow cytometric assays
were performed to evaluate the effects of hesperidin on the
viability and apoptosis of A549 cells and human normal lung
epithelial BEAS-2B cells. The results revealed that hesperidin
has no negative effects on the human normal lung epithelial
BEAS-2B cells and the viability of cells treated with various
concentrations of hesperidin was inhibited in a time- and
dose-dependent manner compared with the control groups.
Subsequently, the expression levels of proteins involved in
the mitochondria-associated apoptotic pathway were studied
by western blot analysis. Hesperidin was identified to induce
A549 cell apoptosis by downregulating the levels of B-cell
lymphoma-2 (Bcl-2) and Bcl extra large protein and simulta-
neously upregulating the levels of Bcl-2-associated X protein,
BH3 interacting-domain death agonist (Bid), tBid, cleaved
caspase-9, cleaved caspase-3 and cleaved poly(adenosine
diphosphate ribose)polymerase. The effect of hesperidin on
the cell cycle was assessed by flow cytometry. Hesperidin was
observed to cause GO/GI arrest of A549 cells by decreasing
the expression of cyclin D1 and increasing the expression of
p21 and p53. In summary, it was demonstrated that hesperidin
induced apoptosis through the mitochondrial apoptotic
pathway and induced GO/G1 arrest in human NSCLC A549
cells. Therefore, hesperidin may be developed as a potential
therapeutic drug for the treatment of NSCLC.

Introduction

Lung cancer is among the most common causes of cancer-
associated mortality worldwide. According to a global data
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analysis, ~1.5 million new cases are diagnosed annually, with
the majority of cases categorized as non-small cell lung carci-
noma (NSCLC) (1). The detection of NSCLC at an early stage
presents a significant clinical challenge; in ~70% of newly
confirmed cases, the disease has progressed to an advanced
stage, at which the patients have missed the optimal time
window for surgery (2). In addition to surgery, the use of other
therapeutic approaches, such as adjuvant chemotherapy and
radiation therapy, has been common over the last decades (3).
However, the 5-year relative survival rate of NSCLC patients
remains low (4). The antineoplastic drug cisplatin (DDP) has
been widely used to treat cancer; however, this drug causes
severe side effects, which may include nephrotoxicity, marrow
suppression and considerable gastrointestinal reactions.
Furthermore, patients often experience physical and mental
distress, and DDP treatment contributes so reducing their
quality of life. Therefore, it is of great significance to identify
effective alternatives to DDP in order to improve the outcome,
prognosis and quality of life of patients with NSCLC.
Phytochemicals are derived from plants and include tradi-
tional herbal remedies that have been used for >2,000 years
to prevent disease or promote health. A number of preclinical
animal models and human epidemiological studies have
demonstrated that certain phytochemicals may have an efficient
preventive effect against human cancer (5). Hesperidin, a type
of flavonoid, is ubiquitous in citrus species, including orange,
lemon and pomelo fruits (6). Recently, the biological properties
and potential therapeutic mechanisms of hesperidin have been
widely tested in laboratory-based studies. Mounting evidence
indicates that hesperidin may have anti-inflammatory, antioxi-
dant, free radical-scavenging, anti-diabetic and cardioprotective
effects (7,8), and have proven useful in the prevention and
treatment of cancer (9,10). Regarding the latter, hesperidin was
observed to induce paraptosis of HepG2 hepatoblastoma cells
by activating the mitogen-activated protein kinase extracellular
signal-regulated kinase 1/2 signaling pathway, and the mitochon-
drial and death receptor pathways (11-13). In addition, hesperidin
was able to trigger the apoptosis of NALM-6 cells (14), Ramos
cells (15) and MSTO-211H cells (16) by promoting p53 accu-
mulation, decreasing constitutive nuclear factor-kB (NF-«xB)
activity and inhibiting signaling protein 1. Hesperidin was also
reported to trigger apoptosis through the extrinsic pathway (17)
and induce cell cycle arrest via the endoplasmic reticulum stress
pathway in HeLa cells (18). Saiprasad ef al (19) observed that
hesperidin initiated apoptosis and autophagy through mediating
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Aurora-A-coupled pro-survival phosphoinositide 3-kinase/Akt/
mammalian target of rapamycin signaling cascades and glycogen
synthase kinase-3[} activity to antagonize the effect of azoxy-
methane on colon carcinogenesis in a mouse model.

A large number of relevant studies have been published on the
suppression of lung tumorigenesis by hesperidin. Kohno et al (20)
reported that hesperidin reduced the expression of proliferating
cell nuclear antigen to act against 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone-induced pulmonary tumorigenesis in
mice. Balakrishnan and Menon (21) demonstrated that hesperidin
downregulated the high expression of matrix metalloprotein-
ases (MMPs) induced by nicotine and decreased the levels of
antioxidants to act against tobacco-associated disease.
Kamaraj et al (22-24) reported several mechanisms for the protec-
tive effects of hesperidin against benzo(a)pyrene-induced lung
carcinogenesis in mice, including an increase in the levels of
antioxidants, modulation of the expression of cyclooxygenase-2
and MMPs, recruitment of mast cells and alteration of the anti-
oxidant and mitochondrial status, comprising major tricarboxylic
acid cycle enzyme activities and electron transport chain complex
activities. Birsu Cincin et al (25) confirmed that hesperidin had a
greater inhibitory effect on A549 and NCI-H358 cells compared
with that on MRC-5 normal lung fibroblasts, and that this effect
was associated with the fibroblast growth factor and NF-«B signal
transduction pathways.

Thus, it has been demonstrated that the antitumor effects of
hesperidin represent a promising strategy for cancer therapy.
The present study was performed to better understand the
pharmacological effects of hesperidin on the alteration of
other molecules and the cell cycle of A549 cells.

Materials and methods

Materials. Hesperidin was purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). RPMI-1640 basal
culture medium, Dulbecco's modified Eagle's medium (DMEM)
high-glucose basal culture medium and 0.25% trypsin were
purchased from HyClone (Logan, UT, USA). Fetal bovine
serum (FBS) was from Gibco (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Radioimmunoprecipitation assay (RIPA)
lysisbuffer,phenylmethanesulfonyl fluoride (PMSF),broad-spec-
trum phosphatase inhibitor, dimethyl sulfoxide (DMSO), MTT
and DDP were purchased from Solarbio (Beijing, China). The
bicinchoninic acid (BCA) protein concentration detection kit
was provided by CWBio (Beijing, China). Cell culture bottles
and associated consumables were purchased from Corning,
Inc. (Corning, NY, USA). The Annexin V-fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) kit (cat. no. A005-3)
and the cell cycle and apoptosis analysis kit (cat. no. C00150)
were supplied by 7 Sea Biotech (Shanghai, China). The rabbit
anti-human antibody against [-actin (cat. no. ab8226) and
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
immunoglobulin (Ig)G (cat. no. ab6721) were purchased from
Abcam (Cambridge, UK). Rabbit anti-human antibodies against
B-cell lymphoma-2 (Bcl-2; cat. no. 4223T), Bcl-2-associated
X protein (Bax; cat. no. 5023T), BH3 interacting-domain
death agonist (Bid)/tBid (cat. no. 2002T), B-cell lymphoma
extra large protein (Bcl-xL; cat. no. 2764T), cleaved caspase-3
(cat. no. 9664T), cleaved caspase-9 (cat. no. 7237T), cleaved
poly(adenosine triphosphate ribose)polymerase (PARP;
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cat. no. 5625T), p21 (cat. no. 2947T), p53 (cat. no. 2527T) and
cyclin D1 (cat. no. 2978T) were obtained from Cell Signaling
Technology, Inc. (Beverly, MA, USA).

Cell lines and culture conditions. The A549 human NSCLC
cell line and the BEAS-2B human normal lung epithelial
cell line were purchased from the Cell Bank of the Chinese
Academy of Medical Science (Shanghai, China). A549 and
BEAS-2B cells were respectively cultured in RPMI-1640 and
high-glucose DMEM, each supplemented with a mixture of
10% FBS and 1% penicillin/streptomycin (Solarbio) at 37°C in
a humidified atmosphere containing 5% CO,.

Experimental groups. Hesperidin was dissolved in DMSO to
produce a 25 mg/ml stock solution and stored as aliquots in
tightly sealed vials at -20°C. Working solutions were prepared
by serial dilutions of stock solution with whole culture medium.
In this study, 7 experimental groups were set as follows: A
control group, a 0.5% DMSO group, several hesperidin groups
(50, 75, 100 and 125 pg/ml hesperidin); and a DDP group
(1 pg/ml DDP) as a positive control.

Cell viability assay. The effects of hesperidin on the viability
of A549 and BEAS-2B cells were detected by an MTT assay.
In brief, each group of A549 cells (1x10* cells/well) in sextu-
plicate wells of a 96-well plate was incubated for 24 h, which
was followed by the addition of hesperidin or DMSO to each
group (as stated above) and incubation for 24, 48 and 72 h.
After removal of the liquid, 180 ul whole culture medium and
MTT (20 ul/well; final concentration, 5 mg/ml) were added
into each well for a 4-h treatment. The resulting formazan
was dissolved in 100 gl DMSO and the absorbance as the
optical density (OD) at 490 nm for each well was determined
with an iMark™ Microplate Reader (Bio-Rad Laboratories,
Hercules, CA, USA). The rates of cell viability inhibition
by hesperidin were calculated using the following formula:
(ODontrol group = ODexperimentat group)/ ODcontrol group- I addition, the
morphology of individual groups of cells after the 72-h treat-
ment with hesperidin or DDP (1 ug/ml) was observed using
a microscope (Olympus, Tokyo, Japan), and the average cell
number in each field of view was counted.

Cell apoptosis assay. A549 or BEAS-2B cells (1x10° cells/well)
were seeded into 6-well plates for 24 h and then treated with
DMSO or hesperidin at varying concentrations (as stated
above) for 24, 48 or 72 h. Following treatment with 0.25%
trypsin without EDTA, the supernatant and adherent cells
were harvested. Cells were resuspended and washed twice
with phosphate-buffered saline (PBS). After removal of the
supernatant, 400 ul binding buffer from the Annexin V-
FITC/PI kit was added to resuspend the cells. Subsequently,
5 ul Annexin V-FITC was added, followed by thorough mixing
and incubation for 15 min in the dark at ambient temperature.
Thereafter, the cells were stained with 10 ul PI and incu-
bated for 5 min in the dark in an ice bath. Subsequently, the
percentage of apoptotic cells was determined within 30 min by
flow cytometric analysis.

Cell cycle analysis. A549 cells (1x10° cells/well) were seeded
into 6-well plates, incubated for 24 h and then treated with



SPANDIDOS

&4 PUBLICATIONS
A 1.5
@8 Control
- 0.5 % DMSO
& 50 pg/ml
E 75 pg/ml
E 100 pg/ml
= 125 pg/ml
S DOP (1 pg/ml)

Hesperidin

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 41: 464-472, 2018

o
in

Control

0.5 % DMSO
50 pg/ml

75 pg/ml

100 pg/ml
125 pg/ml
DDP (1 pg/ml)

Inhibition rate (%)

Hesperidin

Figure 1. Effects of different concentrations of hesperidin or DDP on the viability of A549 cells. A549 cells were treated with hesperidin or DDP (1 yg/ml) for
24,48 or 72 h. (A) The relative survival rate of A549 cells was detected by an MTT assay and (B) the inhibition ratio was calculated. The survival rate of the
control group was defined as 100%. Values are expressed as the mean + standard deviation (n=6). ‘P<0.05 vs. control. DDP, cisplatin; DMSO, dimethylsulfoxide.

vehicle (DMSO) or hesperidin at varying concentrations (as
stated above) for 72 h. After treatment with 0.25% trypsin,
the supernatant and detached cells were harvested. Cells were
resuspended and washed twice with precooled PBS. After
removal of the supernatant, 1 ml precooled 70% ethyl alcohol
was added followed by gentle mixing and incubation for 30 min
at 4°C to fix the cells. After removal of the supernatant, cells
were resuspended and washed with precooled PBS. Premixed
PI working solution (500 ul) was then added to each sample
to resuspend the cells, followed by incubation for 30 min in
the dark at 37°C. To produce the PI working solution, 25 ul PI
stock solution and 20 ul RNase A solution (10 mg/ml) were
added to 1 ml staining buffer and mixed gently. Within 5 h,
flow cytometric analysis of the distribution of cells in different
phases of the cell cycle was performed. Red fluorescence was
detected at an excitation wavelength of 488 nm.

Western blot analysis. A549 cells (1x10° cells/well) were seeded
in 6-well plates for 24 h and then treated with vehicle (DMSO)
or hesperidin at varying concentrations (as stated above) for
72 h. After removal of the supernatant, the cells in the 6-well
plates were put on ice. Fifty microliters RIPA buffer, PMSF
and broad-spectrum phosphatase inhibitor were added to each
well. The cells in the lysis solution were filtered by centrifuga-
tion at 12,000 x g for 15 min at 4°C. The concentration of total
protein was detected using the BCA protein detection kit and an
iMark™ microplate reader (Bio-Rad Laboratories, Inc.). Equal
volumes of loading buffer were then added to each sample,
followed by boiling for 5 min, and the samples of denatured
protein were stored at -20°C. Denatured protein (40 pg/lane)
from each sample was separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto a polyvinylidene fluoride membrane (cat. no. 1620177,
Bio-Rad Laboratories, Inc.) by wet-transfer. The membranes were
blocked for 2 h with 5% bovine serum albumin (cat. no. A8020;
Solarbio) at ambient temperature, and then incubated with the
corresponding pre-diluted rabbit anti-human primary antibodies
(1:2,000 dilution) overnight at 4°C. Anti-f3-actin was used as the
control. After washing in Tris-buffered saline containing Tween-
20, the bound antibodies were probed with HRP-conjugated goat
anti-rabbit IgG secondary antibodies (1:2,000 dilution) by incu-
bation for 2 h at room temperature. Finally, the bound antibodies
were visualized using an enhanced chemiluminescence (ECL)
detection reagent (cat. no. 1705060; Bio-Rad Laboratories,

Inc.). The levels of each target protein relative to the control
were determined by measuring the integral optical density in a
ChemiDoc Touch Imaging system and quantitatively calculated
using Image Laboratory software v. 5.1 (both from Bio-Rad
Laboratories, Inc.).

Statistical analysis. All statistical analyses were performed
using SPSS software (version 13.0; SPSS, Inc., Chicago,
IL, USA). Pairwise comparisons were performed by using
Student's t-test. The differences among three or more groups
were determined by one-way analysis of variance followed by
a Bonferroni's or Dunnett's test. Values are expressed as the
mean + standard deviation. P<0.05 was regarded to indicate a
statistically significant difference.

Results

Effects of different concentrations of hesperidin or DDP on the
viability and morphology of A549 cells. An MTT assay was
performed to investigate the inhibitory effect of hesperidin on
the viability of A549 cells. The cell survival rate of the control
group was defined as 100% with an inhibition ratio of 0%. The
cell survival rate and inhibition ratio in the 0.5% DMSO group
was not significantly different from that in the control group,
while DDP (1 pg/ml) treatment caused a significant decrease in
the relative cell survival rate (Fig. 1). Thus, 0.5% DMSO, as the
solvent of hesperidin, had no effect on the viability of A549 cells.
In addition, it was observed that the cell viability in the groups
treated with hesperidin for 24, 48 or 72 h was significantly
decreased in a time- and dose-dependent manner (Fig. 1). After
treatment with 50, 75, 100 and 125 ug/ml hesperidin for 72 h,
the morphology of A549 cells was altered and the majority of
the cells treated with DDP (1 pg/ml) were apoptotic compared
with that in the control group (Fig. 2A). It was noted that the
cells lost their adherence, appeared shrunken and acquired a
rounded shape. In addition, the cell density per field of view
was significantly decreased compared with that of the control
group (P<0.05). However, the group treated with 0.5% DMSO
was not significantly changed (P>0.05) (Fig. 2B). Thus, it was
demonstrated that the viability of A549 cells was decreased by
hesperidin, which resulted in an alteration of cell morphology.

Effect of different concentrations of hesperidin and DDP on the
induction of apoptosis in A549 cells. To explore the molecular
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Figure 2. Effects of different concentrations of hesperidin or DDP on the morphology of A549 cells. A549 cells were cultured with hesperidin or DDP (1 pg/ml)
for 72 h. (A) The morphological changes of A549 cells were observed using microscopy (magnification, x400). (B) The cell numbers in ten randomly selected
fields of view were counted and averaged. Values are expressed as the mean + standard deviation. “P<0.05 vs. control. DDP, cisplatin; DMSO, dimethylsulfoxide.

mechanisms by which hesperidin reduced the viability of
A549 cells, a flow cytometric apoptosis assay was performed.
Cells were treated for 24, 48 or 72 h with different concen-
trations of hesperidin and stained with Annexin V-FITC/PIL.
The results indicated that the apoptotic rate in the control
group was <5%, and the necrotic rate in all groups was <2%,
which was considered acceptable (Fig. 3A-C). The apoptotic
rate in the 0.5% DMSO group was not significantly different
compared with that in the control group (Fig. 3), indicating
that 0.5% DMSO (vehicle) had no effect on the survival rate
of A549 cells. The apoptotic rates in the groups treated with
different concentrations of hesperidin for different durations
were increased compared with those in the control group,
and this effect was identified to be time- and dose-depen-
dent (Fig. 3D).

Furthermore, A549 cells were treated with different
concentrations of hesperidin for 72 h. The results confirmed
that hesperidin elevated the expression levels of mitochon-
drial apoptotic pathway-associated proteins (Bax, Bid, tBid,
cleaved caspase-3, cleaved caspase-9 and cleaved PARP),
while significantly reducing the expression levels of Bcl-2 and
Bcl-xL compared with the control in a concentration-depen-
dent manner (P<0.05) (Fig. 4). The relative expression levels
of mitochondrial apoptotic pathway-associated proteins in the
0.5% DMSO group were not significantly different compared

with those in the control group (P>0.05) (Fig. 4B), indicating
that 0.5% DMSO had no effect on these proteins in A549 cells.
In conclusion, it was demonstrated that hesperidin induced
apoptosis in A549 cells, which was regulated by the expression
of mitochondrial apoptotic pathway-associated proteins.

Effects of different concentrations of hesperidin or DDP on
the viability and apoptosis of BEAS-2B normal human lung
epithelial cells. BEAS-2B cells were treated with hesperidin
or DDP (1 ug/ml) as described above. The results of the MTT
and flow cytometry assays demonstrated that there were no
significant differences between the hesperidin- and 0.5%
DMSO-treated cells and the control group (P>0.05) (Fig. 5A),
whereas DDP-treated (1 ug/ml) cells exhibited significantly
decreased viability (P<0.05) (Fig. 5A-a), as well as notably
increased rates of inhibition of proliferation (P<0.05 (Fig. 5A-b)
and apoptosis (P<0.05) (Fig. 5B).

Hesperidin causes GO/GI phase arrest of A549 cells. The
effect of hesperidin on the cell cycle distribution of A549 cells
was detected by flow cytometry (Fig. 6A). The GO/GI1 phase
population in the 0.5% DMSO group was not significantly
different from that in the control group (P>0.05) (Fig. 6B).
However, the proportion of cells in GO/G1 phase in the groups
treated with various concentrations of hesperidin for different
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Figure 3. Hesperidin or DDP treatment induce apoptosis in A549 cells. (A-a) Flow cytometry dot plots at 24 h; (A-b) quantitative analysis of viable, apoptotic
and necrotic A549 cells. (B and C) Analysis of apoptosis at (B) 48 h and (C) 72 h. (D) Results of a quantitative analysis of apoptotic A549 cells treated with
different concentrations of hesperidin for different durations. Values are expressed as the mean * standard deviation. “P<0.05 vs. control. DDP, cisplatin;

DMSO, dimethylsulfoxide.

durations were significantly increased compared with those in
the control group, indicating cell-cycle/growth arrest in GO/G1
phase (P<0.05) (Fig. 6B).

A549 cells were treated with different concentrations of
hesperidin for 72 h and the expression of various cell cycle-
associated proteins was assessed by western blot analysis.
The results confirmed that hesperidin elevated the relative
expression levels of p21 and p53, while reducing the expression
levels of the cell cycle-regulatory protein cyclin DI (Fig. 7A).
Quantitative analysis revealed significant differences compared
with the control (P<0.05) (Fig. 7B). The 0.5% DMSO group

exhibited no significant differences compared with the control
group (P>0.05) (Fig. 7). These results demonstrated that
hesperidin induced GO/G1 phase arrest by regulating the rela-
tive expression of cell cycle-associated proteins in A549 cells.

Discussion

The present study indicated a significant inhibitory effect of
hesperidin on the viability and cell cycle of A549 NSCLC
cells. The cell viability was inhibited by hesperidin through the
mitochondrial apoptotic pathway as well as induction of GO/G1
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Figure 4. Expression of mitochondrial apoptotic pathway-associated proteins in A549 cells treated with hesperidin. A549 cells were cultured with hesperidin
for 72 h and the protein expression was measured by western blot analysis. (A) Images of western blot analyses; (B) quantitative analysis of the relative
expression levels of the target proteins. Values are expressed as the mean + standard deviation. "P<0.05 vs. control. DDP, cisplatin; DMSO, dimethylsulfoxide;
Bcl-2, B-cell lymphoma-2; Bel-xL, Bl extra large protein; Bax, Bcl-2-associated X protein; Bid, BH3 interacting-domain death agonist; PARP, poly(adenosine

diphosphate ribose)polymerase.

arrest, accompanied by changes in cell morphology, in a time-
and dose-dependent manner, while not exerting any negative
effects on BEAS-2B human normal lung epithelial cells.
Tumor occurrence and development are associated not
only with dedifferentiation and excessive multiplication of
tumor cells, but are also with the suppression of apoptosis. To
investigate the mechanisms underlying the effect of hesperidin
on apoptosis, apoptosis-associated signaling molecules were
detected in A549 cells, which demonstrated that cell apoptosis
was increased after treatment with hesperidin. Cell apop-
tosis is regulated by multiple apoptosis-promoting proteins,
such as Bax, Bad and Bid, and is upregulated by a family of
apoptosis-inhibiting proteins, which include Bcl-2 and Bcl-xL.
The mitochondrial apoptotic pathway has a critical role in cell
apoptosis. After cytochrome c is released from the mitochon-
dria into the cytosol, cell apoptosis is promoted through the
activation of caspase-9 and subsequent downstream factors,
such as caspase-3 and cleaved PARP (26). The balance between
apoptosis-promoting and apoptosis-inhibiting proteins is
crucial for the process of apoptosis (26,27). The results of the

present study suggested that the treatment of A549 cells with
hesperidin upregulated the relative levels of mitochondrial
apoptotic pathway-associated proteins, including Bax, Bid,
tBid, cleaved caspase-9 and cleaved caspase-3, while down-
regulating the relative expression levels of Bcl-2 and Bcel-xL.
Furthermore, an increase in cleaved PARP, which is one of the
downstream products of caspase-3, was observed. These results
are in line with those of a previous study (25). Therefore, it was
indicated that A549 cell apoptosis is induced by hesperidin via
activation of the mitochondrial apoptotic pathway.
Furthermore, cell cycle arrest is associated with the trig-
gering of cell apoptosis and usually occurs during the induction
of tumor cell apoptosis (28). It was observed that A549 cells
underwent cell cycle arrest in GO/G1 phase after treatment
with hesperidin. Cell cycle arrest has also been linked to the
inhibition of the proliferation of cancer cells (29). The cell
cycle is positively regulated by certain cell cycle-associated
proteins and negatively regulated by certain inhibitory factors
of cyclin-dependent kinases (CDKs), such as p21, pl6 and p27.
In the present study, it was indicated that the expression of p21
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Figure 5. Effect of hesperidin or DDP on the viability and apoptosis of human normal lung epithelial BEAS-2B cells. (A-a) Cell viability and (A-b) inhibition
ratio of BEAS-2B cells as measured by an MTT assay. (B-a) Apoptosis of BEAS-2B cells as determined by flow cytometry and (B-b) quantified proportions
of viable, apoptotic and necrotic cells. Values are expressed as the mean + standard deviation. "P<0.05 vs. control. DDP, cisplatin; DMSO, dimethylsulfoxide.

was upregulated, while cyclin D1 was downregulated after the
treatment of A549 cells with hesperidin in a concentration-
dependent manner. Cyclin D1 is the most important protein
in the regulation of the G1 phase, and its expression is altered
during tumorigenesis (30). CDKs regulate the cell cycle at
different levels by affecting the assembly of cyclins and CDK
subunits. The G1/S phase transition is negatively regulated
by p21 and p27, which is achieved through degrading certain
cyclin/CDK complexes (31). In a previous study, hesperidin
was able to inhibit the G1/S transition by decreasing the
relative expression levels of cyclin D1, while increasing p21
levels, which was associated with GO/G1 phase arrest (32). In
addition, after treatment with hesperidin, elevated expression
of p53 was observed in A549 cells, which is also associated
with cell cycle arrest and apoptosis (33-35).

Considering that p53 is an important factor regulating the
expression of p21, it was hypothesized that hesperidin induced
GO/G1 arrest of A549 cells by upregulating the levels of p53,
thereby upregulating the levels of p21 and in turn inhibiting
the conjugation of cyclin D1/CDK complexes. To the best of

our knowledge, the present study was the first to report on the
inhibitory effects of hesperidin on the cell cycle of A549 cells.
However, further study is necessary to elucidate the underlying
mechanisms.

Taken together, the results of the present study demonstrated
that hesperidin induces apoptosis in A549 cells by activating
the mitochondrial apoptotic pathway, and inhibits the prolif-
eration of A549 cells through induction of GO/GI1 phase arrest
by significantly upregulating the expression of p21 and p53, as
well as downregulating cyclin DI. Hence, it was indicated that
hesperidin may be developed as a potential therapeutic drug
against NSCLC in the future.
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