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Berbamine (BBM) is a natural product isolated from Berberis amurensis Rupr. We investigated the influence of BBM on the cell
viability, proliferation, and migration of lung cancer cells and explored the possible mechanisms. The cell viability and pro-
liferation of lung cancer cells were evaluated by MTT assay, EdU assay, and colony formation assay. Migration and invasion
abilities of cancer cells were determined through wound scratch assay and Transwell assay. Cell death was evaluated by cell death
staining assay and ELISA. The expressions of proteins were evaluated using western blot assay. A xenograft mouse model derived
from non-small-cell lung cancer cells was used to detect the effect of BBM on tumor growth and metastasis in vivo. Both colony
formation and EdU assays results revealed that BBM (10 uM) significantly inhibited the proliferation of A549 cells (P <0.001).
BBM (10 uM) also significantly inhibited the migration and invasion ability of cancer cells in wound scratch and Transwell assays.
Trypan blue assay and ELISA revealed that BBM (20 uM) significantly induced cell death of A549 cells. In xenograft mouse
models, the tumor volume was significantly smaller in mice treated with BBM (20 mg/kg). The western blotting assay showed that
BBM inhibited the PI3K/Akt and MDM2-p53 signaling pathways, and BBM downregulated the expression of c-Maf. Our results
show that BBM inhibits proliferation and metastasis and induces cell death of lung cancer cells in vitro and in vivo. These effects
may be achieved by BBM reducing the expression of c-Maf and regulating the PI3K/Akt and MDM2-p53 pathways.

1. Introduction

Lung cancer is the leading cause of cancer-related death in
both men and women. The incidence of lung cancer in China
in 2014 was 73.3 per 100,000, ranking the first among
malignant tumors, and lung cancer is the leading cause of
cancer-related death in both males and females [1]. Non-
small-cell lung cancer (NSCLC) accounts for approximately
85% of all lung cancers and is usually diagnosed at an ad-
vanced stage with metastasis [2]. Treatments for patients
with NSCLC at advanced stage have little therapeutic effect,
and relapse often follows cancer therapy. Therefore, new
strategies to NSCLC treatment are urgently needed.

Chinese medicine has provided therapeutic options for
patients with advanced tumors. Berbamine (BBM) is derived
from a traditional Chinese medicine of Berberis amurensis
Rupr. BBM has been widely used in Asian countries for
patients with leukopenia and did not show any obvious side
effects [3]. Recent studies have shown that BBM has anti-
oxidation, immunoregulation, and antiarrhythmia activities
[4-7]. BBM was also revealed to have potential antitumor
function [8-10]. Studies demonstrated effects of BBM on cell
activity and migration, with mechanisms involving Bcl-2/
Bax, and BBM was also revealed as an inhibitor of Stat3 [11]
and NF«B [4, 12, 13]. However, few reports have examined
the antitumor effects of BBM on lung cancer. Thus, more
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studies are needed to study the effects and potential
mechanism of BBM in NSCLC.

Abnormality of the PI3K/Akt signaling pathway is re-
lated to tumor progression. Aberrant activation of the PI3K/
Akt signaling pathway occurs in a wide range of human
tumors [2]. Therefore, researchers have investigated thera-
peutic strategies to target the PI3K/Akt signaling pathway.
For example, Shakti et al. found that bergapten inhibited
liver carcinogenesis by downregulating the expression of
PI3K [14]. Wu et al. found that high expression of PI3K is
associated with metastasis and cisplatin resistance in NSCLC
[15]. In addition, activation of both the Lyn/PI3K/Akt and
MAPK/ERK pathways by green barley extract mitigated the
cytotoxicity in human lymphocytes undergoing aggressive
oxidative stress [16]. Amplification of PI3K and overaction
of Akt or mutations in some of the regulatory components in
the PI3K/Akt pathway are the main reasons of metastasis
and drug resistance [17]. Thus, better understanding of the
PI3K/Akt signaling pathway is helpful to identify potential
targets for lung cancer treatment.

MDM2 is a novel downstream factor of PI3K [18]. El-
evated MDM2 levels promote ubiquitination and degra-
dation of E-cadherin [12], which in turn promotes cancer
cell invasion [19]. The p53 tumor suppressor plays a critical
role in regulating cell death, cell cycle arrest, and apoptosis.
MDM?2 interacts with p53 to promote p53 degradation [20].
c-Maf is a member of the basic leucine zipper transcription
factor family [21], and c-Maf is highly expressed in MDA-
MB-231 and MCEF breast cancer cell lines [19]. Zhang et al.
found that knockdown of c-Mafled to the downregulation of
MDM2 in human gastric cancer cells [22].

The in vitro study will help to elucidate the BBM’s
impact on cell viability, proliferation, invasion, and mi-
gration in lung cancer cells and indirectly explore BBM’s
effect on the cell cycle profile. In this study, we examined
the potential anticancer effects of BBM on NSCLC. We
evaluated the impact of BBM on the cell viability, pro-
liferation, invasion, and migration in lung cancer cells.
We also investigated the effect of BBM on tumor growth
and metastasis in nude mice and the potential involve-
ment of the PI3K/Akt and MDM2-p53 signaling pathways
and c-Maf in the effects of BBM.

2. Materials and Methods

2.1. Drugs and Reagents. Berbamine dihydrochloride (BBM,
purity >98%) was purchased from Macklin (Shanghai
China, cat. no. B860680). PRMI 1640 medium (cat. no.
SH3080901) was obtained from Hyclone (America). Dul-
becco’s modified Eagle’s medium (DMEM cat. no. 10-013-
CVR) was obtained from Corning (America). Fetal bovine
serum (FBS, cat. no. 1624016) was obtained from Gibco
(Gibco; Thermo Fisher Scientific, Inc.). Matrigel (cat. no.
356234) was obtained from BD Biosciences (America). Cell
Death Detection ELISA Kit (cat. no. 11544675001),
LY294002 (cat. no. 934389-88-5), and MTT (cat. no. M5655)
were supplied by Sigma-Aldrich (America). The antibodies
of PI3K (cat. no. ab70912), MDM2 (cat. no. ab16895), Akt
(cat. no. ab8805), p-Akt (cat. no. ab38449), p53 (cat. no.
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ab38449), and GAPDH (cat. no. ab8245) were purchased
from Abcam (England). Bcl-2 (cat. no. sc-578), Bax (cat. no.
sc-7480), and c-Maf (cat. no. sc-518062) were purchased
from Santa Cruz Biotechnology (America). Caspase-3 (cat.
no. 66470-2-1g) and B-actin (cat. no. 66009-1-1g) were
purchased from Proteintech (America). AMG232 (cat. no.
1352066-68-2) was obtained from MedChemExpress
(America). All the other reagents were obtained from
Beyotime Biotechnology (Shanghai, China).

2.2. Cell Line and Cell Culture. The lung cancer cell line A549
was obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). PC9 was purchased from
BIOWING (Shanghai, China). The A549 cells were cultured
with RPMI 1640 medium containing 10% FBS in a hu-
midified atmosphere with 5% CO, at 37°C, and the PC9 cells
were cultured with RPMI 1640 medium containing 10% FBS
in a humidified atmosphere with 5% CO, at 37°C. When
evaluating the anticancer effect of BBM with PI3K inhibitor
and MDM2-p53 inhibitor, the cells were pretreated with
1 uM AMG232 for 8 hours [23] and 10 uM LY294002 for 18
hours [24].

2.3. MTT Assay. Cell viability was evaluated by MTT assay
[25]. Briefly, A549 cells and PC9 cells were cultured in 96-
well plates (1x10* cells/well) and treated with vehicle
(medium with 0.08% DMSO) or BBM (0, 1.25, 2.5, 5, 10, 20,
40, and 80 yM) for 24 h. Then the MTT solution (5 mg/ml)
was added to each well, and cells were cultured for 4 h. Then
the supernatant was gently removed and 200 ul DMSO was
added to each well. The absorbance was detected by a
Multiwell Microplate Reader (Bio-Rad Laboratories) at
560 nm.

2.4. Colony Formation Assay. Colony formation assay was
performed as previously described [26]. A549 cells and PC9
cells were inoculated into 6-well plates and treated with
vehicle or different concentrations of BBM (10, 20, and
40 uM) for 24 h. The medium was then gently replaced with
complete medium (with 10% FBS). Cells were cultured, and
the medium was replaced every 3 days. After 8 days, the cells
were stained with crystal violet.

2.5. EdU Cell Proliferation Assay. The cell proliferation was
evaluated by the EAU Apollo-567 In Vitro Kit (Ribobio,
Guangzhou, China, cat. no. C10310-1) [26]. Briefly, A549
cells and PC9 cells (8 x10° cells/well) were plated into 96-
well plates with vehicle or BBM (10, 20, and 40 uM) and
cultured for 24h. Then EdU was added to each well and
incubated at 37°C for 2 h. The cell nuclei were stained with
Hoechst 33342 at 25°C for 30 min. The fluorescence of cells
was observed using an inverted fluorescence microscope
(Leica, Germany).

2.6. Trypan Blue Staining Assay. Cell death was evaluated by
the Trypan Blue staining assay as previously described [27].
A549 cells and PC9 cells (8 x 10* cells/well) were seeded into
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a 6-well plate and treated with vehicle or different con-
centrations of BBM (10, 20, and 40 uM). The cells were
cultured at 37°C for 48h. Trypan blue staining was per-
formed according to the manufacturer’s instructions. The
cells were visualized under a light microscope (Leica DMi
4000).

2.7. Cell Death Assay. Cell death was detected using the Cell
Death Detection ELISA Kit [28]. This assay is based on the
quantitative sandwich immunoassay using antibodies against
histones and DNA. The presence of mono- and oligonu-
cleosomes in the cell lysates indirectly represents the apoptosis
of cells. A549 cells and PC9 were seeded into the 6-well plates
and cultured with or without different concentrations of BBM
for 24 h. Then, the RIPA lysis buffer (with 1 mM PMSF) was
added to the well, and the supernatant was collected for testing.
The mono- and oligonucleosomal fragmented DNA was de-
tected according to the manufacturer’s instructions.

2.8. Wound Scratch Assay. Cell migration was evaluated by
the wound scratch assay [29]. A549 cells and PC9 cells were
seeded into a 6-well plate and cultured for 24 h. A 200 ul
plastic tip was used to generate a straight line in the cell
monolayer. Fresh serum-free medium with vehicle or dif-
ferent concentrations (10, 20, and 40uM) of BBM were
added to each well. The cells were imaged at 0h and 24 h in
the same position of the wound. The migration distance was
measured by NIH Image ] software. Mitomycin (2 yg/ml)
was always added to exclude the proliferation of the cells.

2.9. Transwell Assays. Transwell assays [29] were performed
to evaluate the metastasis of cancer cells. Briefly, A549 cells
and PC9 cells (4x10* cells) were seeded into the upper
chamber of a Transwell insert (8 ym pore, Corning, America,
cat. no. 3412). The cells were allowed to invade or migrate
through the chambers at 37°C for 24 h. Cells that invaded or
migrated to the surface of the lower chambers were stained
and counted. Mitomycin (2 pg/ml) was added in all ex-
periments to exclude the proliferation of cells.

2.10. Experimental Animals. Male BALB/c nude mice (6
weeks old, weighing 18-20g) were obtained from Gem-
Pharmatech Co., Ltd. (Jiangsu, China). The mice were
housed in polystyrene, well aerated cages with a 12h light/
dark cycle. The animals were maintained on a standard
pelleted diet and were provided with free access to food and
water ad libitum. All studies were performed with the ap-
proval of ARRIVE Guidelines (Animal Research: Reporting
of In Vivo Experiments) and approved by the Animal Care
and Use Committee of Soochow University.

2.11.In Vivo Assay. A549 cells were transplanted to the right
axillary of the nude mice [30]. When the tumor volume
(W,*L/2, where W=width and L=length) reached
150 mm”, the mice were randomly divided into three groups:
the control group (Ctrl) and the experimental groups

(20 mg/kg and 40 mg/kg). Each group had 6 mice. The mice
were treated intraperitoneally with isotonic saline or dif-
ferent concentrations of BBM (diluted with isotonic saline)
for 10 days, and they were treated daily. The body weight and
tumor volume of the mice were recorded every 6 days. At the
end of the experiment, the mice were harvested for western
blotting assay. The weight and the metastatic nodules of
lungs were recorded. The visceral tissues were removed for
histopathological examination.

2.12. Histopathological Studies. We used the Hematoxylin/
Eosin Staining Kit to study the histopathological change of
various organs [30]. The tissues were fixed and sectioned at
3-4 ym, and the slices were stained with the Hematoxylin/
Eosin Staining Kit (Beyotime, China, cat. no. C0105 M)
according to the manufacturer’s instructions. Histopath-
ological changes were examined by microscopy (Leica,
Germany).

2.13. Western Blot. Western blot assay was performed as
previously described [13]. Harvested cells or tumors were
lysed with RIPA lysis buffer (containing 1 mM PMSF). The
protein samples were separated by 10% SDS-PAGE and
transferred to PVDF membranes. The membranes were
blocked in 5% skim milk for 2h and then probed with
primary antibodies of PI3K (1:1000), Akt (1:1000), p-Akt
(1:1000), MDM2 (1:500), p53 (1:1000), c-Maf (1:1000),
Bcl-2 (1:1000), BAX (1:1000), caspase-3 (1:1000), B-actin
(1:5000), and GAPDH (1:1000) at 4°C, followed by sec-
ondary antibodies at room temperature. Bands were de-
tected using the Enhanced ECL Chemiluminescence
Detection Kit (Beyotime, China, cat. no. P0018S). Relative
band intensity (ratio to GAPDH) was quantified by NIH
Image] software.

2.14. Statistical Analysis. Data are presented as mean-
tstandard deviation (SD). The statistics were analyzed
using SPSS software. Statistical differences were evaluated by
Student’s t-test or one-way ANOVA method; the accepted
level of significance was P < 0.05.

3. Results

3.1. Effect of BBM on the Cytotoxicity of Lung Cancer Cells.
The in vitro cytotoxicity of BBM was evaluated by MTT
assay, colony formation assay, and EAU assay. The results
showed that BBM effectively inhibited the growth of A549
cells and PC9 cells in a time- and dose-dependent manner
(Figure 1(a)). The ICs, values for BBM against A549 cells and
PC9 cells at 72h were 8.3+1.3 M and 16.8 +0.9 uM, re-
spectively (Figure 1(b)). The results of the colony formation
assay showed that colony numbers were significantly de-
creased among BBM-treated cells compared with the control
group (Figure 1(c)). In A549 cells and PC9 cells, BBM at 10,
20, and 40 uM decreased the number of the colonies in a
dose-dependent manner (P<0.001; Figure 1(d)). The
antiproliferative effect of BBM on lung cancer cells was also
observed in EAU assays, and BBM caused a concentration-
dependent reduction of proliferation of A549 cells and PC9
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FiGure 1: BBM inhibits the cell viability and proliferation of lung cancer cells. Cells were treated with vehicle or various concentrations of
BBM, and MTT assays (a, b) (bar = 100 ym in (a)), colony formation assays (c, d) (bar = 100 ym in (c)), and EdU assays (e, ) (bar = 100 ym in
(e)) were performed. Data are expressed as mean+ SD (n=3). *P <0.05 and ***P <0.001 vs. Ctrl group.

cells (Figure 1(e)). BBM at 10, 20, and 40 uM led to a de-
crease of EdU-positive cells compared with the Ctrl group
(P <0.001, Figure 1(f)). Collectively, these results indicated
that BBM inhibited the proliferation of lung cancer cells.

3.2. Effect of BBM on the Cell Death of Lung Cancer Cells.
We examined the effect of BBM on cell death of lung cancer
cells using Trypan Blue Dye staining assay and the Cell
Death Detection ELISA Kit. The results showed that BBM

induced cell death in both A549 cells and PC9 cells
(Figure 2(a)). BBM at 10, 20, and 40uM increased the
percentage of Trypan blue-positive in a dose-dependent
manner in A549 cells and PC9 cells (P < 0.001, Figure 2(b)).
These results were further confirmed by an ELISA. BBM at
20 and 40 uM significantly increased the death of A549 cells
(P <0.05, Figure 2(c)). BBM at 10, 20, and 40 uM signifi-
cantly increased the death of PC9 cells (P <0.05, P <0.05,
and P <0.001, Figure 2(c)). These results confirmed that
BBM induces cell death of A549 cells.
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F1GURE 2: BBM induces cell death of lung cancer cells. Cells were untreated (Ctrl) or treated with BBM. Cell death was detected through
Trypan blue assays (a, b) (the arrows indicated that the cells were stained with Trypan blue and bar = 100 ym in (a)) and Cell Death Detection
ELISA (c). Data are expressed as mean+SD (n=3). *P <0.05 and ***P <0.001 vs. Ctrl group.

3.3. Effect of BBM on Migration and Invasion of Lung Cancer
Cells In Vitro. The effects of BBM on the migration and
invasion abilities of lung cancer cells were tested by the
wound scratch assay and Transwell assay. The results showed
that BBM inhibited wound closure in both A549 cells and
PC9 cells (Figure 3(a)). BBM at 10, 20, and 40uM

significantly inhibited the migration of A549 cells in a dose-
dependent manner (P <0.05, P<0.001, and P<0.001, re-
spectively, Figure 3(b)). BBM at 10, 20, and 40 yM signifi-
cantly inhibited the migration of PC9 cells in a
dose-dependent ~ manner  (P<0.001,  respectively,
Figure 3(b)). Transwell assays further showed that BBM
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significantly inhibited the migration and invasion of A549
cells and PC9 cells (Figure 3(c)). In migration assays, BBM at
10, 20, and 40 uM decreased the number of A549 cells on the
surface of the lower chambers in a dose-dependent manner
(P <0.05,P<0.001,and P < 0.001, respectively, Figure 3(d)),
and BBM at 10, 20, and 40 M decreased the number of PC9
cells on the surface of the lower chambers in a dose-de-
pendent manner (P < 0.001, Figure 3(d)). In invasion assays,
BBM at 10, 20, and 40 uM decreased the number of A549
cells on the surface of the lower chambers in a dose-de-
pendent manner (P <0.05, P<0.01, and P <0.001, respec-
tively, Figure 3(e)), and BBM at 10, 20, and 40 yuM decreased
the number of PC9 cells on the surface of the lower chambers
in a dose-dependent manner (P<0.01, P<0.001, and
P <0.001, respectively, Figure 3(e)). Together, these results
demonstrated that BBM inhibits the migration and invasion
of lung cancer cells.

3.4. Effect of BBM on the Expressions of c-Maf, PI3K/Akt, and
MDM2-p53 Signaling Pathways in Lung Cancer Cells.
Since the PI3K/Akt and MDM2-p53 signal pathways are
associated with the proliferation, carcinogenesis, and apo-
ptosis of cells, we speculated that BBM may exhibit anti-
cancer effects in lung cancer cells through PI3K/Akt and
MDM2-p53 signaling pathways. To examine this hypothesis,
we evaluated the expressions of PI3K, MDM2, p-Akt, Akt,
P53, caspase-3, c-Maf, Bcl-2, and Bax by western blotting
assay. BBM at 10, 20, and 40 uM significantly inhibited the
expression of PI3K in A549 cells (P < 0.001, Figures 4(a) and
4(b)). BBM at 10, 20, and 40 uM significantly inhibited the
expression of PI3K in PC9 cells (P<0.01, P<0.01, and
P <0.001, respectively, Figures 4(a) and 4(b)). BBM at 10, 20,
and 40 uM significantly inhibited the expression of MDM2
in A549 cells (P <0.05, P<0.01, and P <0.01, respectively,
Figures 4(a) and 4(c)). BBM at 10, 20, and 40 yuM signifi-
cantly inhibited the expression of MDM2 in PC9 cells
(P <0.001, Figures 4(a) and 4(c)). BBM at 10, 20, and 40 yM
significantly inhibited the expression of p-Akt/Akt in A549
cells (P<0.01, P<0.001, and P<0.001, respectively,
Figures 4(a) and 4(d)). BBM at 10, 20, and 40 yM signifi-
cantly inhibited the expression of p-Akt/Akt in PC9 cells
(P <0.001, Figures 4(a) and 4(d)). BBM at 10, 20, and 40 yM
significantly upregulated the expression of p53 in A549 cells
(P<0.05, P<0.01, and P <0.001, respectively, Figures 4(a)
and 4(e)). BBM at 10, 20, and 40 yuM significantly upregu-
lated the expression of p53 in PC9 cells (P <0.01, P<0.01,
and P <0.001, respectively, Figures 4(a) and 4(e)). BBM at
10, 20, and 40 uM significantly inhibited the expression of
c-Maf in A549 cells (P<0.05, P<0.01, and P<0.01, re-
spectively, Figures 4(a) and 4(f)). BBM at 10, 20, and 40 uM
significantly inhibited the expression of c-Maf in PC9 cells
(P<0.05, P<0.01, and P <0.01, respectively, Figures 4(a)
and 4(f)). BBM at 20 and 40 uM significantly inhibited the
expression of Bcl-2/Bax in A549 cells (P < 0.05 and P < 0.01,
respectively, Figures 4(a) and 4(g)). BBM at 20 and 40 uM
significantly inhibited the expression of Bcl-2/Bax in PC9
cells (P <0.05 and P <0.001, respectively, Figures 4(a) and
4(g)). BBM at 40 uM significantly upregulated the expression

of cleaved-caspase-3/caspase-3 in A549 cells (P <0.05,
Figures 4(a) and 4(h)). BBM at 10, 20, and 40 yM signifi-
cantly upregulated the expression of cleaved-caspase-3/
caspase-3 in PC9 cells (P <0.001, Figures 4(a) and 4(h)).

3.5. Effect of PI3K Inhibitor LY294002 and MDM2-p53 In-
hibitor AMG232 on the Cell Viability and Metastasis of Lung
Cancer Cells. We used PI3K inhibitor LY294002 and MDM2-
p53 inhibitor AMG232 to observe the anticancer actions of
BBM. As the results showed, when the A549 cells and PC9 cells
were treated with PI3K inhibitor LY294002, the cell viability
was significantly inhibited compared to the Ctrl group
(P <0.001, Figure 5(a)), but there was no significant difference
between the LY294002 group and the LY294002 + BBM group,
and there was no significant difference on migration between
the LY294002 group and the LY294002+BBM group
(Figure 5(b)). When the A549 cells and PC9 cells were treated
with MDM2-p53 inhibitor AMG232, the cell viability was
significantly inhibited compared to the Ctrl group (P <0.01
and P <0.05, Figure 6(a)), and BBM + AMG232 could sig-
nificantly inhibit the cell viability compared to the AMG232
group (P <0.05, Figure 6(a)), and there was no significant
difference on migration between the AMG232 group and the
AMG232 +BBM group (Figure 6(b)).

3.6. Effect of BBM on the Growth and Metastasis of Tumors In
Vivo. To determine the effect of BBM on NSCLC in vivo, we
implanted A549 cells into nude mice and treated the mice
with BBM or vehicle. The body weight of the mice in the
experimental groups showed no significant difference
compared with the Ctrl group (Figures 7(a) and 7(b)). The
tumor volume of the mice was significantly smaller in mice
treated with BBM compared with Ctrl mice (P <0.05,
Figures 7(a) and 7(c)). BBM at 20 mg/kg and 40 mg/kg
significantly decreased the lung weight (P<0.01 and
P <0.05, respectively, Figures 7(d) and 7(e)). The tumor
weight in the experimental group (40 mg/kg) was signifi-
cantly decreased compared with the Ctrl group (P <0.05,
Figure 7(f)). In addition, the number of nodules per lung in
the BBM group (20 mg/kg and 40 mg/kg) was significantly
decreased compared with the Ctrl group (P<0.001,
Figure 7(g)). Histopathological evaluations revealed no
changes in lungs, livers, hearts, and kidneys between ex-
perimental and Ctrl groups (Figure 8).

3.7. Effect of BBM on the Expressions of c-Maf, PI3K/Akt, and
MDM2-p53 Signaling Pathways In Vivo. MDM2 is an
oncoprotein associated with various malignancies; its
overexpression is vital for aggressive metastasis [20]. To
determine if BBM plays an anticancer role in vivo through
the PI3K/Akt and MDM2-p53 signaling pathways, we
examined the expressions of PI3K, p-Akt, Akt, MDM2,
p53, caspase-3, c-Maf, Bcl-2, and Bax in tumors using
western blot assay. BBM at 20 mg/kg and 40 mg/kg sig-
nificantly reduced the expression of PI3K (P <0.01 and
P <0.001, respectively, Figures 9(a) and 9(b)). BBM at
20mg/kg and 40mg/kg significantly reduced the
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FIGURE 4: BBM disrupts the PI3K/Akt and MDM2/p53 signal pathways in lung cancer cells. Cells were untreated (Ctrl) or treated with BBM.
The expressions of PI3K (a, b), MDM2 (a, ¢), p-AKT/AKT (a, d), p53 (a, €), c-Maf (a, f), Bcl-2/Bax (a, g), and cleaved-caspase-3/caspase-3
(a, h) were tested by western blot. Data are expressed as mean+SD (n=3). *P <0.05, **P <0.01, and ***P <0.001 vs. Ctrl group.

expression of MDM2 (P <0.05 and P <0.001, respectively,
Figures 9(a) and 9(c)), BBM at 20 mg/kg and 40 mg/kg
significantly reduced the expression of p-Akt/Akt
(P <0.001, Figures 9(a) and 9(d)). BBM at 40 mg/kg sig-
nificantly upregulated the expression of p53 (P <0.01,
Figures 9(a) and 9(e)). BBM at 20 mg/kg and 40 mg/kg
significantly reduced the expression of c-Maf (P <0.05 and
P <0.01, respectively, Figures 9(a) and 9(d)). BBM at
40 mg/kg significantly upregulated the expression of Bcl-
2/Bax (P <0.01, Figures 9(a) and 9(h)).

4. Discussion

Lung cancer is the leading cause of cancer-associated death
among both men and women worldwide. In recent years,
with the gradual elucidation of the molecular mechanism of
NSCLC, more molecular-targeted drugs have been applied
in clinical practice and achieved satisfactory results [31, 32].
Therefore, designing new drugs based on key target genes or
proteins that play critical roles in NSCLC is important for
the treatment of NSCLC in the future.



Evidence-Based Complementary and Alternative Medicine

(a)

1.5 4
A549
e}
O —
s 1.0+ O
2 * 3k ok
= —] ok %
= '?:'
£ 05 -
z :
o e . .
u
n
0.0 - ; 1
BBM (uM) - 40
LY294002 (uM) 10 10
A549
BBM (uM) 0 0 40

LY294002 (uM) 0 10 10

PC9
BBM (uM) 0 0 40
LY294002 (uM) 0 10 10

(b)

13

1.5 ;

1.0 ==

0.5

Cell viability (% of Ctrl)
*
*

0.0 . ! !
BBM (uM) - 40
LY294002 (uM)

0.5
A549

0.4

0.3 +

0.2

0.1

Percent wound closure (% of Oh)

0.0 -
BBM (uM) - - 40
LY294002 (uM) - 10 10

1.0
PC9

0.8 +

0.6 -

0.4

0.2 +

Percent wound closure (% of 0h)

0.0
BBM (uM) - - 40
LY294002 (uM) - 10 10

F1GURE 5: Effects of LY294002 on the cell viability and metastasis of lung cancer cells. Cells were untreated (Ctrl) or treated with LY294002
and BBM. Cell viability was evaluated by MTT assay (a). Metastasis of lung cancer cells was evaluated by wound scratch assay

(b) (bar =100 ym). **P <0.01 and ***P <0.001 vs. Ctrl group.

Previous studies have demonstrated the antitumor ef-
fects of BBM in a variety of tumors, including breast cancer
[33], myeloma [7, 12], hepatoma [9, 34], prostatic neoplasms
[9], pancreatic carcinoma [35], and lung cancer [36]. All
these findings indicate the potential of BBM for cancer
treatment. Moreover, we demonstrated that BBM inhibited
cell proliferation and metastasis of A549 cells and PC9 cells
and inhibited migratory and invasive potential of these cells.
Xenograft studies were also used to evaluate the effect of
BBM on lung cancer. The results indicated that BBM

significantly inhibited tumor growth and metastasis without
manifesting changes in potential toxic signs such as diarrhea,
movement disorders, or swelling, and the histopathological
evaluations revealed no changes in lungs, livers, hearts, and
kidneys between experimental and Ctrl groups.

The PI3K/Akt pathway is associated with cell survival,
invasion, and migration and plays key roles in various
cancers [16, 37, 38]. In NSCLC, the PI3K/Akt/mTOR
pathway has been heavily implicated in both tumorigenesis
and the progression of disease [39]. The phosphorylation of
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Akt causes further phosphorylation of downstream effectors,
such as mTOR and MDM2, which are closely associated with
the apoptosis process [40]. Most of the studies showed that
natural products exhibited anticancer actions via PI3K/Akt
pathway [41]. Furthermore, numerous preclinical studies
have shown that some herbs and natural phytochemicals can
inhibit AKT activity directly [42, 43]. The effects of BBM on
lung cancer cells were deciphered on the alteration in the

level of expression of PI3K/Akt-related markers. We also
noted that BBM inhibited the expressions of PI3K and Akt.
When we used the inhibitor of PI3K, there was no difference
in the proliferation between the PI3K inhibitor group and
the BBM + PI3K inhibitor group. Thus, PI3K may be the
target of BBM on the lung cancer cells, and BBM may inhibit
the cell proliferation and metastasis through PI3K/Akt
pathway.
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Liver

Figure 8: The histopathological changes of lung, liver, kidney, and heart were stained with hematoxylin/eosin and photographed

(bar =100 ym).

MDM2 is an oncoprotein that exhibits dynamic negative
regulation of the tumor suppressor p53 [19]. MDM2 is often
highly expressed in a variety of human cancers, and its
overexpression promotes cancer cell’s proliferation [25, 44].
The MDM2-p53 pathway is important in regulating cell
events, such as cancer cell death, cell cycle arrest, apoptosis,
senescence, and DNA repair [25]. Moreover, MDM2 sup-
presses the migration of cancer cells and induces apoptosis
of cancer cells [29, 44, 45]. Our results showed that BBM
inhibited the migration and invasion of A549 cells and
PC9 cells in vitro, and the number of nodules on lungsin a
xenograft mouse model treated with BBM was signifi-
cantly reduced in vivo; in addition, the expression of
MDM?2 was downregulated both in vitro and in vivo.

Besides, when we pretreated the cells with MDM2-p53
inhibitor, we found that the migration of the lung cancer
cells showed no difference between the MDM2-p53 in-
hibitor group and the BBM + MDM2-p53 inhibitor group.
These results indicate that BBM inhibits cancer cell me-
tastasis and this effect may be achieved by modulating the
expression of MDM2.

Recent studies revealed that c-Maf is overexpressed in a
variety of cancers including NSCLC [46]. Studies showed
that c-Maf is a downstream molecule of PI3K [47] and is
indirectly associated with cell migration [48]. Our results
showed that the expressions of PI3K and c-Maf were re-
duced by BBM. Thus, the mechanism of BBM inhibits lung
cancer cells maybe through regulating the expression of
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FIGURE 9: BBM disrupts the PI3K/Akt and MDM2/p53 signal pathways in tumors. ALB/c mice were untreated (Ctrl) or treated with
BBM; the expressions of PI3K (a, b), MDM2 (a, c), p-Akt/Akt (a, d), p53 (a, e), c-Maf (a, f), Bcl-2/Bax (a, g), and cleaved-caspase-3/
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PI3K

@)
Migration Akt \

Migration and invasion| MDM2

Migration and
invasion

FIGURE 10: A schematic of the proposed signaling pathway of the current study. BBM downregulates PI3K and Akt and then downregulates
the expressions of c-Maf and MDM2, and c-Maf downregulates the expression of MDM2 and eventually upregulates the expression of p53,

leading to cell death.

c-Maf. In addition, Zhang et al. found that CMIP (c-Maf-
inducing protein) knockdown downregulated the expression
of MDM2 [22]. Divya et al. found that c-Maf was a
downstream protein of PI3K/Akt pathway [49]. Our results
revealed that migration and invasion were inhibited by BBM
both in vitro and in vivo, and cell death was induced by BBM
in vitro. The expressions of c-Maf were downregulated by
BBM, and the expressions of p53 and cleaved-caspase-3/
caspase-3 were upregulated. These results demonstrated that
BBM inhibits the migration and induces the cell death of
A549 cells. Thus, the expression of MDM2 may be regulated
by c-Maf, and p53 may be regulated by MDM2.

5. Conclusion

Our study demonstrated that BBM suppresses the prolif-
eration and migration of human lung cancer A549 cells. This
effect may be through BBM regulating the expression of
c-Maf by blocking the PI3K/Akt signaling pathway. The
MDM2-p53 signaling pathway may be regulated by c-Maf
(Figure 10). With low toxicity characteristics, exploiting
BBM alone or in combination with established chemo-
therapy regimens may provide a new treatment strategy for
lung cancer. However, a noncancerous cell line for the in
vitro studies should be included in the future, in particular,
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investigating whether BBM possesses a favorable selective
cytotoxicity index (SCI).

Data Availability

The data used to support the findings of this study are in-
cluded within the article.

Disclosure

This manuscript has been presented in research square
according to the following link: https://assets.
researchsquare.com/files/rs-90754/v1/fbb4f24f-d351-4c3c-
9d8d-3f11e36672ce.pdf.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Lili Liu and Zhiying Xu contributed equally to this study.

Acknowledgments

This work was funded by grant from “The Science and
Technology Development Plan” from Suzhou (SYSD
2019165).

References

[1] S. Wang, S. Long, S. Xiao, W. Wu, and S. S. Hann, “Decoction
of Chinese herbal medicine Fuzheng Kang-Ai induces lung
cancer cell apoptosis via STAT3/Bcl-2/caspase-3 pathway,”
Evidence-Based Complementary and Alternative Medicine,
vol. 2018, Article ID 8567905, 14 pages, 2018.

[2] B. Chen, Z. Shen, D. Wu et al., “Glutathione peroxidase 1
promotes NSCLC resistance to cisplatin via ROS-induced
activation of PI3K/AKT pathway,” BioMed Research Inter-
national, vol. 2019, Article ID 7640547, 12 pages, 2019.

[3] Y. Zhao, Y. Tan, G. Wu et al.,, “Berbamine overcomes ima-
tinib-induced neutropenia and permits cytogenetic responses
in Chinese patients with chronic-phase chronic myeloid
leukemia,” International Journal of Hematology, vol. 94, no. 2,
pp. 156-162, 2011.

[4] X.-]. Jia, X. Li, F. Wang, H.-Q. Liu, D.-J. Zhang, and Y. Chen,
“Berbamine exerts anti-inflammatory effects via inhibition of
NEF-xB and MAPK signaling pathways,” Cellular Physiology
and Biochemistry, vol. 41, no. 6, pp. 2307-2318, 2017.

[5] C.-M. Zhang, L. Gao, Y.-J. Zheng, and H.-T. Yang, “Berb-
amine protects the heart from ischemia/reperfusion injury by
maintaining cytosolic Ca** homeostasis and preventing cal-
pain activation,” Circulation Journal, vol. 76, no. 8,
pp. 1993-2002, 2012.

[6] Y. Zheng, S. Gu, X. Li et al., “Berbamine postconditioning
protects the heart from ischemia/reperfusion injury through
modulation of autophagy,” Cell Death ¢ Disease, vol. 8, no. 2,
Article ID e2577, 2017.

[7] Y. Liang, R.-z. Xu, L. Zhang, and X.-y. Zhao, “Berbamine, a
novel nuclear factor xB inhibitor, inhibits growth and induces
apoptosis in human myeloma cells,” Acta Pharmacologica
Sinica, vol. 30, no. 12, pp. 1659-1665, 2009.

19

[8] Y. Zhao, J. J. Lv, J. Chen et al., “Berbamine inhibited the
growth of prostate cancer cells in vivo and in vitro via trig-
gering intrinsic pathway of apoptosis,” Prostate Cancer and
Prostatic Diseases, vol. 19, no. 4, pp. 358-366, 2016.

[9] Y. Cao, J. Cao, B. Yu et al., “Berbamine induces SMMC-7721
cell apoptosis via upregulating p53, downregulating survivin
expression and activating mitochondria signaling pathway,”
Experimental and Therapeutic Medicine, vol. 15, no. 2,
pp. 1894-1901, 2018.

[10] Y.-l. Wei, L. Xu, Y. Liang, X.-h. Xu, and X.-y. Zhao, “Berb-
amine exhibits potent antitumor effects on imatinib-resistant
CML cells in vitro and in vivo,” Acta Pharmacologica Sinica,
vol. 30, no. 4, pp. 451-457, 2009.

[11] S.Nam, J. Xie, A. Perkins et al., “Novel synthetic derivatives of
the natural product berbamine inhibit Jak2/Stat3 signaling
and induce apoptosis of human melanoma cells,” Molecular
Oncology, vol. 6, no. 5, pp. 484-493, 2012.

[12] Y. Liang, X. He, X. Li et al., “4-Chlorbenzoyl berbamine, a
novel derivative of the natural product berbamine, potently
inhibits the growth of human myeloma cells by modulating
the NF-xB and JNK signalling pathways,” Cancer Investiga-
tion, vol. 34, no. 10, pp. 496-505, 2016.

[13] H. P. Du, J. K. Shen, M. Yang et al., “4-Chlorobenzoyl
berbamine induces apoptosis and G2/M cell cycle arrest
through the PI3K/Akt and NF-kappaB signal pathway in
lymphoma cells,” Oncology Reports, vol. 23, no. 3,
pp. 709-716, 2010.

[14] S. P. Pattanayak, P. Bose, P. Sunita, M. U. M. Siddique, and
A. Lapenna, “Bergapten inhibits liver carcinogenesis by
modulating LXR/PI3K/Akt and IDOL/LDLR pathways,”
Biomedicine & Pharmacotherapy, vol. 108, pp. 297-308, 2018.

[15] D.-m. Wu, T. Zhang, Y.-b. Liu et al., “The PAX6-ZEB2 axis
promotes metastasis and cisplatin resistance in non-small cell
lung cancer through PI3K/AKT signaling,” Cell Death &
Disease, vol. 10, no. 5, p. 349, 2019.

[16] B. E. Ruiz-Medina, D. Lerma, M. Hwang et al., “Green barley
mitigates cytotoxicity in human lymphocytes undergoing
aggressive oxidative stress, via activation of both the Lyn/
PI3K/Akt and MAPK/ERK pathways,” Scientific Reports,
vol. 9, 2019.

[17] V. Papadimitrakopoulou, “Development of PI3K/AKT/
mTOR pathway inhibitors and their application in person-
alized therapy for non-small-cell lung cancer,” Journal of
Thoracic Oncology, vol. 7, no. 8, pp. 1315-1326, 2012.

[18] P. Qiang, Y. Shao, Y. P. Sun, J. Zhang, and L. J Chen,
“Metformin inhibits proliferation and migration of endo-
metrial cancer cells through regulating PI3K/AKT/MDM?2
pathway,” European Review for Medical and Pharmacological
Sciences, vol. 23, no. 4, pp. 1778-1785, 2019.

[19] W. Wang, J. Wu, X. Fei et al., “CHDIL promotes cell cycle
progression and cell motility by up-regulating MDM2 in
breast cancer,” American Journal of Translational Research,
vol. 11, no. 3, pp. 1581-1592, 2019.

[20] J.-J. Qin, X. Li, C. Hunt, W. Wang, H. Wang, and R. Zhang,
“Natural products targeting the p53-MDM?2 pathway and
mutant p53: recent advances and implications in cancer
medicine,” Genes & Diseases, vol. 5, no. 3, pp. 204-219, 2018.

[21] J. K. a.W. E. Berdel, “c-maf in multiple myeloma: an oncogene
enhancing tumor-stroma interactions,” Cancer Cell, vol. 5,
pp. 109-110, 2004.

[22] J. Zhang, J. Huang, X. Wang et al., “CMIP is oncogenic in
human gastric cancer cells,” Molecular Medicine Reports,
vol. 16, no. 5, pp. 7277-7286, 2017.


https://assets.researchsquare.com/files/rs-90754/v1/fbb4f24f-d351-4c3c-9d8d-3f11e36672ce.pdf
https://assets.researchsquare.com/files/rs-90754/v1/fbb4f24f-d351-4c3c-9d8d-3f11e36672ce.pdf
https://assets.researchsquare.com/files/rs-90754/v1/fbb4f24f-d351-4c3c-9d8d-3f11e36672ce.pdf

20

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

L. Sahin, S. Zhang, A. Navaraj et al., “AMG-232 sensitizes high
MDM2-expressing tumor cells to T-cell-mediated killing,”
Cell Death Discovery, vol. 6, no. 1, p. 57, 2020.

K.-D. Tsai, W.-W. Chang, C.-C. Lin et al., “Differential effects
of LY294002 and wortmannin on inducible nitric oxide
synthase expression in glomerular mesangial cells,” Interna-
tional Immunopharmacology, vol. 12, no. 3, pp. 471-480, 2012.
S. R. Chen, W. P. Cai, X. J. Dai et al., “Research on miR-126 in
glioma targeted regulation of PTEN/PI3K/Akt and MDM2-
p53 pathways,” European Review for Medical and Pharma-
cological Sciences, vol. 23, no. 8, pp. 3461-3470, 2019.

S.-s. Wang, Y. Lv, X.-C. Xu et al,, “Triptonide inhibits human
nasopharyngeal carcinoma cell growth via disrupting Lnc-
RNA THOR-IGF2BP1 signaling,” Cancer Letters, vol. 443,
pp. 13-24, 2019.

Q. Huang, L. Wang, Q. Ran et al., “Notopterol-induced ap-
optosis and differentiation in human acute myeloid leukemia
HL-60 cells,” Drug Design, Development and Therapy, vol. 13,
pp. 1927-1940, 2019.

C. Zhang, M. Soori, F. L. Miles et al., “Paracrine factors
produced by bone marrow stromal cells induce apoptosis and
neuroendocrine differentiation in prostate cancer cells,” The
Prostate, vol. 71, no. 2, pp. 157-167, 2011.

D. Liu, J. Zhang, Y. Wu et al., “YY1 suppresses proliferation
and migration of pancreatic ductal adenocarcinoma by reg-
ulating the CDKN3/MdM2/P53/P21 signaling pathway,” In-
ternational Journal of Cancer, vol. 142, no. 7, pp. 1392-1404,
2018.

M. Sajid, C. Yan, D. Li, S. B. Merugu, H. Negi, and M. R. Khan,
“Potent anti-cancer activity of Alnus nitida against lung
cancer cells; in vitro and in vivo studies,” Biomedicine ¢
Pharmacotherapy, vol. 110, pp. 254-264, 2019.

A. P. S. Silva, P. V. Coelho, M. Anazetti, and P. U. Simioni,
“Targeted therapies for the treatment of non-small-cell lung
cancer: monoclonal antibodies and biological inhibitors,”
Human Vaccines ¢ Immunotherapeutics, vol. 13, no. 4,
pp. 843-853, 2017.

U. Testa, G. Castelli, and E. Pelosi, “Lung cancers: molecular
characterization, clonal heterogeneity and evolution, and
cancer stem cells,” Cancers, vol. 10, 2018.

R. Liu, Y. Zhang, Y. Chen et al., “A novel calmodulin an-
tagonist O-(4-ethoxyl-butyl)-berbamine overcomes multi-
drug resistance in drug-resistant MCEF-7/ADR breast
carcinoma cells,” Journal of Pharmaceutical Sciences, vol. 99,
no. 7, pp. 3266-3275, 2010.

G.-Y. Wang, Q.-H. Lv, Q. Dong, R.-Z. Xu, and Q.-H. Dong,
“Berbamine induces Fas-mediated apoptosis in human he-
patocellular carcinoma HepG2 cells and inhibits its tumor
growth in nude mice,” Journal of Asian Natural Products
Research, vol. 11, no. 3, pp. 219-228, 2009.

X. Jin and Y. Wu, “Berbamine enhances the antineoplastic
activity of gemcitabine in pancreatic cancer cells by activating
transforming growth factor-f/smad signaling,” The Ana-
tomical Record, vol. 297, no. 5, pp. 802-809, 2014.

Z.-B. Hou, K.-J. Lu, X.-L. Wu, C. Chen, X.-E. Huang, and
H.-T. Yin, “In vitro and in vivo antitumor evaluation of
berbamine for lung cancer treatment,” Asian Pacific Journal of
Cancer Prevention, vol. 15, no. 4, pp. 1767-1769, 2014.

H. Liu, J. Zhao, R. Fu, C. Zhu, and D. Fan, “The ginsenoside
Rk3 exerts anti-esophageal cancer activity in vitro and in vivo
by mediating apoptosis and autophagy through regulation of
the PI3K/Akt/mTOR pathway,” PLoS One, vol. 14, no. 5,
Article ID 0216759, 2019.

Evidence-Based Complementary and Alternative Medicine

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

C. D. Mohan, V. Srinivasa, S. Rangappa et al., “Trisubstituted-
imidazoles induce apoptosis in human breast cancer cells by
targeting the oncogenic PI3K/Akt/mTOR signaling pathway,”
PLoS One, vol. 11, no. 4, Article ID e0153155, 2016.

A. C. Tan, “Targeting the PI3K/Akt/mTOR pathway in non-
small cell lung cancer (NSCLC),” Thoracic Cancer, vol. 11,
no. 3, pp. 511-518, 2020.

K.-Y. Kim, K.-I. Park, S.-H. Kim et al., “Inhibition of auto-
phagy promotes salinomycin-induced apoptosis via reactive
oxygen species-mediated PI3K/AKT/mTOR and ERK/p38
MAPK-dependent signaling in human prostate cancer cells,”
International Journal of Molecular Sciences, vol. 18, no. 5,
p. 1088, 2017.

D. Tewari, P. Patni, A. Bishayee, A. N. Sah, and A. Bishayee,
“Natural products targeting the PI3K-Akt-mTOR signaling
pathway in cancer: a novel therapeutic strategy,” Seminars in
Cancer Biology, vol. 19, 2019.

M. Song, A. M. Bode, Z. Dong, and M.-H. Lee, “AKT as a
therapeutic target for cancer,” Cancer Research, vol. 79, no. 6,
pp. 1019-1031, 2019.

J. H. Lee, A. Chinnathambi, S. A. Alharbi, O. H. M. Shair,
G. Sethi, and K. S. Ahn, “Farnesol abrogates epithelial to
mesenchymal transition process through regulating Akt/
mTOR pathway,” Pharmacological Research, vol. 150, Article
ID 104504, 2019.

Z. Xiao, Y. Wang, and H. Ding, “XPD suppresses cell pro-
liferation and migration via miR-29a-3p-Mdm2/PDGEF-B axis
in HCC,” Cell & Bioscience, vol. 9, no. 1, p. 6, 2019.

W. Wang, B. Hu, J.-J. Qin et al., “A novel inhibitor of MDM2
oncogene blocks metastasis of hepatocellular carcinoma and
overcomes chemoresistance,” Genes & Diseases, vol. 6, no. 4,
pp. 419-430, 2019.

M. Liu, Z. Tong, C. Ding et al., “Transcription factor c-Mafis a
checkpoint that programs macrophages in lung cancer,” The
Journal of Clinical Investigation, vol. 130, 2020.

M. W. M. van den Bosch, E. Palsson-Mcdermott,
D. S. Johnson, and L. A. J. O”Neill, “LPS induces the deg-
radation of programmed cell death protein 4 (PDCD4) to
release Twist2, activating c-Maf transcription to promote
interleukin-10 production,” Journal of Biological Chemistry,
vol. 289, no. 33, pp. 22980-22990, 2014.

Q. Xie, R. McGreal, R. Harris et al., “Regulation of c-maf and
aa-crystallin in ocular lens by fibroblast growth factor sig-
naling,” Journal of Biological Chemistry, vol. 291, no. 8,
pp. 3947-3958, 2016.

D. A. Verghese, N. Chun, K. Paz et al., “C5aR1 regulates T
follicular helper differentiation and chronic graft-versus-host
disease bronchiolitis obliterans,” JCI Insight, vol. 3, 2018.



