Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 22: 4877-4889, 2020

Apigenin induces apoptosis by regulating Akt and
MAPK pathways in human melanoma cell A375SM
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Abstract. Apigenin, an aromatic compound, exhibits anti-
oxidant, anti-inflammatory and anti-viral effects. The present
study aimed to investigate the effects of apigenin on cell
proliferation and apoptosis of human melanoma cells A375P
and A375SM. Therefore, melanoma cells were treated with
apigenin to determine its anti-proliferative and survival effects,
using wound healing and MTT assays. The results revealed that
melanoma cell viability was decreased in a dose-dependent
manner. Furthermore, chromatin condensation, indicating
apoptosis, was significantly increased in a dose-dependent
manner, as demonstrated by DAPI staining. In addition,
increased apoptosis rate following treatment with apigenin
was confirmed by Annexin V-propidium iodide staining. The
changes in the expression levels of apoptosis-related proteins
in A375P and A375SM melanoma cells were subsequently
detected using western blot analysis. The results demonstrated
that the protein expression levels of Bcl-2 were decreased,
whereas those of Bax, cleaved poly ADP-ribose polymerase,
cleaved caspase-9 and p53 were upregulated in a dose-depen-
dent manner in apigenin-treated cells compared with those
noted in untreated cells. In addition, in apigenin-treated
A375P cells, phosphorylated (p)-p38 was upregulated and
p-extracellular signal-regulated kinase (ERK), p-c-Jun
N-terminal kinase (JNK) and p-protein kinase B (Akt) were
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downregulated. However, in A375SM cells, apigenin treat-
ment increased p-ERK and p-JNK and decreased p-p38 and
p-Akt protein expression levels. Subsequently, the inhibitory
effect of apigenin on tumor growth was investigated in vivo.
Tumor volume was significantly reduced in the 25 and
50 mg/kg apigenin-treated groups compared with the control
group. Additionally, a TUNEL assay was performed to detect
apoptotic cells. Immunohistochemical staining also revealed
elevated p-ERK expression in the apigenin-treated group
compared with the control group. Overall, the findings of the
present study indicated that apigenin attenuated the growth
of A375SM melanoma cells by inducing apoptosis via regu-
lating the Akt and mitogen-activated protein kinase signaling
pathways.

Introduction

The cancer-related mortality rate increases annually on a
global scale, making cancer the leading cause of death in
South Korea (1,2). The incidence of skin cancer is rising
faster compared with other types of cancer, concurrent
with increasing outdoor activity and subsequent exposure
to ultraviolet radiation. Comprising only 4% of all types of
cancer, but with a mortality rate approaching 80%, melanoma
is considered to be highly malignant, and it is caused by the
malignant alteration of melanin cells (3,4). Melanoma spreads
rapidly through the lymphatic ducts and blood vessels to
internal organs, such as the liver, lungs and bones, and it is
highly resistant to chemotherapy and radiotherapy. Therefore,
surgical excision following early diagnosis is considered as
the only treatment for melanoma. In addition, melanoma is
characterized as an intractable disease, as there is currently
no evidence to support any treatment to prevent disease
recurrence (5). Due to an increasing melanoma occurrence
and high mortality rate, a number of studies on melanoma
have been conducted in the western world; however, measures
should be taken to encourage further studies in Korea, where
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the number of studies is limited (6). Previously, several inter-
national and Korean studies have been performed aiming to
reduce the side effects and improve the anticancer effects of
chemotherapy using carcinostatic substances made of natural
compounds isolated from animals and plants (7-11). Widely
distributed throughout the vegetable kingdom, flavonoids are
known to exist in ~4,000 types of water-soluble pigments in
various vegetables and fruits, such as green tea, grapes and
onions. Functional studies have reported that flavonoids exhibit
several bioactivities (12-14). The flavonoid 4',5,7.-trihydroxy-
flavone (apigenin) has been demonstrated to exert an inhibitory
effect on cancer cell growth and several other effects including
anti-oxidant (15), anti-inflammatory (16) and anti-tumor (17)
effects in vitro and in vivo.

Apigenin, an aromatic compound, is found in various fruits
and plants, including parsley, onions, oranges, tea, chamomile,
wheat and other seasonings, and has no evident toxicity (18).
Several studies have been conducted on the antioxidant (19),
anti-inflammatory (20) and anti-viral activities (21) of
apigenin. Apigenin has been reported to affect cancer cell
growth by promoting apoptosis and inhibiting the cell cycle of
colorectal cancer cells (22), and inducing apoptosis via inhib-
iting angiogenesis in breast and prostate cancer cells (23,24).
These findings suggest that apigenin could be considered as
a potential carcinostatic substance. In addition, apigenin has
been demonstrated to have cytotoxic and anti-proliferative
activities by promoting G2/M cell cycle arrest in melanoma
cells (25), as well as the ability to attenuate tumor invasion
and metastatic potential via inhibiting lung colonization (26).
Furthermore, apigenin can impede metastasis of melanoma
cells by impairing interactions between tumor cells and endo-
thelial cells (27).

Apoptosis is known to inhibit the development and progres-
sion of cancer, and is distinguished from necrosis as a defense
mechanism that voluntarily eliminates cells with accumulated
DNA damage caused by intracellular DNA damage and viral
infection (28). The Bcl-2 family, which is commonly known to
suppress the genesis and progression of cancer through apop-
tosis, is classified into pro- and anti-apoptotic proteins (29).
The pro-apoptotic proteins include Bax, BH3-interacting
domain death agonist (Bid) and Bad, which induce apoptosis
via rupturing the outer mitochondrial membrane, whereas
anti-apoptotic Bcl-2, Bcl-xL and Al proteins inhibit apoptosis
by preserving the outer mitochondrial membrane (30-32).
The phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
and mitogen-activated protein kinase (MAPK) pathways
are among the signals associated with cell viability; they
activate various intracellular signaling pathways to regulate
cell proliferation and angiogenesis (33,34). As an enzyme
that phosphorylates serine/threonine residues, Akt is known
to be involved in cell cycle progression and survival-related
proliferation, and inhibits apoptosis via downregulating the
expression of the pro-apoptotic proteins Bcl-2 and caspase-9
via the PI3K/Akt pathway (35). The MAPK pathway includes
three main kinases, namely extracellular signal-regulated
protein kinase (ERK), c-Jun N-terminal kinase (JNK) and
p38 MAPK kinase, each with different activities, that suppress
tumor growth and cell differentiation (36).

The present study aimed to explore the inhibitory effect
of apigenin on human melanoma A375P and A375SM cell
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proliferation and its inductive activity on apoptosis, and to
further elucidate whether the Akt and MAPK signaling path-
ways mediated the apigenin-induced cell apoptosis.

Materials and methods

Reagents. The human melanoma cell lines, A375P and
A375SM, were obtained from the Korean Cell Line Bank
(Korean Cell Line Research Foundation). Dulbecco's
modified Eagle's medium (DMEM), minimum essen-
tial medium (MEM), fetal bovine serum (FBS) and
penicillin-streptomycin were purchased from Welgene, Inc.
Apigenin (Fig. 1), MTT cell lysis buffer, DAPI and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich
(Merck KGaA). Fluoresceinisothiocyanate (FITC) Annexin V
Apoptosis Detection kit was obtained from BD Pharmingen
(BD Biosciences). Anti-f-actin (cat. no. 4967), anti-Bax
(cat.no.2772), anti-Bcl-2 (cat. no. 2876), anti-cleaved caspase-9
(cat. no. 9501), anti-caspase-9 (cat. no. 9502), anti-poly
ADP-ribose polymerase (PARP; cat. no. 9542), anti-cleaved
PARP (cat. no. 5625), anti-p53 (cat. no. 2527), anti-phos-
phorylated (p)-p38 (cat. no. 4631), anti-p38 (cat. no. 9212),
anti-p-JNK (cat. no. 4668), anti-JINK (cat. no. 9252),
anti-p-ERK (cat. no.4376), anti-ERK (cat. no.4695), anti-p-Akt
(cat. no. 4060), anti-Akt (cat. no. 9272) and goat anti-rabbit IgG
(cat. no. 7074) antibodies were obtained from Cell Signaling
Technology, Inc.

Cell line and culture. Melanoma cells were maintained in
MEM and DMEM supplemented with 5% FBS and 1% peni-
cillin/streptomycin under standard culture conditions at 37°C
in a humidified atmosphere of 95% air and 5% CO,. The culture
medium was replaced every 2-3 days. For apigenin treatment,
melanoma cells were seeded into a 175 cm? flask (Nalge Nunc
International; Thermo Fisher Scientific, Inc.) when density
reached ~80-90% and allowed to attach overnight.

Cell viability assay. The anticancer effects of apigenin were
assessed using an MTT assay. A375P and A375SM cells were
seeded onto a 96-well plate at a density of 2x10* cells/ml
and a volume of 200 ul/well. Following incubation for 24 h,
cells were treated with apigenin (0, 25, 50, 75 and 100 M)
for 24 h in triplicate. After apigenin treatment, the medium
was discarded and a total of 40 yl MTT solution (5 mg/ml)
was added to each well followed by incubation for an addi-
tional 2 h. Subsequently, the medium was aspirated and the
formazan product generated by viable cells was solubilized
with the addition of 100 1 DMSO. The absorbance of the
solution was determined at 595 nm using a microplate reader
(Bio-Rad Laboratories, Inc.). The percentage of viable cells
in the apigenin treatment group was estimated in comparison
with the untreated control cells.

Wound healing migration assay. A375P and A375SM cells were
seeded in 60-mm culture dishes at a density of 1x10° cells/ml
and allowed to grow for 24 h. A uniform wound was introduced
by scraping the monolayers with a sterile blue-pipette tip.
Subsequently, the culture medium was replaced with non-FBS
fresh medium supplemented with increasing concentrations of
apigenin (0, 50 and 100 M) and cells were cultured for an



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

OH

Figure 1. Molecular structure of apigenin (4',5,7-trihydroxyflavone).

additional 24 h. The rate of wound closure in apigenin-treated
and untreated cells was monitored by images captured with a
phase-contrast microscope (magnification, x100) immediately
after wound incision (0 h) and following 24 h. The percentage
of the migrated cells was estimated compared with the cell
density in the wound of the untreated control group.

DAPI staining. Apoptotic cell death was determined by
observing morphological changes using DAPI fluores-
cent nuclear dye. DAPI stains cells undergoing apoptosis
characterized by chromatin condensation and nuclear frag-
mentation. A375P and A375SM cells were treated with PBS
or various concentrations of apigenin (0, 50 and 100 M) for
24 h, harvested by trypsinization and fixed in 70% ethanol
overnight at 4°C. The following day, cells were stained with
DAPI at room temperature for 1 min, deposited onto slides
and observed under a fluorescence microscope (magnifica-
tion, x200) to detect characteristics of apoptosis. The apoptotic
rate was measured using the following equation: Number of
positive cells/total number of cells in three random fields from
each sample.

Annexin V-propidium iodide (PI) staining. Apoptosis rate
was also determined using a FITC-Annexin V Apoptosis
Detection kit (BD Pharmingen; BD Biosciences). For the
Annexin V-PI staining, A375P and A375SM human melanoma
cells were treated with 0, 50 and 100 #M apigenin for 24 h.
Following treatment, cells were washed with PBS, suspended
in trypsin-EDTA solution and centrifuged (200 x g) at 4°C for
5 min to obtain cell pellet. The harvested cells were diluted in
1X binding buffer at a density of 1x10° cells/ml. Subsequently,
cells were treated with 5 ul/100 ul FITC-conjugated
Annexin V and phycoerythrin-conjugated PI for 15 min and
apoptosis was measured by flow cytometry (BD FACSVerse™
Flow cytometer, BD Life Sciences). BD FACSuite (v1.0.6;
BD Life Sciences) was used for analysis. The early and late
apoptosis rate was indicated by the percentage of Annexin V
positive cells.

Western blot analysis. Cells were treated with various concen-
trations of apigenin (0, 50 and 100 yM) for 24 h, total proteins
were extracted using PRO-PREP protein extraction solution
(Intron Biotechnology, Inc., cat. no. 17081), and then the protein
concentration was determined using a Bradford protein assay
(Bio-Rad Laboratories, Inc.). Total proteins (30 ug per lane)
in each cell lysate were resolved via SDS-PAGE on 6-14%
gels, and subsequently electrotransferred onto nitrocellulose
membranes. Following blocking with 5% non-fat dry milk in
Tris-buffered saline with 0.5% Tween-20 (TBST) buffer for 1 h
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at room temperature, membranes were incubated with specific
primary antibodies diluted in blocking solution at 4°C over-
night. After washing with TBST, membranes were incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. Following washing,
bands were visualized using an enhanced chemiluminescence
detection reagent (Pierce; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. The following
antibodies were used: B-actin (1:1,000), Bax (1:1,000), Bcl-2
(1:1,000), caspase-9 (1:1,000), cleaved-caspase-9 (1:1,000),
PARP (1:1,000), cleaved-PARP (1:1,000), p38 (1:1,000), p-p38
(1:1,000), INK (1:1,000), p-JNK (1:1,000), ERK (1:1,000),
p-ERK (1:1,000), Akt (1:1,000) and p-Akt (1:1,000) as primary
antibodies and rabbit IgG (1:1,000) as the secondary antibody.
Protein intensity was semi-quantified by the ImagelJ software
(National Institutes of Health, v1.8.0).

Animals and in vivo xenograft tumor model. A total of 15 male
BALB/c nude (nu/nu) mice (age, 5 weeks, body weight, 17-19 g)
were purchased from Orient Bio Inc. Animal experiments
were performed in accordance with the Guidelines for the
Kongju National University Institutional Animal Care and
Use Committee (Chungcheongnam, Korea) and approved
by the Ethics Committee of Kongju National University
(approval no. KNU_2018-5). Equipment was provided by the
Laboratory Animal Resource Center (Gwangju, Korea). Mice
were maintained under a 12 h light/dark cycle and housed
under a controlled temperature of 23+3°C and humidity of
40+10%. Mice were allowed ad libitum access to laboratory
pellet food and water. A375SM cells at 80-90% density were
maintained in DMEM and MEM supplemented with 10% FBS
and 1% penicillin-streptomycin at 37°C in a humidified atmo-
sphere of 5% CO,. A375SM cells were harvested from cultures
using 0.25% trypsin. Trypsinization was stopped using a solu-
tion containing 10% FBS, cells were then rinsed twice and
resuspended in DMEM and MEM. Subsequently, a total of
2x107 cells in 0.2 ml culture medium were injected subcutane-
ously into the right flank of donor nude mice. On day 7 following
injection, A375SM cells growing under the skin of nude mice
developed tumors. When the tumors became palpable, mice
were assigned randomly into three groups (n=5), namely the
vehicle-treated control group and the apigenin-treated groups
(25 or 50 mg/kg body weight). Apigenin was orally adminis-
trated five times/week for 3 weeks at a dose of 25 or 50 mg/kg
body weight, while control mice were treated with the vehicle
only. Oral administration was performed using an oral zonde
needle. Animal health and behavior were monitored daily.
Body weight and tumor volume were monitored twice weekly.
The tumor volumes were calculated using the following equa-
tion: Tumor volume (mm?*)=0.5 x length x width?. Then, three
weeks after the start of apigenin injection, the final tumor
size was measured. All mice were sacrificed using CO, gas
(30% per min, 3 min) and tumors were excised to measure
tumor weight. A section of the tumor tissue was embedded in
paraffin and fixed with 10% formalin at room temperature for
12 h was subsequently used for TUNEL and immunohisto-
chemistry (IHC) assays. The criteria used to determine when
an animal should be euthanized were set as follows: i) Mice
showed a weight loss of =20% of its normal weight; ii) tumor
grew to =10% of its normal weight; iii) mice developed ulcers
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Figure 2. Effect of apigenin on melanoma cell viability. A375P and A375SM cells (density, 2x10* cells/ml) were treated with apigenin (0, 25, 50, 75, 100 xM)
in DMEM and MEM supplemented with 5% FBS for 24 h. Cell viability was measured by a MTT assay. Data are presented as the mean + standard deviation
from three independent experiments. Significance was determined using ANOVA followed by a Dunnett's post hoc test. "P<0.05 vs. untreated control group.

or infections in the tumor area; or iv) erosion of surrounding
tissues.

TUNEL assay. TUNEL staining was performed in
paraffin-embedded 5-ym-thick tumor sections using the
DeadEnd™ Colorimetric TUNEL System (Promega
Corporation), according to the manufacturer's protocol. Briefly,
sections were deparaffinized in xylene, dehydrated via a series
of graded alcohol rinses (100, 95, 85, 70 and 50% ethanol
(v/v) in double-distilled H,0) and rehydrated in PBS (pH 7.5).
Subsequently, the tissue samples were permeabilized with
a proteinase K solution following refixing in 4% parafor-
maldehyde solution at room temperature for 15 min. Slides
were treated with the rTdT reaction mix and incubated at
37°C for 1 h. Reactions were terminated by immersing the
slides in 2X SSC solution for 15 min at room temperature.
Following blocking of endogenous peroxidase activity with
0.3% hydrogen peroxide, slides were washed with PBS, and
then incubated with streptavidin HRP solution for 30 min at
room temperature. After washing, slides were incubated with
a 3,3-diaminobenzidine (DAB; substrate) solution until a light
brown background appeared (10 min) and rinsed several times
in deionized water. Following mounting, slides were observed
under a light microscope. The number of positive cells in three
random fields from each sample was counted indicating the
number of apoptotic cells.

Immunohistochemistry. The paraffin-embedded sections were
deparaffinized and dehydrated by sequential immersion in
xylene and graded alcohol solutions, respectively. Sections
were blocked using 1X Animal-Free Blocking Solution (Cell
Signaling Technology, Inc., cat. no. 15019) at room temperature
for 1 h. The sections were incubated with an antibody against
p-ERK (1:100) at 4°C overnight, and subsequently incubated
with a HRP-conjugated goat anti-rabbit antibody for 1 h at
room temperature. The tumor sections were visualized using
a DAB solution, treated with mounting reagent and observed
under a routines light microscope (magnification, x200).
Finally, p-ERK positive cells were counted in three random
fields from each sample.

Histological examination. The excised liver and kidney
specimens were immediately fixed in 10% neutral buffered

formalin at room temperature for 72 h, embedded in paraffin
and cut into 5-pum-thick sections. Following hematoxylin and
eosin (H&E) staining at room temperature (hematoxylin for
5 min, eosin for 1 min), the sections were examined under a
light microscope (magnification, x200).

Statistical analysis. Results are presented as the
mean # standard error of the mean for tumor volume, tumor
weight, and body weight in vivo, while others are presented as
the mean + standard deviation. Differences in the mean values
between control and apigenin-treated groups were assessed by
one-way ANOVA followed by a Dunnett's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

Apigenin inhibits the survival of melanoma cells. To investigate
the effects of apigenin on A375P and A375SM cell viability,
cells were treated with different concentrations (0, 25, 50, 75
and 100 uM) of apigenin and viability was assessed using an
MTT assay. When A375P and A375SM cells were treated with
0,25,50,75 and 100 M of apigenin for 24 h, the cell survival
rates were 100, 90, 71, 55 and 35%, and 100, 89, 78, 69 and
55% for A375P and A375SM cells, respectively (Fig. 2). The
decrease in cell viability was dose-dependent, as it decreased
with increasing concentrations of apigenin. Significant effects
were observed at concentrations =50 M.

Apigenin affects the migratory ability of melanoma cells.
Subsequently, to explore the effect on apigenin on A375P and
A375SM cell migration, melanoma cells were treated with
various concentrations of apigenin (0, 50 and 100 xM) that
significantly affected the viability of A375P and A375SM cells
as demonstated by the MTT assay. The results revealed that
cell migration was attenuated in a dose-dependent manner
compared with that noted in the control group (Fig. 3A and C).
The migration rates in A375P and A375SM cells treated with
0, 50 and 100 M apigenin were 100, 53 and 25%, and 100, 34
and 4%, respectively (Fig. 3B and D).

Effect of apigenin on morphological changes in melanoma
cells. To determine whether the decreased cell viability
observed in apigenin-treated A375P and A375SM cells was



MOLECULAR MEDICINE REPORTS 22: 4877-4889, 2020

4881

A A375P B
Apigenin (uM)
0 50 100 ASTER
5
; E 120
Oh &
™
N :
;En 404 ®
24 h E 20
o Y 50 100
Apigenin (pM)
C A375SM D
Apigenin (uM) A375SM
0 ; e SY -
i : T 1,
=
S 100
e
Oh 2
i
B
E -
L0
E 207
24k S 0 50 100

Apigenin (pM)

Figure 3. Effect of apigenin on melanoma cell migration ability. (A) A375P and (C) A375SM melanoma cells were treated with apigenin (0, 50, 100 xM) for
24 h and cell density in the wound area was measured using a wound healing assay (magnification, x100). (B and D) The percentage of cell migration was
estimated compared with the cell density in the wound area of the untreated control group. Cell density in the wound area for any field of view was measured
at different locations. Data are presented as the mean =+ standard deviation from three independent experiments. Significance was determined using ANOVA

followed by a Dunnett's post hoc test. “P<0.05 vs. untreated control group.

mediated by apoptosis, the morphological changes and chro-
matin condensation in the nucleus of apigenin-treated cells
were observed following DAPI staining. Therefore, A375P and
A375SM cells were treated with 0, 50 and 100 M of apigenin
for 24 h, co-treated with DAPI staining and observed under a
fluorescence microscope (Fig. 4A). Consistent with the MTT
assays, the results revealed that apigenin exerted inhibitory
effects on cancer cell growth by decreasing total cell count.
The inhibitory effect of apigenin on cancer cell growth
was mediated by apoptosis as confirmed by the presense
of morphological features of apoptosis, such as apoptotic
bodies and chromatin condensation. To quantitatively analyze
apoptosis, DAPI-positive cells were counted (Fig. 4B) and the
morphology of the apoptotic bodies was observed under a
fluorescence microscope. The apoptosis rates of A375P and
A375SM cells treated with 0, 50 and 100 yM apigenin were
3.8, 24.8 and 44.8%, and 6.6, 20.0 and 36.4%, respectively.
Thus, this indicated that apigenin increased apoptosis in a
dose-dependent manner.

Effect of apigenin on apoptosis in melanoma cells. To inves-
tigate whether the formation of apoptotic bodies observed

with DAPI staining was mediated by apoptosis, Annexin V-PI
staining was used. Therefore, A375P and A375SM cells were
treated with 0, 50 and 100 #M apigenin for 24 h and apoptosis
was confirmed by flow cytometry (Fig. SA and B). The results
showed that the apoptosis rates (percentage of Annexin V
positive cells) of apigenin-treated melanoma cells increased in
a dose-dependent manner. As shown in Fig. 5C and D, apop-
tosis rates of A375P and A375SM cells treated with 0, 50 and
100 M apigenin were 8.7, 40.3 and 59.6%, and 11.6, 38.5 and
47.5%, respectively.

Effect of apigenin on apoptosis-related protein expression in
melanoma cells. DAPI and Annexin V-PI staining showed that
apoptosis was significantly increased in A375P and A375SM
cell lines treated with 50 and 100 M of apigenin. Therefore,
the expression levels of proteins that regulate apoptosis were
measured using western blot analysis. To detect the expression
levels of Bax,Bcl-2, PARP, p53 and caspase-9, which are known
to regulate apoptosis, A375P and A375SM cells were treated
with apigenin (0, 50 and 100 yM), and subsequently western
blotting was performed. As the concentration of apigenin
increased, the expression levels of PARP and caspase-9
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Figure 4. Effect of apigenin on chromatin condensation in melanoma cells (A375P, A375SM). (A) A375P and A375SM cells were treated with apigenin (0,
50, 100 uM) in DMEM and MEM supplemented with 5% FBS for 24 h and cells were stained with DAPI. The arrows indicate chromatin condensation in
melanoma cells. Scale bar, 10 ym. (B) Apoptotic cells were counted under a light microscope and apoptosis rate was expressed as the percentage of apoptotic
cells in five random fields. Data are presented as the mean + standard deviation from three independent experiments. Significance was determined using
ANOVA followed by a Dunnett's post hoc test. “P<0.05 vs. untreated control group.

decreased, and the expression levels of pro-apoptotic proteins
Bax, p53, cleaved PARP and cleaved caspase-9 significantly
increased, whereas the expression of Bcl-2, known to inhibit
apoptosis, was downregulated (Fig. 6A and B).

Effect of apigenin on the MAPK and Akt signaling pathways
in melanoma cells. The phosphorylation status of specific
proteins in cancer cells is widely recognized as an important
process in determining cell fate, including apoptosis. Various
kinases of the MAPK pathway, an intracellular signaling
system, are involved in intercellular and intracellular reactions
in response to changes in the intracellular environment (34).
ERK, JNK and p38, which belong to the MAPK pathway, are
known to regulate several biological functions including cell
proliferation, differentiation and apoptosis. Furthermore, Akt
plays a central role in cell growth and proliferation, and is
active in the majority of tumor tissues (35,36). However, Akt
expression significantly differs in response to different active
cellular materials, biological functions and environment.
Therefore, western blot analysis was performed to reveal the
effects of apigenin (0, 50 and 100 M) on the protein expres-
sion of members of the Akt and MAPK pathways in A375P

and A375SM cells (Fig. 7A and B). The expression levels
of the MAPK pathway-related proteins, p-JNK and p-p38,
significantly decreased and increased, respectively, in A375P
cells. Furthermore, expression of p-ERK and p-Akt decreased
following treatment with 100 yM apigenin. However, the
increase in p-p38 expression was not associated with the
concentration of apigenin and p-ERK was not downregulated
in a dose-dependent manner. In A375SM cells, the expression
levels of p-JNK and p-ERK in the MAPK pathway increased,
whereas those of p-p38 and p-Akt decreased, depending on
the concentration of apigenin. However, the increase in p-ERK
expression was not associated with the concentration of
apigenin. The aforementioned results indicated that proteins in
the signal transduction pathways were differentially expressed
in the two melanoma cell lines.

Effect of apigenin on tumor growth in an in vivo animal model.
Based on the in vitro experiments, a A375SM cell line-derived
xenograft mouse model was established. A375SM melanoma
cells were transplanted into nude mice and the effect of
apigenin on tumor growth was investigated. Apigenin was
diluted in PBS and orally administered at concentrations of
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Figure 5. Effect of apigenin-induced apoptosis rates on A375P and A375SM cells. (A) A375P and (B) A375SM cell were treated with or without apigenin
(0,50, 100 uM) for 24 h, and apoptotic and necrotic cells were stained with Annexin V and PI. Apoptosis and necrosis rates were analyzed by flow cytometry.
Quantification of apoptosis rates (Annexin V-positive cells) in (C) A375P and (D) A357SM cells. Data are presented as the mean + standard deviation from
three independent experiments. Significance was determined using ANOVA followed by a Dunnett's post hoc test. “‘P<0.05 vs. untreated control group.
LL, live cell; UL, necrotic cell; LR, early apoptotic cell; UR, late apoptotic cell; PI, propidium iodide.

25 and 50 mg/kg five times per week for 3 weeks. Tumor size
was measured twice per week. Tumor size was decreased in the
apigenin-treated group after two weeks of treatment compared
with that observed in the control group (Fig. 8A). The tumor
inhibition rate was 35.0% on the 21st day post-administration
in the low-concentration group (25 mg/kg) and 15.4% in the
high-concentration group (50 mg/kg), as shown in Table I.
Tumor weights were 0.64+0.1,0.46+0.1 and 0.57+0.07 g in the
control group, low-concentration group and high-concentration
group, respectively. Therefore, tumor weight was decreased in
both groups following treatment with apigenin compared with
the control group (Fig. 8B). However, there were no statisti-
cally significant changes in body weight following apigenin
administration (Fig. 8C).

Effect of apigenin on melanoma tumor cell apoptosis
in vivo. A TUNEL assay was performed to determine
whether the inhibitory effect of apigenin on the growth of

A375SM melanoma cells isolated from a melanoma xeno-
graft model was mediated by apoptosis. The results revealed
that the number of TUNEL-positive cells was increased
in the apigenin-treated group compared with the control
group (Fig. 8D and E).

Effect of apigenin on p-ERK expression in melanoma tumor
tissue. The in vitro experiments demonstrated that p-ERK was
upregulated in apigenin-treated melanoma cells. Therefore,
melanoma tumor samples were isolated from the melanoma
mouse xenograft model 3 weeks following apigenin admin-
istration, and IHC revealed an increase in p-ERK expression
compared with the control group (Fig. 9).

Apigenin induces histopathological changes in melanoma
tumor tissues. Subsequently, to assess apigenin-induced
organ toxicity, liver and kidney tissues derived from
tumor-xenografted mice were histologically examined by
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Figure 6. Effect of apigenin on the apoptotic pathway in melanoma cells. (A) A375P and (B) A375SM melanoma cells were treated with apigenin (0, 50, 100 M)
for 24 h and cells were harvested to measure protein levels of Bax, Bcl-2, PARP, p53 and caspase-9 by western blotting. Blots were also probed with 3-actin
antibody to confirm equal sample loading. Data are presented as the mean + standard deviation from three independent experiments. Significance was deter-
mined using ANOVA followed by a Dunnett's post hoc test. "P<0.05 vs. untreated control group. PARP, poly ADP-ribose polymerase.

H&E staining under a light microscope (Fig. 10). However, no
histopathological abnormalities were observed, indicating that
apigenin had no detectable toxic effects.

Discussion

The present study suggested a mechanism for the inhibitory
effect of apigenin on A375P and A375SM melanoma cell
growth and proliferation. The two melanoma cell lines differ
in their invasive and metastatic properties, with A375P cells
exhibiting decreased properties compared with A375SM
cells (37). Cancer cells induce tumorigenesis via invasion to
healthy tissues from blood and lymphatic ducts after their
proliferation into the adjacent tissues (38). To investigate the
inhibitory effects of apigenin in vitro, A375P and A375SM
cells were treated with different concentrations of apigenin,
and MTT and wound healing assays were performed. The
results of the MTT assay showed reduced cell viability of
A375P and A375SM melanoma cells treated with apigenin
in a dose-dependent manner. These results were consistent

with previous studies, indicating that apigenin decreased
tumor growth in KB oral cavity cancer cells (39), HCT-16
colorectal cancer cells (22) and HL-60 human myeloma
cancer cells (40) in a dose-dependent manner. The wound
healing assay in the present study demonstrated that apigenin
attenuated the migratory ability of melanoma cells. Previous
studies revealed that apigenin inhibits cell migration of
CD44+ prostate cancer cells (41), and DLD1 and SW480
colorectal cancer cells (42). These previous findings were
consistent with the results from the present study, demon-
strating the inhibitory effects of apigenin on A375P and
A375SM melanoma cell migration when applied at different
concentrations.

Apoptosis may occur in response to normal cell injury
or pathological factors (28) and is accompanied by various
features, such as cytoplasmic or chromatin condensation,
cell membrane alteration and DNA fragmentation. These
features play important roles in biological generation and
maintenance of homeostasis. Therefore, DAPI staining
was performed to clarify whether the inhibitory effect



A A375P
Apigenin (pM)
0 50 100
ERK | 4 S s
o e [ | £
INEK | — g
k=
pINK | Wl . 3
P33 | M -
p-P38 .o
Akt | e ———— “E-
pak | P -
factin S——— g
B A375SM
Apigenin (npM)
0 50 100
ERK | I e o
pERK | RN :
INK [ e—— | £
s
R I
P33 | ———
p-P33 | g - gw 3
=
Akt | w— a— g— s
p-akt | WS gn P
B-actin | P

MOLECULAR MEDICINE REPORTS 22: 4877-4889, 2020

2.5

4885

mp-ERK/ERK
Op-JNK/JNK
p-P38/P38

* op-Akt/Akt

N

50
Apigenin (pM)

mp-ERK/ERK
0p-JNK/JNK
Sp-P38/P38
Bp-Akt/Akt

50 100
Apigenin (pM)

Figure 7. Effect of apigenin on the activation of the mitogen-activated protein kinase and Akt signaling pathways in melanoma cells. (A) A375P and
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post hoc test. “P<0.05 vs. untreated control group. Akt, protein kinase B; ERK, extracellular signal-regulated protein kinase; JNK, c-Jun N-terminal kinase;

p-, phosphorylated.

of apigenin on melanoma cell growth and proliferation
was mediated by apoptosis. Cancer cell growth and count
were decreased following apigenin treatment. In addition,
characteristics of apoptosis were observed, including chro-
matin condensation and the presence of apoptotic bodies.
A previous study also demonstrated that apigenin induces
apoptosis in KB oral cavity cancer cells in a dose-dependent
manner (43). Apoptosis was triggered by DNA fragmenta-
tion and subsequent apoptosis in the nucleosome of A375P
and A375SM melanoma cells. DAPI staining showed a
significant increase in apoptotic cell count. Annexin V is a
representative staining agent for apoptosis. Annexin V posi-
tive cells are early and late apoptotic cells, and Annexin V
negative PI positive cells are necrotic cells. Apoptosis rate
was measured by Annexin V-PI staining and supported the
results of DAPI staining. Therefore, these findings suggested

that apigenin could induce apoptosis in A375P and A375SM
melanoma cells.

It has been established that apoptosis inhibits tumor
development and progression. Pro-apoptotic proteins, such as
Bax, Bid and Bad, promote apoptosis by rupturing the outer
mitochondrial membrane, whereas anti-apoptotic proteins,
including Bcl-2, Bcl-xL and A1, inhibit apoptosis by preserving
the ruprure of the outer mitochondrial membrane (30-32).
Akt is known to be involved in cell cycle progression and
survival-related proliferation. In addition, Akt inhibits apop-
tosis via downregulating the expression of the pro-apoptotic
proteins Bcl-2 and caspase-9 via the PI3K/Akt pathway (35).
Three types of MAPKs have been identified, each with
different activities, namely ERK, stress-activated JNK and
p38 kinase MAPK, that attenuate the growth and differentia-
tion of cancer cells (36).
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Table I. Tumor inhibtion rate in mice implanted with A375SM melanoma cells treated with apigenin.

Apigenin (mg/kg) Pre-experiment size, mm®

Post-experiment size, mm? Inhibition rate®, %

0* 833 1,724.6
25 93.6 1,120.8 350
50 95.1 1,458.3 154
*Control group, "data are expressed as percentage relative to control.
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Figure 8. Effects of apigenin on melanoma tumor growth and apoptosis. Nude mice bearing A375SM cells as xenograft models were treated with apigenin
for 21 days and (A) tumor volume, (B) tumor weight and (C) body weight were measured. Data are presented as the mean + standard error of the mean.
(D) Apoptosis was determined in tumor tissues using a TUNEL assay. Slides were observed under a microscope (magnification, x200; scale bar, 10 ym).
(E) TUNEL assay results are presented as the mean + standard deviation from three independent experiments. Significance was determined using ANOVA

followed by a Dunnett's post hoc test. "P<0.05 vs. untreated control group.

In the present study, western blot analysis was performed
to detect the expression levels of the apoptosis-related
proteins. The reuslts demonstrated that the expression of
Bax, p53, cleaved PARP and cleaved caspase-9 increased in
a dose-dependent manner following treatment of A375P and
A375SM cells with apigenin. However, Bcl-2 was down-
regulated. It has been reported that apigenin upregulates the
expression of various proteins in different ypes of cancer
cells in a dose-dependent manner, including p53 and Bax
in SK-BR-3 breast cancer cells (44), and cleaved PARP and
cleaved caspase-9 in PC-3 cancer cells (24). Apigenin has also
been demonstrated to increase the expression of Bax, cleaved
PARP and cleaved caspase-9, and decrease that of Bcl-2 in
DU-145 prostate cancer cells in a dose-dependent manner (45).
These findings suggested that apigenin induced apoptosis via
regulating the expression of the apoptosis-related proteins,
Bax, Bcl-2, PARP, p53 and caspase-9 in A375P and A375SM
melanoma cells.

Subsequently, western blot analysis was also performed to
assess the effects of apigenin on the MAPK and Akt pathway

in A375P and A375SM cells. It was demonstrated that treat-
ment with 100 #M apigenin led to a significant downregulation
of p-ERK, p-JNK and p-Akt expression in A375P cells, and
a downregulation of p-p38 and p-Akt expression in A375SM
cells. Results in A375SM were consistent with those observed
in previous studies demonstrating that apigenin increased
the expression of p-ERK and p-JNK and decreased that of
p-p38 in PC-3 prostate (46) and MDA-MB-231 breast cancer
cells (47). Although p-ERK has been known to affect cell
proliferation and migration in previous studies, the cellular
signaling pathways are complex and the mechanisms of
synergy or antagonism between intracellular signaling path-
ways are still unclear (48-50). Therefore, the change in p-ERK
in A375P following apigenin treatment appeared to be due
to complex interactions of intracellular signaling pathways,
and further studies are needed to clarify the role of signaling
pathways in cellular processes. Apigenin presumably inhib-
ited the proliferation of A375P and A375SM cells in vitro
via promoting apoptosis mediated by the MAPK and Akt
signaling pathways. However, the expression levels of MAPKs
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Figure 9. Effect of apigenin on p-ERK expression in A375SM-induced melanoma tumors. Nude mice were administered with apigenin for 3 weeks and the
expression of p-ERK was assessed by immunohistochemistry. Paraffin-embedded tumor tissues were cut into 5-um-thick sections and tissues were observed
under a microscope and photographed (magnification, x200; scale bar, 10 xm). Each bar represents the p-ERK-positive cells (relative to control). Data are
presented as the mean + standard deviation from three independent experiments. Significance was determined using ANOVA followed by a Dunnett's post hoc
test. “P<0.05 vs. untreated control group. ERK, extracellular signal-regulated protein kinase; p-, phosphorylated.
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Figure 10. Histological observation of apigenin-treated nude mice. The
microscopic analysis of murine liver and kidney specimens showed no
evidence of adverse systemic toxicity following apigenin treatment. Slides
were observed under a microscope (magnification, x200; scale bar, 10 ym).

were different between the two melanoma cell lines. It has been
reported that A375P and A375SM melanoma cell lines exert
different metastatic and invasive properties (37). Therefore,
consistent with previous studies, apigenin induced apoptosis
in vitro in A375SM melanoma cells via the Akt and MAPK
signal transduction proteins. However, the protein expression
of A375P under the same conditions was consistent with that
observed in previous studies showing that apigenin decreased
expression of p-ERK and p-AKT in A375, C8161 human mela-
noma cells (51), U266, RPMI8226 human multiple myeloma
cells (52) and decreased expression of p-Akt in MDA-MB-231
human breast cancer cell (53). The aforementioned findings
suggested that the different effects of apigenin on A375P and
A375SM cells should be further investigated.

Based on the in vitro results, A375SM cells were trans-
planted into nude mice, which were in turn treated with apigenin
to determine its effect on tumor growth. Tumor size and weight
decreased in a dose-dependent manner in the apigenin-treated
groups compared with the control group. Previous studies also
demonstrated that intraperitoneally administrated apigenin
at a concentration of 50 and 5.25 mg/kg, attenuated tumor
growth of MIA PaCa-2 pancreatic (54) and MDA-MB-231
breast cancer cells (23), respectively, when transplanted into
mice compared with non-treated control mice. These results
were in agreement with those of the present study revealing
the inhibitory effect of apigenin on A375SM tumor growth.

DNA fragmentation is a hallmark of apoptosis (55). In the
present study a TUNEL assay was performed to determine
whether the inhibitory effect of apigenin on A375SM tumor
growth was mediated by apoptosis. TUNEL-positive cells
were elevated in the apigenin-treated group compared with the
control group. Furthermore, the apoptosis rate was increased
in a concentration-dependent manner in the low-concentration
and high-concentration groups, respectively. It has been also
reported that apigenin increases apoptosis in KB oral cavity
cancer cells in a dose-dependent manner (39). Therefore,
these results indicated that apigenin inhibited the growth of
A375SM cells via inducing apoptosis.

Currently, three MAPK pathways have been identified,
namely ERK1/2, p38 MAPK and JNK/stress-activated protein
kinase. Among them, p38 and JNK pathways are activated
in response to stress-like stimuli to induce apoptosis. The
ERK1/2 pathway functions as an anti- or pro-apoptotic factor
depending on cellular characteristics (56-58). In the present
study IHC was performed to explore the effect of apigenin
on p-ERK expression. Consistent with the in vitro western
blotting results, p-ERK expression was increased in A375SM
tumor tissues. It was also previously revleaed that apigenin
upregulated p-ERK expression in a dose-dependent manner
in PC-3 prostate cancer cells (46). These results indicated that
apigenin inhibited A375SM tumor growth and proliferation
via regulating p-ERK expression.

In vivo results showed that apigenin did not induce concen-
tration-dependent inhibition of tumor growth. However, tumor
weight was attenuated in both concentration groups compared
with the control group. Subsequent experiments demostrated
that the apigenin-treated group exhibited a significant increase
in apoptosis compared with the control group. In view of the
differences between tumor volume and weight, and the results
obtained by TUNEL assays, the aforementioned findings
suggested that tumor volume and weight were not proportional
to the induction of apoptosis. Therefore, further studies on
the associasion between tumor weight and apoptosis-related
tumor suppression are necessary.

In conclusion, the results of the in vitro and in vivo
experiments suggested that apigenin induced apoptosis via
regulating the Akt and MAPK signaling pathways, thus
inhibiting the growth and proliferation of A375SM melanoma
cells. Therefore, apigenin may be considered as an alternative
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therapeutic target to modulate the Akt and MAPK pathways in
A375SM melanoma cells.
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