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Abstract. Homoisoflavanone-1 is a natural compound 
that may be extracted from the Chinese medicinal herb 
Polygonatum odoratum, which has pronounced antioxidant 
activities. The present study reports that homoisoflavanone‑1 
significantly inhibited tumor cell growth and induced apop-
tosis in A549 non-small cell lung cancer (NSCLC) cells in 
a dose‑dependent manner. Homoisoflavanone‑1 arrested the 
cell cycle at the G2/M stage, which was associated with an 
increase in the accumulation of phosphorylated (p-)p38, p38, 
p53, and p-cyclin dependent kinase (Cdc)2 proteins, as well 
as a decrease in Cdc2 expression. In addition, treatment with 
homoisoflavanone‑1 increased the levels of active caspase‑3 
and decreased Poly ADP-ribose polymerase, which was 
accompanied by a reduction in the B-cell lymphoma-2/Bak 
ratio and consequently, apoptosis. Furthermore, homoisofla-
vanone-1 increased the expression of endoplasmic reticulum 
(ER) stress-related proteins, including PERK, ATF4 and 
GADD34 in a dose-dependent manner. In conclusion, homoi-
soflavanone‑1 induced apoptosis in A549 cells by regulating 
the mitochondria-caspase-dependent and ER stress pathways 
and resulted in G2/M arrest by activating the p38/p53 signaling 
pathway. These findings suggest that homoisoflavanone-1 
extracted from Polygonatum odoratum may function as a 
cancer-suppressing agent and has potential as a novel thera-
peutic method against NSCLC.

Introduction

Lung cancer is the leading cause of death for both men and women 
in many countries (1). Νon‑small cell lung cancer (NSCLC) 
accounts for approximately 85% of lung cancer cases (2). 
Surgery is the most effective treatment for NSCLC if the 
cancer is diagnosed early. However, up to 75% of patients are 
diagnosed with NSCLC at an advanced disease (3,4). Although 

there has been some progress in methods for diagnosis and 
treatment, the prognosis of the patients with NSCLC has not 
improved much, and the 5-year survival rate is currently less 
than 15% (5). Therefore, there is a need to develop new and safe 
therapeutic agents against NSCLC.

Conventional chemotherapies kill normal cells in addi-
tion to cancer cells by inducing cell cycle checkpoint arrest 
or apoptosis. The initiation of apoptosis is tightly regulated 
by intrinsic caspase-dependent pathways (including one that 
is mitochondrion-dependent) and extrinsic caspase-dependent 
pathways (such as the death receptor-induced caspase 
activation pathway) (6,7). A shared a terminal execution 
pathway begins with caspase-3 cleavage and ultimately leads 
to phagocytosis (8). The best characterized regulators of 
apoptosis are the Bcl-2 family of proteins, which promote 
or repress apoptosis by directly regulating a mitochondrial 
apoptosis-induced channel. The multidomain pro-apoptotic 
protein Bax/Bak is responsible for forming this channel, 
while Bcl-2, Bcl-xL, or Mcl-1 inhibit its formation (9,10). 
Additionally, the intrinsic ER stress pathway is triggered by 
conditions that disturb protein folding in the endoplasmic 
reticulum (ER). The induction of the ER stress pathway may 
contribute to cell death by activating the IRE1 kinase via 
activation of APOPTOTIC-SIGNALING KINASE (ASK) and 
p38 MAPK, which itself activates CHOP by phosphorylating 
the CHOP transactivation domain (11). Additionally, both p38 
MAPK and the Jun-N-terminal kinase (JNK) were reported 
to promote phosphorylation and activation of Bak (12). In 
addition, Bax and Bak induce cell death by binding and acti-
vating INOSITOL-REQUIRING PROTEIN-1α (IRE1α) (13). 
Intriguingly, accumulating evidence indicates that activated 
p38 can cause mitotic arrest in the somatic cell cycle at the 
spindle assembly checkpoint (14).

Traditional herbal medicines with anti-cancer proper-
ties that trigger apoptosis in various types of tumor cells 
with minimal adverse effects have been valuable sources 
for therapeutic agents. Polygonatum odoratum is widely 
used as an herbal medicine with procoagulant (15), 
anti-hyperglycemic (16), anti-herpes simplex virus-II, and 
apoptosis-inducing (17) activities, that can also improve 
glucose tolerance (18). However, the active components in 
P. odoratum for the anti-cancer effects and the underlying 
mechanisms of these effects remain largely unknown.

Homoisoflavanone-1 is a type of phenolic compound 
isolated from P. odoratum that has apparent antioxidant 
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activities (19,20). However, the effects of homoisoflavanone‑1 
on human NSCLC cells, and therefore the mechanism of 
this effect, have never been elucidated. In the present study, 
we investigated the effect of homoisoflavanone‑1 on NSCLC 
A549 cell proliferation and cell cycle progression. Our result 
shows that homoisoflavanone‑1 has potential as a new natural 
anti-tumor medicine for treatment of NSCLC.

Materials and methods

Cell culture and reagents. The human NSCLC cell line A549 
was purchased from Basic medical cell center of Peking Union 
Medical College (Peking, China). A549 cells were cultured in 
DMEM containing 10% fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), 1% penicillin, and 
1% streptomycin in 5% CO2 at 37˚C. Cells in the exponential 
phase were used in the experiments.

Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 
purchased from Amresco, LLC, (Solon, OH, USA) and 
Propidium iodide (PI)/Annexin V-FITC was obtained from 
Sigma-Aldrich; Merck KGaA, (Darmstadt, Germany). 
Polyclonal antibodies against Caspase 3, Active caspase 3, 
Bak, Bcl-2, p-p38, p38, p53, Cdc2, p-Cdc2, β-actin, and the 
horseradish peroxidase-conjugated secondary antibody were 
bought from Cell Signaling Technology, Inc., (Danvers, MA, 
USA).

Isolation and purification of homoisoflavanone‑1. The homoi-
soflavanone‑1 used in this study was extracted and purified 
from P. odoratum roots (Fig. 1A) according to the methods 
described previously with appropriate modification (20). 
Briefly, 10 kg of dried P. odoratum roots was ground and 
subjected to two 95% ethanol extractions at room temperature. 
The solvent was removed under reduced pressure, and the 
concentrate was diluted in water, followed by filtering. The 
precipitate including insoluble metabolites was dissolved in 
90% methanol. The methanol-soluble fraction was collected 
and subjected to chromatography on a silica gel column, with a 
gradient of petroleum ether and petroleum ether-ethyl acetate 
as the eluting solvent, followed by thin layer chromatography 
to collect cytotoxic fractions. Based on HPLC analysis of the 
collected components, an elution with a single component 
was collected. Homoisoflavanone‑1 (17.84 mg) was isolated 
by reverse-phase preparative HPLC, using methanol:H2O 
(60:40) as the mobile phase, and was identified by comparing 
ESI-MS/MS and spectroscopic (1H-NMR and 13C-NMR) data.

The structures of homoisoflavanone‑1 were in good agree-
ment with a previous report (20) of it being 5,7-dihydroxyl-6-met
hyl-8-methoxyl-3-(4'-hydroxylbenzyl)-chroman-4-one (Fig. 1B).

Cell viability assay. The effect of homoisoflavanone‑1 on A549 
cell viability was determined using the MTT assay. Briefly, cells 
were incubated in 96-well plates at a density of 10x104 per well 
for 24 h before treatment with homoisoflavanone‑1 or DMSO, 
as the control. Homoisoflavanone‑1 was dissolved in DMSO 
at serial concentrations (12.5, 25, 50, and 100 µg/ml), and 8 µl 
of these solutions were added to each well and the samples 
were incubated for 6, 12, and 24 h. The results were read 
using a microplate spectrophotometer (BioTek Instruments, 

Inc., Winooski, VT, USA) at 570 nm. The rate of cell growth 
inhibition (%) was calculated as: [1-A549 experiment group 
OD/A549 control OD] x100%. The half maximal inhibitory 
concentration (IC50) values were determined by plotting a 
linear regression curve.

Colony formation assay. A549 cells were seeded in triplicate 
into 12-well tissue culture plates and cultured for 6 days after 
treatment with homoisoflavanone‑1 at serial concentrations 
(12.5, 25, 50, and 100 µg/ml). Then, crystal violet was used 
for staining, and the rate of colony formation was calculated.

Cell cycle analysis. A549 cells were seeded into 6-well plates, 
incubated for 12 h, and then treated with either homoisoflava-
none-1 (12.5, 25, 50, or 100 µg/ml) or DMSO for 24 h. Cells 
were collected, fixed in 70% ethanol, centrifuged (3,000 g, 
5 min) and washed twice with ice-cold PBS. The cells were 
stained with PI for 20 min at 4˚C in the dark. Cell cycle 
analysis was carried out with a fluorescence‑activated cell 
sorting (FACS) Calibur flow cytometer (BD FACSCalibur; 
BD Biosciences, Franklin Lakes, NJ, USA USA).

Cell apoptosis analysis. Apoptosis analyses were performed 
with an Annexin Vfluorescein isothiocyanate (FITC) apoptosis 
detection kit (BioVision, Inc., Milpitas, CA, USA). A549 cells 
were seeded in 96-well plates, incubated for 12 h, and then 
treated with homoisoflavanone‑1 (12.5, 25, 50, or 100 µg/ml) 
for 24 h. Cells were collected and washed twice with ice-cold 
PBS, followed by incubation with Annexin-V for 10 min in 
the dark. Next, the cells were incubated with PI for 5 min and 
evaluated for apoptosis using a FACS Calibur flow cytometer 
(BD FACSCalibur; BD Biosciences).

Immunoblot analysis. A549 cells were seeded in 6-well plates 
for 12 h, and then treated with either homoisoflavanone-1 
(12.5, 25, 50, or 100 µg/ml) or DMSO for 24 h. Cellular 
proteins were harvested and immunoblotting was carried out 
as previously described (21) with appropriate modifications. 
Cells were resuspended in lysis buffer (1% Triton-X100, 
50 mM Hepes pH 7.4, 2 mM sodium orthovanadate, 1 mM 
edetic acid, 100 mM sodium fluoride, 1 mM PMSF, 10 µg/ml 
of leupeptin and 10 µg/ml of aprotinin), and the supernatants 
of the lysates were collected after centrifugation at 14,000 g 
for 10 min at 4˚C. The protein concentration was determined 
using a protein concentration kit. Proteins were separated with 
12% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to polyvinyldene fluoride membranes. 
The membranes were blocked in 5% skimmed milk for 2 h 
at room temperature. Protein was detected with antibodies 
against active caspase 3, caspase 3, PARP, Bcl-2, Bak, p-Cdc2, 
Cdc2, p-P38, P38, P53 or β‑actin at 4˚C. The membranes 
were washed three times with TBST before incubation with 
the horseradish peroxidase-conjugated secondary antibody at 
room temperature for 1 h. Immunoreactive bands were visual-
ized using an ECL kit (Sigma-Aldrich; Merck KGaA). Protein 
levels were quantified relative to the control group.

Statistical analysis. All experiments were performed at least 
three independent times (n=3), and data are presented as the 
mean ± standard deviation (SD). The comparisons of multiple 
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groups were performed using the one-way analysis of variance 
and the group differences were analyzed using Dunnett's post 
hoc tests. Statistical analyses were performed in SPSS v.13.0 
(SPSS, Inc., Chicago, IL, USA) and P<0.05 was considered to 
indicate a statistically significant difference.

Results

Homoisoflavanone‑1 inhibits cell proliferation and colony 
formation of A549 Cells. An MTT assay was performed to 
determine the effect of homoisoflavanone-1 on the prolif-
eration of A549 cells. As shown in Table I and Fig. 2A, 
homoisoflavanone-1 inhibited cell growth in a dose- and 
time-dependent manner. For example, a remarkable inhibitory 
effect was observed in cells treated with higher concentrations 
of homoisoflavanone‑1 (50, 100 µg/ml) for 6, 12, and 24 h vs. 
controls at the same time points (P<0.01), and a significant 

effect on the growth of A549 cells was still observed at a lower 
concentration of homoisoflavanone‑1 (25 µg/ml) for 12, 24 h 
(P<0.05). The IC50 values were 49.11, 37.87 and 37.11 µg/ml 
for 6, 12 and 24 h incubation with homoisoflavanone‑1, respec-
tively. In addition, the colony formation rate of A549 cells in 
homoisoflavanone‑1‑treated groups was obviously lower than 
that of the control group (Fig. 2B and C).

Homoisoflavanone‑1 arrests the cell cycle between the 
G2/M phases in A549 cells. To address the precise action 
responsible for the anti-proliferative effect mediated by 
homoisoflavanone‑1, the cell cycle distribution profile was 
examined. As indicated in Table II, A549 cells were exposed 
to 0, 12.5, 25, 50, or 100 µg/ml homoisoflavanone‑1 for 24 h. 
The ratio of the G2/M phase was 1.07, 7.34, 10.13, 12.75 and 
17.76 for 0, 12.5, 25, 50 and 100 µg/ml, respectively. There was 
no difference in the proportions of cells in the G0/G1 phases, 
however, the proportion of cells in the S phase was also reduced 
in response to homoisoflavanone‑1 treatment (Fig. 3A and B).

Homoisoflavanone‑1 induces apoptosis in A549 cells. 
We conducted flow cytometry to evaluate the effect of 
homoisoflavanone‑1 on A549 cell apoptosis. The results demon-
strate that A549 cells treated with increasing concentrations 
(12.5, 25, 50 and 100 µg/ml) of homoisoflavanone‑1 over 24 h 
showed an increase in the proportion of apoptotic cells (17.22, 

Table I. Effects of homoisoflavanone‑1 on cell proliferation in 
lung cancer A549 cells. 

Concentration   
 (µg/ml) 6 h 12 h 24 h

0 99.04±4.47 123.15±9.50 114.18±15.21
DMSO 100.00±0.00 100.00±0.00 100.00±0.00
12.5 98.80±0.57 93.54±26.32 94.15±21.33
25 71.70±0.05 67.47±22.90a 67.14±25.07 a

50 53.66±4.94b 38.11±5.94a 39.27±27.99 b

100 22.86±4.84 b 11.78±5.61a  7.51±1.22b

aP<0.05, bP<0.01 vs. controls at the same time point. Data are shown 
as the mean ± standard deviation from three independent experiments.

Figure 1. Structure of homoisoflavanone-1 extracted from the roots of 
Polygonatum odoratum. (A) Image of Polygonatum odoratum. (B) The 
structure of homoisoflavanone‑1 was established via 1H-NMR and 13C-NMR.

Figure 2. Homoisoflavanone‑1 inhibits A549 cells proliferation and colony 
formation. (A) A549 cells were treated with various concentrations of 
homoisoflavanone‑1 for 6, 12 and 24 h. Cell viability was assessed using 
MTT assay. (B and C) Homoisoflavanone‑1 suppressed colony formation of 
A549 cells. Cells were treated with homoisoflavanone‑1 and then cultured 
in a fresh medium for 6 days to form colonies. Data are presented as the 
mean ± standard deviation from three independent experiments. *P<0.05 and 
**P<0.01 vs. control group.
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18.23, 25.53, and 47.12%, respectively) (Fig. 4A and B). These 
data showed that homoisoflavanone‑1 induced dose‑dependent 
apoptosis in the cells and significantly increased the rate of 
apoptosis compared with untreated control cells (5.44%).

Homoisoflavanone‑1 regulates cell cycle‑related proteins 
in A549 Cells. Activated p38, which is involved in various 
types cell differentiation, can cause mitotic arrest at the 
spindle assembly checkpoint in somatic cell cycle (14,22). 

Figure 3. Homoisoflavanone‑1 induces cell cycle arrest in the G2/M phase in A549 cells. (A) Flow cytometry was performed to investigate, (B) the percentage 
of cells at each stage of the cell cycle. This revealed the arresting effect of homoisoflavanone‑1 on A549 cells. A549 cells were exposed to 0, 12.5, 25, 50 or 
100 µg/ml homoisoflavanone‑1 for 24 h as indicated (n=3).

Table II. Effects of homoisoflavanone‑1 on the cell cycle of A549 cells.

Concentration (µg/ml) G0/G1 phase S phase G2/M phase

0 55.39±2.37 43.99±1.50 1.07±1.11
12.5 57.89±2.57 36.39±2.09 7.34±1.31a

25 53.48±3.05 36.92±1.98 10.13±2.07a

50 48.54±2.97 27.73±1.71a 12.75±1.89b

100 54.52±2.86 26.21±1.42a 17.76±1.43b

aP<0.05, bP<0.01 vs. controls at the same time point. Data are shown as the mean ± standard deviation from three independent experiments.
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Additionally, p53 is a key regulator mediating cell cycle arrest 
induced by a range of factors, including DNA damage and 
exposure to chemotherapeutic compounds (23). To investigate 
the molecular events governing homoisoflavanone‑1‑mediated 
cell cycle retardation, we used immunoblots to detect the 
protein levels of p-p38, p38 and p53 in A549 cells after 24 h 
of various doses of homoisoflavanone‑1 (0, 12.5, 25, 50 and 
100 µg/ml) treatment. As shown in Fig. 5A-D, there was a 
dose-dependent increase in the active forms of p-p38, p38 and 
p53 in response to homoisoflavanone‑1 treatment.

Cdc 2/cyclin B complexes initiate mitosis (M) by phos-
phorylating both regulatory and structural proteins involved 
in mitosis (24). CDK activity is itself regulated by phos-
phorylation and dephosphorylation, as simply binding to 
cyclins is not sufficient for activation of the complexes (25). 
As shown in Fig. 5E and F, p-Cdc2 levels increased in a 
dose-dependent manner in cells that were treated with 
homoisoflavanone‑1 (0, 12.5, 25, 50, and 100 µg/ml), while 
Cdc2 levels decreased.

Homoisof lavanone‑1 induces intrinsic mitochondria‑
mediated apoptosis. As an effector caspase, caspase-3 remains 
inactive until apoptotic signaling leads to its cleavage by an 
initiator caspase (26). Poly ADP-ribose polymerase (PARP) 
is cleaved between Asp214 and Gly215 by the activated 
caspase-3, which leads to PARP inactivation and further 
facilitates apoptotic cell death. As shown in Fig. 6A-D, the 
amount of caspase 3 and active caspase-3 proteins increased 
dramatically in a dose-dependent manner after cells were 
treated with high concentrations of homoisoflavanone-1 
(25, 50 and 100 µg/ml), while the amount of PARP protein 
decreased.

Bcl-2 proteins regulate caspase activity, and function in 
intrinsic mitochondrion-mediated apoptosis (27). Within 
the Bcl-2 family, Bcl-2 is anti-apoptotic, whereas Bak is 
pro-apoptotic (28). After treatment with various concentrations 
of homoisoflavanone‑1, the amount of Bcl‑2 protein decreased 
significantly, whereas the amount of Bak protein increased in 
a dose-dependent manner (Fig. 6E and F).

Figure 4. Homoisoflavanone‑1 induces apoptosis in A549 cells. (A) A549 cells were exposed to 0, 12.5, 25, 50 or 100 µg/ml homoisoflavanone‑1 for 24 h, prior 
to analysis by (A) flow cytometry. (B) Histogram of the rate of apoptosis as determined by FACS analysis for three separate treatments. *P<0.05; **P<0.01 vs. 
the control. FACS, fluorescence‑activated cell sorting.
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Homoisoflavanone‑1 treatment increased the abundance of er 
stress‑related proteins. To further examine homoisoflavanone‑1 
induced apoptosis in A549 cells, we assessed the expressions of 
the ER stress-related proteins PERK, ATF4, and GADD34 in 
homoisoflavanone‑1 treated cells. As shown in Fig. 7A and B, 
phomoisoflavanone‑1 (100 µg/ml) significantly increased the 
abundance of ER stress-related proteins in a time-dependent 
manner. PERK levels peaked 12 h after homoisoflavanone‑1 
treatment, while ATF4 and GADD34 reached a peak at 24 h 
with the same treatment. Homoisoflavanone‑1 also increased the 
expression of these three proteins in a dose-dependent manner 

at both 12 and 24 h (Fig. 7C-F). These results suggest that the 
ER stress pathway functions in homoisoflavanone‑1‑induced 
lung cancer cell apoptosis.

Discussion

Homoisoflavanone‑1 is a natural product that can be purified 
from P. odoratum, a traditional herbal medicine due to its 
anti-hyperglycemic effects (16), procoagulant activity (15), 
and apoptosis inducing activity (17,29). In the present study, 
we demonstrated that homoisoflavanone‑1 exerted anti‑cancer 

Figure 5. Accumulation of cell‑cycle associated proteins in response to homoisoflavanone‑1 treatment. (A) A549 cells were treated with 0, 12.5, 25, 50 and 
100 µg/ml homoisoflavanone‑1 for 24 h and analyzed by western blot analysis. Immunoblotting detected the protein expression of (B) p‑p38, (C) p38, (D) p53, 
(E) p-Cdc2 and (F) Cdc2. β-actin was the loading control. Data are presented as the mean ± standard deviation from three independent experiments. *P<0.05 
and **P<0.01 vs. the control group. Cdc, cyclin dependent kinase.
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activity by reducing the viability of A549 cells, and that this 
activity was associated with cell cycle arrest and apoptosis. 
Moreover, homoisoflavanone‑1 activated the mitochondrion 
and ER stress apoptotic pathways in A549 cells, concomi-
tant with changes in the cell cycle and the expression of 
apoptosis-related proteins.

Cell cycle progression from G2 to M is regulated by cyclin 
B/Cdc2, which is a component of the mitosis-promoting 
factor (MPF) (30). To move past the M phase, the cyclin 
B/Cdc2 must be inactivated by the cyclin-CDK complex 
bound to p21 (31). Interestingly, p53 is upstream of p21 in 

this cascade, and regulates it at the transcriptional level (32). 
Then, active p38 can induce p53 and p21 activation, at least 
in part by increasing ROS levels. Upregulated p38 expres-
sion can also promote Cdc2 phosphorylation, which inhibits 
the transcription of cyclin B1 and Cdc2 and therefore 
reduces the levels of the Cdc2/cyclin B1 complex required 
for progression from G2 to M (33). Our findings of increased 
levels of P-P38, p38, p53 and p-Cdc2, and decreased levels 
of Cdc2, suggest that these proteins are involved in the 
homoisoflavanone‑1‑induced G2/M arrest by activating the 
p38-p53 signaling pathway.

Figure 6. Accumulation of proteins associated with the mitochondria‑caspase pathway for apoptosis in response to homoisoflavanone‑1 treatment. (A) A549 
cells were treated with 0, 12.5, 25, 50 and 100 µg/ml of homoisoflavanone‑1 for 24 and analyzed by western blotting. Immunoblotting detected the protein 
expression of (B) caspase 3, (C) active caspase 3, (D) PARP, (E) Bcl-2 and (F) Bak. β-actin was the loading control. Data are presented as the mean ± standard 
deviation from three independent experiments. *P<0.05 and **P<0.01 vs. the control group. PARP, poly ADP-ribose polymerase; Bcl-2, B-cell lymphoma 2.
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As a process in programmed cell death, apoptosis is neces-
sary for cell growth, development, and homeostasis in metazoans 
associated with G2/M arrest (34,35). Three well-studied 
pathways initiate apoptosis: the mitochondrion-mediated 
intrinsic pathway, the ER stress-induced pathway, and the death 
receptor-induced extrinsic pathway (36). In the mitochon-
dria-mediated intrinsic pathway, apoptosis is mediated primarily 
by Bcl-2 family proteins including anti-apoptotic proteins such 
as Bcl-2 and pro-apoptotic proteins such as Bak. Altering the 
balance between Bcl-2 and Bak can increase permeability of 
the mitochondrial outer membrane, leading to cytochrome 
c release, and ultimately activate caspase cascades (37,38). In 
addition, ligands in the extrinsic pathway induce the caspase-8 

initiator protease, which activates effector proteases such as 
caspase-3 (39,40). Active caspase-3 cleaves PARP, a nuclear DNA 
repair enzyme involved maintaining genomic integrity, which 
further facilitates apoptotic cell death (41,42). In the present 
study, flow cytometric analysis showed homoisoflavanone-1 
induced apoptosis in A549 cells. This was further supported 
by a reduced Bcl‑2/Bak ratio, reflecting by increase in Bak and 
a decrease in Bcl-2. Together, these data indicate that homoi-
soflavanone‑1 affects the response to mitochondrial‑mediated 
apoptosis. Moreover, homoisoflavanone‑1 treatment resulted in 
an increase in active caspase-3 levels and a decrease in PARP 
levels, which suggests that homoisoflavanone‑1 also induced 
caspase-associated cell apoptosis.

Figure 7. Accumulation of proteins associated with the ER stress pathway for apoptosis in response to homoisoflavanone‑1 treatment. A549 cells were treated 
with homoisoflavanone‑1 (100 µg/ml) for 0, 6, 12 and 24 h. (A) Western blot analysis was performed to detect the protein expression of (B) PERK, ATF4 and 
GADD34. A549 cells were treated with 0, 12.5, 25, 50 or 100 µg/ml of homoisoflavanone‑1 for 12 h and (C) western blot analysis was performed to detect the 
protein expression of (D) PERK. A549 cells were treated with 0, 12.5, 25, 50 or 100 µg/ml of homoisoflavanone‑1 for 24 h and (E) western blot analysis was 
performed to detect the protein expression of (F) ATF4 and (G) GADD34. β-actin was the loading control. Data are presented as the mean ± standard deviation 
from three independent experiments. *P<0.05 and **P<0.01 vs. the control group. ER, endoplasmic reticulum.
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ER stress‑induced cancer cell apoptosis is a high‑profile 
signaling target for the development of cancer therapy 
drugs. When the cell is under reactive oxygen and calcium 
ion stress, the ER stress pathway is induced by unfolded 
or misfolded protein accumulation in the ER lumen (43). 
Activated PERK is an important sensor for ER stress. 
When ER stress occurs, the downstream signaling pathway 
is induced and inhibits protein translation, consequently 
restoring ER homeostasis (44). As ER stress increases 
and/or time passes, the PERK signaling pathway activates 
ATF4 (45), which in turn drives growth arrest and transcrip-
tion of DNA damage‑inducible 34 (GADD34). Continued 
expression of GADD34 will then induce cell death (46). 
Consistent with the present study, the protein levels of PERK 
peaked 12 h after homoisoflavanone‑1 (100 mg/l) treatment, 
while ATF4 and GADD34 peaked 24 h after the same treat-
ment. In addition, we observed an increase in abundance of 
the ER stress-related proteins PERK, ATF4, and GADD34 
in a dose-dependent manner, indicating that ER stress was 
activated in response to homoisoflavanone‑1 treatment in 
A549 cells.

In conclusion, our study presents the first evidence 
of a role for homoisoflavanone-1 in inducing cell cycle 
arrest and in promoting apoptosis in NSCLC A549 cells 
and reveals that homoisoflavanone‑1  accomplishes this by 
regulating the mitochondrion-caspase-dependent and ER 
stress pathways. These findings suggest that homoisoflava-
none-1 extracted from P. odoratum may function as a tumor 
suppressor and has potential as a thera peutic agent to treat 
lung cancer.
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