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A B S T R A C T

Lung cancer is the largest cause of morbidity and mortality among tumor diseases. Traditional first-line che-
motherapeutic drugs are frequently accompanied by serious side effects when used to treat tumors, thus, novel
drugs with reduced toxic effects may improve a patients’ quality of life. Icariin, an extract of herba epimedii, has
been demonstrated to exhibit multiple antitumor effects with low toxicity. In the present study, cell cycle
analysis, apoptosis assays, DAPI staining, CCK8 assays, xenograft tumor models, mitochondrial membrane po-
tential analysis, western blotting and reverse transcription-quantitative PCR were performed to determine the
molecular mechanism underlying icariin activity in the human lung adenocarcinoma cell lines, A549 and H1975.
The results showed that icariin reduced proliferation of A549 and H1975 cells in a time- and dose-dependent
manner in vitro to a greater degree than the control BEAS-2B cells, and this was associated with increased
apoptosis, but not with cell cycle progression. In vivo experiments showed that icariin treatment significantly
decreased proliferation of H1975 cells in a xenograft mouse model. Mechanistically, icariin activated the mi-
tochondrial pathway by inhibiting the activation of the PI3K-Akt pathway-associated kinase, Akt, resulting in the
activation of members of the caspase family of proteins, and thus inducing apoptosis of A549 cells. Taken to-
gether, the results revealed that icariin has anti-cancer properties in lung cancer in vitro and in vivo without any
noticeable toxic effects on normal lung epithelial cells. Icariin in combination with conventional anti-cancer
agents may be an effective therapeutic strategy for treatment of lung carcinoma.

1. Introduction

Lung cancer is a deadly cancer with the highest morbidity and
mortality rates [1,2]. Worldwide, millions of people are diagnosed with
lung cancer every year, and ~1,000,000 lung cancer patients suffer
from cancer-associated deaths [3,4]. Non-small cell lung cancer
(NSCLC) accounts for 80–85% of lung cancer cases. Patients with
NSCLC frequently present with symptoms, such as hemoptysis and

bloody sputum; however, the early symptoms are not always obvious
[5–7]. A large proportion of patients are diagnosed with advanced stage
lung cancer which has metastasized, meaning surgical resection is not
an option [8–10]. In these cases, radiotherapy, chemotherapy, other
targeted therapies and emerging immunotherapies are used. Chemical
drug treatments are used before cisplatin, as a first line therapy for non-
small cell lung cancer [11,12]. Due to the untargeted and nonselective
nature of chemical drugs, they exhibit notable side effects on healthy
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proliferating cells in the patients' body [13], thus resulting in hair loss
[14,15] and diarrhea [16], significantly decreasing the patients’ quality
of life. Studies have shown that the vast majority of patients with
NSCLC exhibit varying degrees of resistance to chemotherapeutic drugs
[17,18]. Furthermore, certain chemotherapeutic drugs have been re-
ported to induce distant metastasis of tumors [19–22]. Therefore,
identifying and developing novel effective chemotherapeutic agents
without or with reduced side effects will benefit patients with NSCLC.

In recent years, Chinese herbal medicines have attracted increasing
attention in cancer research. Epimedium belongs to the berberidaceae
genus, and is commonly used in a clinical setting [23]. Epimedium
contains a variety of active ingredients, including flavonoids, volatile
oils, polysaccharides and alkaloids. Recent studies suggest that epime-
dium strengthens the immunity of the body, improves cardiovascular
blood flow, enhances the functioning of the reproductive system, pro-
motes hematopoietic function, regulates the endocrine system, delays
aging and exhibits anti-tumor activity [24–26]. Icariin is an effective
monomer classified as a flavonoid [23–27]. Use of icariin for treating
malignant tumors has been extensively studied. Icariin has been de-
monstrated to exhibit therapeutic effects in lung cancer [28], liver
cancer [29] and esophageal cancer [30].

A previous study demonstrated that icariin treatment increased in-
tracellular reactive oxygen species levels, reducing the mitochondrial
membrane potential, activating caspase 3 and inducing apoptosis of
liver cancer cells [31]. In breast cancer, icariin was found to induce G2/
M phase arrest accompanied with down-regulation of Cyclin B, CDC2
and other genes [32]. In addition, a study on neovascularization mea-
surements in fertilized eggs after 8 days, suggested that icariin reduced
angiogenesis by acting on the chorioallantoic membrane of chicken
embryos. By upregulating the activity of PERK and mediating the ex-
pression of GRP78 and CHOP, icariin may activate the endoplasmic
reticulum stress pathway and induce the apoptosis of lung adeno-
carcinoma cells [28].

Although icariin exhibits desirable anti-tumor activity in a variety of
different types of tumor, the structure and function of the molecule
have not been fully elucidated. In our previous study, it was demon-
strated that the apoptotic rate of A549 NSCLC cells treated with icariin
was increased, similar to previous studies [28]. In addition to the
changes in the expression levels of proteins involved in the endoplasmic
reticulum stress pathway, the activity and expression levels of proteins
involved in the mitochondrial apoptotic pathway were also sig-
nificantly affected. When icariin was used to treat normal lung epi-
thelial cells, no toxic effects were observed, suggesting that icariin may
promote apoptosis of lung cancer cells by regulating the expression and
activation of mitochondrial pathway-associated genes, without adverse
effects on normal healthy cells. Therefore, understanding the molecular
mechanism underlying icariin activity may support its use in a clinical
setting.

2. Methods and materials

2.1. Cell lines and cell culture

A549, H1299 and H1975 human lung cancer cells and normal
human lung epithelial BEAS-2B cells were obtained from Cell Bank of
Shanghai Research Institute of Life Sciences and maintained in RPMI
1640 medium (Hyclone; GE Healthcare Life Sciences) supplemented
with 10% FBS (Hyclone; GE Healthcare Life Sciences) and 1% peni-
cillin-streptomycin (Beijing Solarbio Science & Technology Co., Ltd.) at
37 °C with 5% CO2 in an incubator.

2.2. Preparation of the MK-2206 and icariin solutions

Akt inhibitor, MK-2206, and icariin powder (both from Sigma-
Aldrich; Merck KGaA) were dissolved in DMSO (Beijing Solarbio
Science & Technology Co., Ltd.). MK-2206 was diluted to a working

concentration of 1 μM using culture medium and icariin was diluted to
four different concentrations; 5, 10, 20 and 40 μM.

2.3. Cell proliferation assay

Cells were seeded in 96-well plates at 1× 104 cells/well and treated
with the various icariin concentrations for 24, 48 or 72 h. Subsequently,
the medium was changed and 10% Cell Counting Kit-8 (CCK-8) reagent
was added (cat. no. C0038; Beyotime Institute of Biotechnology), and
cells were incubated for a further 2 h. Absorbance was measured at
450 nm using a microplate spectrophotometer (GE, USA). All assays
were performed in triplicate.

2.4. DAPI staining

Cells were treated as described above, and the medium was re-
placed, cells were washed with PBS three times. Subsequently, cells
were fixed with 4% paraformaldehyde for 30min. Cells were permea-
bilized with 0.1% Triton X-100 for 10min. After washing, DAPI stain
(cat. no. C0065; Beijing Solarbio Science & Technology Co., Ltd.) was
used to stain the cells for 5min. Cells were observed under a fluores-
cence microscope (Olympus Corporation, Japan) and imaged.

2.5. Cell cycle and apoptosis analysis

Cells were plated in 6-well plates at a density of 8× 105 cells/well
and treated with the aforementioned concentrations of icariin. After
24–48 h, cells were harvested, resuspended in 70% pre-cooled ethanol
in PBS and left at 4 °C overnight. Cells, were subsequently centrifuged
at 700×g, washed with 1ml pre-cooled PBS, resuspended to a density
of 1.0× 106 cells/ml and stained with 20 μg/ml propidium iodide
staining buffer (cat. no. C1052; Beyotime Institute of Biotechnology).
Analysis was performed using flow cytometry (Beckman Coulter
Gallios, USA) and all experiments were repeated three times.

2.6. Reverse transcription-quantitative (RT-q)PCR

Tumor cells were seeded in 6-well plates at a density of
8× 105 cells/well and treated with icariin for 72 h. Total RNA was
extracted using TRIzol reagent (Thermo Fisher Scientific, Inc.) ac-
cording to manufacturer's protocol. The purity and concentration of
total RNA were detected using ultraviolet spectrophotometer, and a
1.8–2.0 A260/A280 ratio was used as the threshold for good quality
RNA. For reverse transcription, 1 μg total RNA was reversed transcribed
to cDNA according to manufacturer's protocol (cat. no. AE341-02,
TransGen Biotech, Beijing, China). The reverse transcription tempera-
ture protocol was 37 °C for 15min and 85 °C for 5 s; after which DNA
was held at 4 °C. qPCR primers were synthesized by Sangon Biotech Co.,
Ltd. qPCR was performed on an ABI7500 (Applied Bioscience; Thermo
Fisher Scientific, Inc.). The amplification program used was as follows:
95 °C Pre-denature for 5min; followed by 40 cycles of 95 °C denature
for 30 s and 60 °C annealing for 15 s mRNA expression is presented as
the fold change relative β-actin and was determined using the 2−ΔΔCt

method. Results were performed at least three times independently.
The sequences of all primers were as follows: caspase-3 forward,

FAGAGGGGATCGTTGTAGAAGTC and reverse, ACAGTCCAGTTCTGTA
CCACG; caspase-9 forward, CTCAGACCAGAGATTCGCAAAC and re-
verse, GCATTTCCCCTCAAACTCTCAA; Akt forward, AGCGACGTGGCT
ATTGTGAAG and reverse, GCCATCATTCTTGAGGAGGAAGT; PI3K
forward, AGAGCACTTGGTAATCGGAGG and reverse, CTTCCCCGGCA
GTATGCTTC; Bax forward, CCCGAGAGGTCTTTTTCCGAG and reverse,
CCAGCCCATGATGGTTCTGAT; Bad forward, CCCAGAGTTTGAGCCGA
GTG; reverse, CCCATCCCTTCGTCGTCCT; and β-actin forward, CATG
TACGTTGCTATCCAGGC and reverse CTCCTTAATGTCACGCACGAT.
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2.7. Western blotting

Cells were lysed with RIPA lysis buffer (Beyotime Institute of
Biotechnology) or NE-PER™ Nuclear and Cytoplasmic Extraction
Reagent (cat. no. Thermo Fisher Scientific, Inc.). Protein concentration
was detected using a bicinchoninic acid assay (Beyotime Institute of
Biotechnology). Proteins were resolved on a 10% gel using SDS-PAGE
and transferred onto PVDF membrane (EMD Millipore) using a semidry
transfer system. After blocking with 5% skimmed milk at room tem-
perature for 2 h, membranes were incubated with one of the following
primary antibodies at 4 °C overnight: Rabbit anti-Bad (1:1,000; cat. no.
ab32445), rabbit anti-Bad (phosphor-S112) (1:1,000; cat. no.
ab129192), rabbit anti-human p-Bax (1:1,000; cat. no. ab111391),
rabbit anti-human Bax (1:1,000; cat. no. ab53154), rabbit anti-human
Akt (1:1,000; cat. no. ab185633), rabbit anti-human p-Akt (1:1,000;
cat. no. ab192623), rabbit anti-human cleaved-caspase-3 (1:1,000; cat.
no. ab2302), rabbit anti-cleaved-caspase-9 (1:1,000; cat. no. ab2324),
mouse anti-human caspase-3 (1:1,000; cat. no. ab208161), mouse anti-
human caspase-9 (1:1,000; cat. no. ab69541), mouse anti-cytochrome C
antibody (1:1,000; cat. no. ab50050), rabbit anti-human COX IV2
(1:3,000; cat. no. ab16056), rabbit anti-human VDAC1 (1:3,500; cat.
no. ab154856) and rabbit anti-human β-actin (1:5,000; cat. no.
ab8227). Subsequently, the membranes were incubated with the cor-
responding horseradish peroxidase-conjugated secondary antibody
(1:4,000; cat. nos. ab6721 and ab6789) for 3 h at room temperature and
visualized using Millipore western blot kit (Merck KGaA). All antibodies
were purchased from Abcam. The bands were obtained using
Chemiluminescence Apparatus (General Electric Company) and quan-
tified using Quantity One 4.6 (Bio-Rad Laboratories, Inc. USA). β-actin
was used as the internal reference for total cell protein, and COX IV2 or
VDAC1 were used as the internal references for total mitochondrial
proteins. All experiments were repeated at least three times.

2.8. Isolation of mitochondrial proteins and cytoplasmic proteins

Phenylmethylsulfonyl fluoride (PMSF; cat. no. P8340; Beijing
Solarbio Science & Technology Co., Ltd.) crystals were added to 1.5 ml
PMSF solvent to a final concentration of 100mM PMSF. PMSF solution
was further diluted to a working concentration of 1 μM. Cells were
washed with PBS, digested with trypsin, centrifuged at 600×g at 4 °C
for 5min, resuspended with pre-cooled PBS and centrifuged again for
5min at 4 °C. The supernatant was discarded, and the cells were treated
with 1–2.5 ml NE-PER™ Nuclear and Cytoplasmic Extraction Reagents
for 10–15min on ice. The cell suspension was transferred to a glass
homogenizer and homogenized with 10–30 passes. Subsequently, cell
homogenate was centrifuged at 600×g at 4 °C for 10min. The super-
natant was collected and centrifuged at 11,000×g at 4 °C for 10min, of
which, the supernatant contained the cytoplasmic proteins and the
precipitate contained the isolated cell mitochondria. Finally,
150–200 μl mitochondrial lysis buffer (cat. no. C3601, Beyotime
Biotechnology, Beijing, China) was added to obtain protein samples for
western blotting.

2.9. Mitochondrial membrane potential assay

JC-1 (50 μl; 200x; cat. no. C2006; Beyotime Biotechnology, Beijing,
China) was added to 8ml of ultrapure water and vigorously vortexed.
From this, 2 ml JC-1 staining buffer (5x), was mixed with ddH2O to
obtain the working solution. Cells were trypsinized and centrifuged at
200×g for 3min. A total of 6×105 cells were collected in 0.5 ml cell
culture medium, and 0.5ml of JC-1 staining solution was added. The
cells were inverted several times to ensure equal mixing of the staining
buffer, after which they were incubated at 37 °C for 20min. During the
incubation, 1x JC-1 staining buffer was prepared on ice according to the
manufacturer's protocol. After incubation, the cells were pelleted by
centrifugation at 600×g for 4min at 4 °C. The supernatant was

discarded, the cells were washed twice with 1x JC-1 staining buffer, and
then resuspended in 1x JC-1 staining buffer. The cells were analyzed
using a flow cytometer. The excitation wavelength was set to 490 nm
and the emission wavelength was set to 530 nm for detection of the JC-
1 monomer. For detection of the JC-1 polymer, the excitation wave-
length was set to 525 nm, and the emission wavelength was set to
590 nm.

2.10. Animal experiments

All animal experiments performed in the present study were ap-
proved by the Animal Care Committee of the 900 Hospital of the Joint
Logistics Team Support Force (Fuzhou, China). For the xenograft tumor
model, 1× 106 H1975 cells in 0.2ml PBS were subcutaneously in-
oculated into the back of 8-week-old nude mice (n=18), which were
randomly divided into three groups, 6 nude mice per a group. One
group of mice were treated with 3mg/kg icariin every 3 days and an-
other group of mice were treated with 10mg/kg icariin every 3 days.
The remaining group of mice was used as the control, which received
the same volume of PBS. Nude mice were kept at a appropriate tem-
perature (25 °C ± 1 °C) and a relative humidity of 50 ± 10% under a
12-h light–dark cycle. The tumor diameter was measured every 7 days
with digital calipers and the volume of the excised tumor was measured
on day 42 after the animals were sacrificed by cervical dislocation.

2.11. Statistical analysis

Data analysis was performed using SPSS version 21.0 (IBM Corp.).
All experiments were repeated at least three times independently. Data
are presented as the mean ± standard deviation. Differences between
two groups were determined using a Student's t-test. Differences be-
tween≥3 groups were determined using a one-way ANOVA with a post
hoc Dunnett's test. P < 0.05 was considered to indicate a statistically
significant difference.

3. Results

3.1. Icariin reduces proliferation of A549, H1299 and H1975 cells

To determine the effect of icariin on NSCLC cells, A549, H1299 and
H1975 cells were treated with various concentrations of icariin and a
CCK8 assay was used to measure proliferation. Icariin significantly re-
duced proliferation of A549, H1299 and H1975 NSCLC cells in time-
and dose-dependence manner, compared with the respective control
group (P < 0.05; Fig. 1A–C). Furthermore, based on the xenograft
mouse model, icariin significantly reduced the proliferation of H1975
lung adenocarcinoma cells in a dose-dependent manner in vivo
(Fig. 1D–F; P < 0.05).

3.2. Icariin induces the apoptosis of A549 cells independent of cell cycle
regulation

To determine the mechanism by which icariin exerted its effects on
NSCLC cells, A549 cells were treated with different concentrations of
icariin. Flow cytometry was used to detect the proportion of cells in
each stage of the cell cycle and the apoptotic rate. Icariin significantly
increased the apoptotic rate of A549 cells in a dose-dependent manner
compared with the control group (P < 0.05; Fig. 2). However, there
was no significant change observed in the proportion of cells in each
stage of the cell cycle in the A549 cells (P > 0.05). After observing and
counting the number of adherent cells under the microscope, it was
shown that treatment with icariin for 48 h reduced the number of ad-
herent cells in a dose-dependent manner compared with the control
(P < 0.05). Furthermore, nucleic heterogeneity of A549 cells was in-
creased after icariin treatment as shown by DAPI staining, with chro-
matin concentration and fragmentation observed, similar to what was
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observed in the H1975 cells.

3.3. Icariin has no observable toxic effects on the normal lung epithelial
BEAS-2B cells

To verify whether icariin induced apoptosis in lung cancer cells and
determine any toxic effects on normal cells, lung epithelial BEAS-2B

cells were cultured as described above and treated with 5, 10, 20 and
40 μM icariin for 24, 48 and 72 h. Untreated cells were used as the
control group. Subsequently, a CCK8 assay, and apoptotic and cell cycle
distribution analysis were performed. The above concentrations of
icariin had no significant effect on the proliferation of BEAS-2B cells
compared with the control (Fig. 3). Although the 40 μM icariin treat-
ment decreased the proliferation and increased the apoptotic rate of

Fig. 1. Effect of icariin on proliferation of A549, H1299 and H1975 non-small cell lung cancer cells. Cell Counting Kit-8 assays showed that icariin decreased
proliferation of (A) 1) A549 cells, (B) 1) H1299 cells and (C) 1) H1975 cells in a dose-dependent manner. Effect of IC50 values of icariin on (A) 2) A549 cells, (B) 2)
H1299 cells and (C) 2) H1975 cells treated for 24, 48 or 72 h. (D) Tumor growth curve in the mice treated with 3 mg/kg, 10 mg/kg icariin or without icariin. The
diameter of the tumor nodule was measured every 7 days after injection of cells and intragastric administration of icariin solution. (E) Representative images of the
tumor nodule size measured in euthanized mice 42 days after injection of cells. Scale bar, 1 cm. (F) Quantitative analysis of tumor nodule volume 42 days after
injection of cells. *P < 0.05 vs. control group. OD, optical density.
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Fig. 2. Effects of icariin on apoptosis and proportion on cell cycle distribution of A549 cells. (A) Representative images of icariin induced apoptosis in A549 non-small
cell lung cancer cells. (B) Quantitative analysis of icariin-induced apoptosis in A549 cells. (C) Representative images of adherent A549 cells treated with various
concentrations of icariin. Magnification, x200. (D) Quantitative analysis of adherent A549 cells treated with different concentrations of icariin. (E) A549 cells were
treated with different concentrations of icariin and the nuclear morphology was observed using DAPI staining. Magnification, x400. (F) Representative images of
H1975 ells treated with different concentrations of icariin. Magnification, x200. (G) Quantitative analysis of the number of cells in five fields of view after treatment
of H1975 cells with different concentrations of icariin. (H) H1975 cells were treated with different concentrations of icariin and the nuclear morphology was
observed using DAPI staining. Magnification, x400. *P < 0.05 vs. control group. PI, propidium iodide.

X. Wu, et al. Life Sciences 239 (2019) 116879

5



BEAS-2B cells compared with the control group, these differences were
not statistically significant difference (P > 0.05). In addition, 40 μM
icariin treatment did not significantly effect cell cycle distribution of
BEAS-2B cells (P > 0.05).

3.4. Icariin treatment increases the mitochondrial membrane potential in
A549 cells

To examine the molecular mechanism by which icariin decreased
the proliferation of A549 cells, cells were treated with 40 μM icariin and
mitochondrial membrane potential was measured using flow cyto-
metry. Compared with the control group, icariin significantly decreased
the mitochondrial membrane potential in a dose-dependent manner
(Fig. 4; P < 0.05). In H1975 cells treated with icariin, the

mitochondrial membrane potential of these cells decreased sig-
nificantly. Additionally, icariin treatment significantly increased the
activation of caspase-9 and caspase-3, but had no significant effect on
the expression of total caspase-9 and caspase-3. Furthermore, icariin
treatment significantly inhibited the phosphorylation of Akt and
downregulated the phosphorylation of Bad and Bax.

3.5. Icariin treatment increases the levels of Bad and Bax in the
mitochondria of A549 cells

In A549 cells treated with 40 μM icariin, the expression and acti-
vation of the mitochondrial apoptosis pathway-associated proteins, Bad
and Bax, and changes to sub-localization were determined. There was
no significant difference in the total expression of Bad and Bax

Fig. 3. Effect of icariin on lung epithelial BEAS-2B cells. (A) Different concentrations of icariin had no effect on the proliferation of BEAS-2B cells. (B) Flow cytometry
analysis of apoptosis treated with various concentrations of icariin had no significant effect on apoptosis on BEAS-2B cells. (C) Quantitative analysis of flow cytometry
data showed that icariin did not affect apoptosis of human normal lung epithelium BEAS-2B cells. PI, propidium iodide.
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Fig. 4. Effect of icariin treatment on mitochondrial membrane potential in A549 cells. (A and B) Effect of different concentrations of icariin on mitochondrial
membrane potential in A549 cells. (C and D) Effect of 30 μM icariin on the mitochondrial membrane potential in H1975 cells. (E) Icariin treatment significantly
increased the activation of caspase-9 and caspase-3 in H1975 cells as shown by an increase in the cleavage of these caspases. (F) Icariin treatment significantly
decreased the phosphorylation of Bad, Bax and Akt in dose-dependent manner. *P < 0.05 vs. control. ICA, icariin.
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Fig. 5. Effect of icariin treatment on the levels of Bad and Bax in the mitochondria of A549 cells. (A) Representative blots showing the expression of mitochondrial
pathway-associated proteins, Bad and Bax, detected using western blotting in A549 cells treated with 40 μM icariin. (B) mRNA expression levels of Bad and Bax in
A549 cells. (C) Densitometry analysis of protein expression levels of Bad and Bax in A549 cells. (D) Representative blots demonstrating the distribution of Bad and
Bax in the cytoplasm and mitochondria of A549 cells treated with 40 μM. Densitometry analysis of protein expression levels of (E) Bax and (F) in the cytoplasm and
mitochondria of A549 cells. (G) Representative blots showing Cytochrome C distribution in the cytoplasm and mitochondria of A549 cells treated with 40 μM icariin.
(H) Densitometry analysis of protein expression levels of Cytochrome C in the cytoplasm and mitochondria. (I) Representative blots showing the expressions of
caspase-9 and caspase-3 and their cleaved variants in A549 cells treated with 40 μM icariin. (J) mRNA expression levels of caspase-9 and caspase-3 in cells treated
with 40 μM icariin. (K) Densitometry analysis of activation of caspase-9 and caspase-3 based on cleavage of these caspases. *P < 0.05 vs. control. ICA, icariin.
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compared to the control (Fig. 5; P > 0.05), although the levels of both
Bad and Bax were significantly increased in the mitochondria (Fig. 5;
P < 0.05). Furthermore, the levels of cytochrome C in mitochondria
were significantly decreased compared with the control (Fig. 5;
P < 0.05) and activation of caspase-9 and caspase-3 were significantly
increased (P < 0.05).

3.6. Icariin treatment decreases activation of the PI3K-Akt pathway and
reduces phosphorylation of Bad and Bax

Following treatment of A549 cells with 40 μM icariin, the expression
levels and activation of proteins involved in the PI3K-Akt pathway, and
the phosphorylation levels of Bad and Bax were determined. Compared
with the control, the expression levels of total PI3K and Akt did not
change significantly (Fig. 6; P > 0.05); however, the activation levels
of Akt was significantly decreased (P < 0.05). Furthermore, there were
no significant changes in the total expression levels of Bad and Bax
compared with the control (P > 0.05), similar to the above results, and
the phosphorylation levels were significantly decreased (P < 0.05).

3.7. Icariin combined with the Akt inhibitor MK-2206, significantly
decreases the proliferation of A549 cells

The above results preliminarily suggested that icariin regulated the
activation of the mitochondrial pathway and induced apoptosis of A540
lung cancer cells by inhibiting the phosphorylation of Akt. When cells
were co-treated with 1 μM MK-2206 and 20 μM icariin for 24 h, the
proliferation of A549 cells was decreased significantly compared with
either icariin or MK-2206 alone (Fig. 7A; P < 0.05). Apoptotic analysis
using flow cytometry also showed that proportion of apoptotic cells was
significantly increased in cells co-treated with icariin and MK-2206
compared either treatment alone (Fig. 7B and C; P < 0.05). Therefore,
it was concluded that icariin (Fig. 7D) may activate the mitochondrial
apoptosis pathway by inhibiting the PI3K/Akt signaling pathway, re-
sulting in damage to the mitochondria, followed by the release of cy-
tochrome C from the mitochondria to cytoplasm and activation of the
downstream of apoptotic pathway (Fig. 7E).

4. Discussion

The incidence and mortality of lung cancer is highest among all
types of malignant tumors [4,33]. Although many small-molecule drugs
and cellular immunotherapy have been used in clinical or pre-clinical

Fig. 6. Effect of icariin treatment on activation of the PI3K-Akt pathway and phosphorylation of Bad and Bax in A549 cells. (A) Representative blots showing the
expression and activation levels of PI3K-Akt pathway-associated proteins PI3K and Akt, in A549 cells treated with 40 μM icariin. (B) mRNA expression levels of PI3K
and Akt in A549 cells. (C) Quantitative analysis of the p-AKT/AKT ratio in A549 cells treated with 40 μM icariin. (D) Representative blots showing the phos-
phorylation levels of Bad and Bax. (E) mRNA expression levels of Bad and Bax in A549 cells treated with 40 μM icariin. (F) Quantitative analysis of the ratio of p-Bax/
Bax and p-Bad/Bad in A549 cells treated with 40 μM icariin. *P < 0.05 vs. the control. ICA, icariin.
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trials [34,35], for the vast majority of patients, surgery combined with
radiotherapy and chemotherapy is the first line of treatment [9,36].
However, chemoradiotherapy causes notable damage to patients’
normal tissues, and the side effects significantly reduce the patients
quality of life [13]. Therefore, novel compounds with reduced toxicity
are required for treatment of lung cancer.

In recent years, Chinese herbal extracts have attracted increasing
attention due to their regulatory effects on various biological processes

and low toxicity [37]. Icariin, a flavonoid [29,30], has a variety of anti-
tumor activities [29,30,38,39]. It has been reported that icariin causes
an imbalance of the endoplasmic reticulum stress pathway in lung
adenocarcinoma cells, resulting in the cells apoptosing [28]. In the
present study, similar inhibitory effects of icariin on the proliferation of
lung cancer cells both in vitro and in vivo were observed, which were
primarily associated with increased apoptosis of lung cancer cells,
without affecting cell cycle distribution. Additionally, icariin did not

Fig. 7. Effect of combined treatment with icariin and the Akt inhibitor MK-2206 on proliferation of A549 cells. (A) Proliferation of A549 cells was significantly
decreased by combined treatment with icariin and MK2206 compared with either treatment alone. (B) Representative flow cytometry data showing the proportion of
apoptotic cells. Cells treated with icariin and MK-2206 alone or in combination increased apoptosis of A549 cells. (C) Quantitative analysis of apoptosis in A549 cells.
(D) Structure of icariin. (E) Proposed schematic by which icariin increased apoptosis of lung adenocarcinoma cells. Icariin induced apoptosis of lung adenocarcinoma
cells by regulating the PI3K-Akt pathway. *P < 0.05 vs. control. #P < 0.05 vs. icariin or MK-2206 treatment alone. OD, optical density; ICA, icariin; PI, propidium
iodide.
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exhibit any toxic effects on normal lung epithelial BEAS-2B cells.
Apoptosis is a form programmed cell death with complex and di-

verse underlying mechanisms. When cells are stimulated by physical
stimuli, drugs or radiation, they transfer these signals into intracellular
environment through receptors [40,41]. Imbalances in the endoplasmic
reticulum stress pathway is one of the causes of apoptosis [42]. Ad-
ditionally, reduction of the mitochondrial membrane potential leads to
the release of mitochondrial contents, which further activate caspases,
which are known as the executor of apoptosis, and finally induce
apoptosis [43,44]. The results of the present study suggested that
icariin treatment significantly reduced the mitochondrial membrane
potential, and cytochrome C was released from the mitochondria into
the cytoplasm. The release of cytochrome C is generally considered a
marker of decreased mitochondrial membrane potential and the be-
ginning of apoptosis [45,46]. Furthermore, Bad and Bax were enriched
in the mitochondria following icariin treatment. Bad and Bax combine
with pro-survival genes, including Bcl-xl, forming a complex which
eliminate the protective effects of Bcl-xl, resulting in a decrease of the
mitochondrial membrane potential and the initiation of apoptosis
[47–49]. Similar to a previous study, activation of caspase-9 and cas-
pase-3 was observed. Morphologically, typical apoptotic changes in
nuclei of lung adenocarcinoma cells were observed by DAPI staining
after icariin treatment.

Although our study preliminarily suggested that icariin may affect
the mitochondrial membrane potential by regulating the subcellular
localization of Bad and Bax in lung cancer cells, the molecular me-
chanism of activity was not elucidated. The activation of the PI3K-Akt
pathway serves an important role in the proliferation, survival and drug
resistance of lung cancer cells [50,51]. Studies have shown that icariin
regulated the PI3K-Akt pathway [38,39,52]. In the present study, the
results showed that icariin did not significantly alter the expression of
PI3K and Akt at the transcriptional or translational levels in treated
lung cancer cells, but phosphorylation of Akt was significantly reduced.
Akt phosphorylates the mitochondrial apoptosis pathway-associated
proteins Bad and Bax, thus changing their subcellular localization. The
phosphorylated Bad and Bax tend to stay in the cytoplasm [53,54].
Similarly, the results of the present study also demonstrated that icariin
treatment regulated the phosphorylation levels of Bad and Bax.
Therefore, it is hypothesized that icariin attenuated the activation of
Akt by targeting PI3K, preventing the phosphorylation of Bad and Bax.
Additionally, combined treatment of cells with MK-2206 and icariin
enhanced the inhibitory effects on cell proliferation and significantly
and increased the proportion of apoptosis cell, suggesting that icariin in
combination with other therapeutic compounds may improve the
management of lung cancer in the future.

In conclusion, icariin reduced the phosphorylation levels of Akt by
inhibiting PI3K. Bad and Bax phosphorylation was decreased and their
cytoplasmic presence increased as a result. The mitochondrial mem-
brane potential was decreased in cells treated with icariin which re-
sulted in apoptosis. Icariin did not exhibit any significant toxic effects
on normal lung epithelial BEAS-2B cells. Therefore, icariin may be used
a potential drug or adjuvant for treating lung cancer.
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