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Mpyricetin induces apoptosis through the MAPK pathway
and regulates JNK-mediated autophagy in SK-BR-3 cells
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Abstract. Myricetin, a flavonoid found in fruits and vegetables,
is known to have antioxidant and anticancer effects. However,
the anticancer effects of myricetin on SK-BR-3 human
breast cancer cells have not been elucidated. In the present
study, the anticancer effects of myricetin were confirmed in
human breast cancer SK-BR-3 cells. As the concentration
of myricetin increased, the cell viability decreased. DAPI
(4',6-diamidino-2-phenylindole) and Annexin V/PI staining
also revealed a significant increase in apoptotic bodies and
apoptosis. Western blot analysis was performed to confirm the
myricetin-induced expression of apoptosis-related proteins.
The levels of cleaved PARP and Bax proteins were increased,
and that of Bcl-2 was decreased. The levels of proteins in
the mitogen-activated protein kinase (MAPK) pathway were
examined to confirm the mechanism of myricetin-induced
apoptosis, and it was found that the expression levels of
phosphorylated c-Jun N-terminal kinase (p-JNK) and
phosphorylated mitogen-activated protein kinases (p-p38)
were increased, whereas that of phosphorylated extracel-
lular-regulated kinase (p-ERK) was decreased. It was also
demonstrated that myricetin induced autophagy by promoting
autophagy-related proteins such as microtubule-associated
protein 1A/1B-light chain 3 (LC 3) and beclin 1. In addition,
3-methyladenine (3-MA) was used to evaluate the association
between cell viability and autophagy in cells treated with
myricetin. The results showed that simultaneous treatment
with 3-MA and myricetin promoted the apoptosis of breast
cancer cells. Furthermore, treatment with a JNK inhibitor
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reduced cell viability, promoted Bax expression, and reduced
the expression of p-JNK, Bcl-2, and LC 3-1I/1. These results
suggest that myricetin induces apoptosis via the MAPK
pathway and regulates JNK-mediated autophagy in SK-BR-3
cells. In conclusion, myricetin shows potential as a natural
anticancer agent in SK-BR-3 cells.

Introduction

Breast cancer is the second most common cancer in the world,
affecting 1.9 million individuals and causing 601,000 deaths
annually (1). Patients with breast cancer show rapid tumor
progression and metastasis (2), and treatment strategies for
such patients include surgical resection, radiotherapy, targeted
therapies, and chemotherapy (3). However, these treatment
methods affect not only the cancer cells, but also normal cells,
and can cause adverse outcomes such as resistance, hyperten-
sion, venous and arterial thromboembolism, and metabolic
disorders, resulting in poor prognosis (4). Anticancer treat-
ments using natural products can prevent or minimize the risk
of side effects, compared to chemotherapy, and such treatment
can exert numerous anticancer activities. Therefore, there is
a need for research on anticancer therapy based on natural
products (5).

Flavonoids are the most common group of plant poly-
phenols, and can be largely divided into flavones, flavonols,
flavanones, flavanonols, flavanols or catechins, anthocyanins
and chalcones (6). Among the flavonols, myricetin is included.
Myricetin (3,3'4',5,5',7-hexahydroxyflavone, C,sH,,O5) is abun-
dantly found in bayberry, nuts, red wine, and green tea (7-9).
Previous studies have demonstrated the anti-oxidant, antiviral,
antibacterial, and anticancer effects of myricetin (10-12).
Myricetin has been found to exhibit anticancer effects against
pancreatic (13), liver (14), prostate (15), thyroid (16) and breast
cancer (17-19) in vitro. In particular, myricetin targets the
mitochondrial apoptosis pathway to inhibit cellular prolifera-
tion and induce apoptosis (20). However, the anticancer effects
of myricetin in regards to breast cancer SK-BR-3 cells have not
been evaluated. Additionally, there is a lack of studies on the
mechanism of apoptosis caused by myricetin and its relation
to autophagy.
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Apoptosis is one of many key anticancer mechanisms
involving programmed cell death, and is characterized by cell
contraction, nuclear condensation, and blebbing of the cell
membrane. Apoptosis is an essential process, and abnormal
apoptosis may cause mutated cells to progress into tumor
cells (21). Apoptosis involves two pathways: extrinsic and
intrinsic. The mitochondria play a key role in the intrinsic
pathway, and it is also affected by Bax (a pro-apoptotic protein)
and Bcl-2 (an anti-apoptotic protein). DNA damage and
cellular stress lead to a relative increase in the expression of the
Bax protein, and this increases the permeability of the outer
mitochondrial membrane. During this process, cytochrome ¢
is released from the intermembrane space of the mitochondria.
Cytochrome c creates the caspase complex, inhibits Bcl-2, and
causes a caspase chain reaction (22) that fragments the PARP
protein. The fragmented PARP protein binds to the ends of
DNA and becomes activated, following which NAD and ATP
are depleted in the cells, causing apoptosis (23,24).

The mitogen-activated protein kinase (MAPK) pathway
is involved in apoptosis via its regulation of pro-apoptotic
and anti-apoptotic proteins through various mechanisms.
The main proteins involved in the MAPK pathway include
extracellular-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38 mitogen-activated protein kinases (p38). ERKs
are activated via the stimulation of growth factors that cause
cell differentiation and proliferation. ERKSs inhibit apoptosis by
promoting anti-apoptotic proteins and suppressing pro-apop-
totic proteins (25,26). In addition, JNK and p38 are activated
by stress, and are involved in maintaining the balance between
cell survival and death. These proteins promote pro-apoptotic
proteins and suppress anti-apoptotic proteins to stimulate
apoptosis (27,28). Thus, these proteins regulate the MAPK
pathway and are fundamental for the induction of apoptosis.

Autophagy is commonly known to inhibit apoptosis and
inhibit the activity of caspases; however, excessive degrada-
tion of the cellular cytoplasm through autophagy may lead
to apoptosis and cellular death (29). When the Bcl-2/beclin 1
complex is dissociated, beclinl recruits autophagic proteins
to initiate autophagy (30,31). These autophagic proteins form
a double membrane to become autophagosomes that combine
with lysosomes and degrade old organelles and proteins. In
this process, phycoerythrin (PE) combines with 1A/1B-light
chain 3 (LC 3)-I to form LC 3-II, which can bind to phagoph-
ores. Thus, LC 3 and beclinl are used as marker proteins that
indicate the activation of autophagy (32).

Therefore, in the present study, inhibition of the cell prolif-
eration of SK-BR-3 cells, in which the anticancer efficacy of
myricetin is unclear, was confirmed, and whether inhibition
of viability is induced through apoptosis was further inves-
tigated. In addition, the pathway through which apoptosis
occurs was identified, and the association between apoptosis
and autophagy in SK-BR-3 cells treated with myricetin was
examined, which has not been studied previously.

Materials and methods

Reagents and antibodies. Myricetin (Fig. 1A), purity
296.0% used in this experiment, was purchased from
Sigma-Aldrich/Merck KGaA. RPMI-1640 medium for
cell culturing was purchased from Welgene, and fetal

bovine serum (FBS) and penicillin/streptomycin were
purchased from Gibco BRL/Thermo Fisher Scientific, Inc.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 4',6-diamidino-2-phenylindole (DAPI), and acridine
orange were purchased from Sigma-Aldrich/Merck KGaA, and
the fluorescein isothiocyanate (FITC) Annexin V apoptosis
detection kit was purchased from BD Pharmingen. Cell lysis
buffer was purchased from Invitrogen/Thermo Fisher Scientific,
Inc. Polyadenosine diphosphate-ribose polymerase (PARP,
rabbit, 1:1,000, #9542), Bcl-2 associated X (Bax, rabbit, 1:1,000,
#2772), B cell lymphoma 2 (Bcl-2, rabbit, 1:1,000, #4223), micro-
tubule-associated protein 1A/1B-light chain 3 (LC 3, rabbit,
1:1,000, #4108), beclin 1 (rabbit, 1:1,000, #3738), total c-Jun
N-terminal kinase (t-JNK, rabbit, 1:1,000, #9252), phosphory-
lated c-Jun N-terminal kinase (p-JNK, rabbit, 1:1,000, #4668),
total extracellular-regulated kinase (t-ERK, rabbit, 1:1,000,
#9102), phosphorylated extracellular-regulated kinase (p-ERK,
rabbit, 1:1,000, #9101), total mitogen-activated protein kinases
(t-p38, rabbit, 1:1,000, #9212), phosphorylated mitogen-activated
protein kinases (p-p38; rabbit, 1:1,000, #9211), and rabbit IgG
(rabbit, 1:1,000, #7074) antibodies were purchased from Cell
Signaling Technology (CST), and B-actin (mouse, 1:1,000,
sc-47778) and mouse IgG (mouse, 1:1,000, sc-516102) antibodies
were purchased from Santa Cruz Biotechnology Inc. JNK
inhibitor (SP600125) was purchased from Sigma-Aldrich/Merck
KGaA and 3-MA was purchased form MedChemExpress.

Cell culture. Her2-positive SK-BR-3 breast cancer cells
were purchased from the Korean Cell Line Bank (KCLB,
Seoul, Korea). The cells were cultured in a 75 cm? flask
using RPMI-1640 medium containing 5% FBS and 1% peni-
cillin/streptomycin at 37.5% in a CO, incubator. The cells were
passaged when they were 70% confluent in the 75 cm? flask.

MTT assay. The SK-BR-3 cells were plated in a 96-well plate
at a density of 4x10* cells/ml and placed in an incubator. After
24 h, the cells were treated for 24 h with the following concen-
trations of myricetin: 0, 5, 10, 15, 20, and 25 ¢M. Following
this, the cells were incubated with 40 ul of MTT solution at
1 mg/ml for 90 min. The MTT solution was removed, and the
cells were treated with 100 pl of dimethyl sulfoxide (DMSO).
Absorbance (optical density) was measured at 595 nm using
an ELISA reader (Bio-Rad Laboratories) and Microplate
Manager® 6 software (Bio-Rad Laboratories) to calculate the
viability of the cells.

DAPI staining. The SK-BR-3 cells were plated in a 60-mm dish
at a density of 2x10° cells/ml and placed in an incubator for
24 h. The cells were treated with 0, 10, and 20 #M of myricetin
for 24 h. The medium was removed, and the cells were washed
three times with PBS. The cells were fixed in 4% paraformal-
dehyde for 15 min and washed three times with PBS. DAPI
was added to the cells and the reaction was allowed to occur
for 1 min under dark conditions. The nuclear morphology of
the reacted cells was observed with a fluorescence microscope
(Zeiss AG, magnification, x200). Apoptotic cells were counted
as DAPI-positive cells/total cells in three random fields.

Acridine orange staining. The SK-BR-3 cells were plated
in a 60-mm dish at a density of 2x10° cells/ml and placed
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Figure 1. Myricetin inhibits cell viability in SK-BR-3 cells. (A) The chemical
structure of myricetin. (B) Cell viability (as measured by an MTT assay) of
SK-BR-3 cells treated with 0, 5, 10, 15, 20, and 25 uM of myricetin for 24 h.
The control group (0 M) was treated with the same amount of DMSO. Data
are presented as mean and standard deviation (SD) for three samples. "P<0.05
vs. control group. MTT, 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazo-
lium bromide; DMSO, dimethyl sulfoxide.

in an incubator for 24 h. The cells were treated with 0, 10,
and 20 M of myricetin for 24 h. The medium was removed,
and the cells were washed with PBS. Subsequently, the cells
were fixed in 4% paraformaldehyde for 15 min and washed
twice with PBS. The cells were stained with acridine orange
and observed under a fluorescence microscope (Zeiss AG,
magnification, x200).

Annexin V/PI staining. The Annexin V apoptosis detection kit
was used for quantitative analysis of apoptosis. The SK-BR-3
cells were cultured in a 75 cm? flask and treated with 0, 10, and
20 uM of myricetin for 24 h. The cells were trypsinized with
trypsin-EDTA and centrifuged (300 x g, 5 min) into a pellet,
following which 1X binding buffer was used to re-suspend
the cells to a concentration of 1x10° cells/ml. The cells were
reacted with FICT-conjugated Annexin V and PE-conjugated
propidium iodide (PI) for 15 min, and analyzed using a
FACSCalibur™ flow cytometer (BD Biosciences).

Western blot analysis. The SK-BR-3 cells were cultured in a
75 cm? flask and treated with 0, 10, and 20 uM of myricetin
for 24 h. The cells were trypsinized and centrifuged (300 x g,
5 min) into a pellet, and a cell lysis buffer (Invitrogen/Thermo
Fisher Scientific, Inc.) was used to the separate proteins. The
cells were centrifuged at 18,000 x g for 5 min, and the super-
natant was collected. The proteins were quantified using the
Bradford protein assay (Bio-Rad Laboratories) and separated
by size using a 12% SDS-PAGE gel. The proteins were trans-
ferred to a nitrocellulose membrane (Bio-Rad Laboratories)
and blocked using 5% skim milk. The primary antibody was
reacted overnight at 4°C. The secondary antibody was reacted
at room temperature for 2 h, and the proteins were reacted
with ECL detection reagents (Pierce/Thermo Fisher Scientific,
Inc.). Multiple proteins were tested on one membrane via
stripping. Protein expression was measured using the Image J
Launcher (provided by NCBI).

Statistical analysis. The results are expressed as
mean =+ standard deviation. Statistical analyses were performed
using a Student's t test and using a one-way ANOVA followed
by Dunnett's or Tukey's test, when more than two conditions

were compared. Values were considered statistically signifi-
cant at P<0.05.

Results

Mpyricetin inhibits the viability of SK-BR-3 cells. An MTT
assay was conducted to determine the effects of myricetin
on the cell viability of 3 human breast cancer SK-BR-cells.
The SK-BR-3 cells treated with 0, 5, 10, 15, 20, and 25 uM
of myricetin for 24 h exhibited viabilities of 96.5% at 5 uM,
78.1% at 10 uM, 51.4% at 15 uM, 42.5% at 20 uM, and 37.9%
at 25 uM. Thus the SK-BR-3 cells showed a dose-dependent
decrease in viability compared to that of the control group
(Fig. 1B).

Mpyricetin induces apoptosis in SK-BR-3 cells. To investigate
whether the decrease in the viability of SK-BR-3 cells was
mediated by apoptosis, the cells were stained with DAPI to
assess morphological changes. The cells were treated with O,
10, and 20 M of myricetin for 24 h and stained with DAPI.
Cells in the myricetin-treated group showed the presence of
apoptotic bodies such as chromatin condensation, and nuclear
fragmentation. The percentage of apoptotic cells was 1.59%
in the control group, 6.65% in the 10 uM myricetin group,
and 12.78% in the 20 M myricetin group, indicating a
dose-dependent increase in the numbers of apoptotic bodies
(Fig. 2A and C). To analyze the percentage of apoptosis after
DAPI staining, the cells were stained with Annexin V/PI
and analyzed using flow cytometry. The ratio between cells
in early and late apoptosis was 9.8% in the control group,
12.5% in the 10 uM myricetin group, and 38.5% in the 20 yuM
myricetin group. This indicated that there was significant
dose-dependent increase in the ratio between cells in early
and late apoptosis (Fig. 2B and D). To measure the expression
levels of PARP, Bax, and Bcl-2 proteins (apoptosis-regulatory
proteins), SK-BR-3 cells were treated with myricetin at concen-
trations of 0, 10, and 20 M for 24 h, and the proteins were
used in a western blot analysis. In the groups treated with 10
and 20 #M myricetin, the expression levels of cleaved-PARP
and Bax (pro-apoptotic protein) were increased, whereas that
of Bcl-2 (anti-apoptotic protein) was decreased compared to
the expression levels in the control group (Fig. 3A).

Mpyricetin modulates the MAPK pathway to induce apoptosis.
The results of the previous experiments indicated that myric-
etin induces apoptosis in breast cancer SK-BR-3 cells. To
investigate the underlying mechanism, the expression levels
of the ERK, JNK, and p38 proteins in the MAPK pathway
were assessed through western blot analysis. Compared to the
control group, the groups treated with 10 and 20 M myricetin
showed a dose-dependent increase in p-JNK and p-38 levels.
In contrast, the levels of t-JNK and t-p38 levels were decreased.
Compared to the expression levels in the control group, p-ERK
expression was decreased and t-ERK expression was increased
in the groups treated with 10 and 20 uM myricetin (Fig. 3B).
Compared to the control group, the myricetin treatments
showed reduced expression of p-ERK/t-ERK. In particular,
treatment with 20 M myricetin led to a significant decrease in
p-ERK/t-ERK expression. In contrast, p-JINK/t-JNK expres-
sion was significantly higher in the myricetin (10 and 20 yM)
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Figure 2. Myricetin induces apoptotic cell death in SK-BR-3 cells. (A) Fluorescence microscopic images of SK-BR-3 cells treated with myricetin (10 and
20 uM for 24 h) and stained with DAPI. The arrows indicate chromatin condensation in SK-BR-3 cells. Scale bar, 10 ym. (B) Flow cytometry results of
SK-BR-3 cells treated with myricetin (10 and 20 M for 24 h) and were stained with Annexin V/PI. (C) The bar graph represents the apoptotic bodies (% of total
cells). (D) Total cell population (%) in groups treated with 0, 10, and 20 M of myricetin. The control group (0 #M) was treated with the same amount of DMSO.
Data are displayed as the mean + SD (n=3). "P<0.05 vs. control group. DAPI, 4', 6-diamidino-2-phenylindole; PI, propidium iodide; DMSO, dimethyl sulfoxide.

treatment groups than in the control. p-p38/t-p38 expression
was also significantly higher in the 20 xM myricetin treatment
group than in the control.

Mpyricetin induces protective autophagy. Vacuoles, charac-
teristic features typical of autophagy, were observed in the
myricetin-treated SK-BR-3 cells (Fig. 4A). To determine whether
myricetin induces autophagy in SK-BR-3 cells, acidic vesicular
organelles (AVOs) were identified through acridine orange
staining. A small number of AVOs were observed in the control
group; however, the number of AVOs increased as the concentra-
tion of myricetin increased in the experimental cells (Fig. 4B).

Western blot analysis was conducted to assess the p-mTOR,
beclin 1 and LC 3 proteins, which are related to autophagy.
Compared to the control group, the groups treated with 10 and
20 uM myricetin showed increased expression of beclinl and
LC 3-1I/T (Fig. 5A). Conversely, p-mTOR/t-mTOR expression
was significantly decreased. Additionally, 3-MA (an inhibitor
of autophagy) was used to evaluate the association between
autophagy and myricetin-induced apoptosis. First, the MTT
assay was conducted to assess cell viability after the inhibition
of myricetin-induced autophagy. The MTT assay included
the following groups: the control group, 3-MA (1 mM,
1 h) pre-treatment group, myricetin (MYR) (10 uM, 24 h)
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Figure 3. Myricetin-induced apoptosis occurs through the MAPK pathway in SK-BR-3 cells. (A) Western blot analysis of expression levels of cleaved PARP,
Bax, and Bcl-2 in SK-BR-3 cells after myricetin (10, 20 M) treatment. (B) Western blot analysis of SK-BR-3 cells treated with myricetin (10 and 20 uM for
24 h) to measure the levels of ERK, p-ERK, INK, p-JNK, p38, and p-p38 proteins. The control group (0 M) was treated with the same amount of DMSO,
and B-actin was used as a loading control. Data are displayed as the mean = SD (n=3). “P<0.05 vs. control group. PARP, polyadenosine diphosphate-ribose
polymerase; Bax, Bcl-2 associated X; Bcl-2, B cell lymphoma 2; MAPK, mitogen-activated protein kinase; ERK, extracellular-regulated kinase; JNK, c-Jun
N-terminal kinase; p38, p38 mitogen-activated protein kinases; DMSO, dimethyl sulfoxide.

treatment group, and 3-MA (1 mM, 1 h) pre-treatment with
myricetin (10 #M, 24 h) treatment group. The cell viability in
these groups was as follows: 98.0% in the 3-MA (1 mM, 1 h)
pre-treatment group, 78.5% in the myricetin (10 xM, 24 h)
treatment group, and 70.4% in the 3-MA (1 mM, 1 h) pretreat-
ment and myricetin (10 xM, 24 h) treatment group. Cell
viability was significantly lower in the 3-MA (1 mM, 1 h)
pre-treatment with myricetin (10 xM, 24 h) treatment group
than in the myricetin (10 #M, 24 h) treatment group (Fig. 5B).
Based on these observations, proteins were collected from
each group, and the Bax, Bcl-2, and LC 3 proteins were evalu-
ated through western blot analysis. Compared to the control
group, the myricetin (10 M, 24 h) treatment group showed
increased levels of Bax and LC 3-II/I and decreased levels of
Bcl-2. The 3-MA (1 mM, 1 h) pre-treatment with myricetin
(10 uM, 24 h) treatment group showed increased levels of
Bax and reduced levels of Bcl-2 and LC 3-II/T compared to
these levels in the myricetin (10 M, 24 h) treatment group
(Fig. 5C and D).

Mpyricetin regulates autophagy through the activation of JNK.
The JNK inhibitor, SP600125, was used to assess the effects of
myricetin-activated JNK on cell viability. This assay included
the following groups: the control group, SP600125 (5 uM,
1 h) pre-treatment group, myricetin (MYR) (10 yM, 24 h)
treatment group, and SP600125 (5 M, 1 h) pre-treatment and
myricetin (10 uM, 24 h) treatment group. The cell viabilities
were as follows: 99.1% in the SP600125 (5 yM, 1 h) pre-treat-
ment group, 79.9% in the myricetin (10 M, 24 h) treatment
group, and 73.7% in the SP600125 (5 uM, 1 h) pre-treatment
and myricetin (10 #M, 24 h) treatment group. The SP600125
(5 uM, 1 h) pre-treatment and myricetin (10 uM, 24 h)
treatment group showed significantly reduced cell viability
compared to that in the myricetin (10 pM, 24 h) treatment
group (Fig. 6A). The expression levels of p-JNK, Bax, Bcl-2,
and LC 3, were assessed through western blot analysis. The
myricetin (10 xM, 24 h) treatment group showed results
similar to that in the previous experiment. In the SP600125
pre-treatment and myricetin (10 M, 24 h) treatment group,
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Figure 4. Myricetin-induced morphological changes in SK-BR-3 cells. (A) Morphological changes (in particular, autophagic vacuoles) observed under a
fluorescence microscope in SK-BR-3 cells treated with 10 and 20 yM of myricetin for 24 h. (B) Fluorescence microscopic images of SK-BR-3 cells stained
with acridine orange to detect AVOs. The cytoplasm and the nucleus are stained fluorescent green, and the AVOs are stained fluorescent red. Scale bar, 10 ym.

AVOs, acidic vesicular organelles.

the levels of p-JINK/t-JNK, Bcl-2, and LC 3-1I/T were lower,
whereas that of Bax was higher than those in the myricetin
(10 M, 24 h) treatment group (Fig. 6B and C).

Discussion

Although breast cancer can be treated through various
surgical and therapeutic means, these treatments have known
side effects. However, anticancer treatments using natural
products can reduce the risk of side effects, compared to
chemotherapy, and such treatments can exert many anti-
cancer activities. Therefore, anticancer treatments using
natural substances have been increasingly endorsed (5). In
the present study, we assessed whether myricetin induces
apoptosis and autophagy in breast cancer SK-BR-3 cells
and investigated the correlation between myricetin-induced
apoptosis and autophagy.

The experiment was performed after establishing a
non-toxic concentration in normal cells (13,33). In the MTT
assay, the viability of SK-BR-3 cells was significantly decreased
after treatment with myricetin in a dose-dependent manner.
According to Phillips er al (13), when pancreatic cancer cells
were treated with myricetin, cell viability decreased signifi-
cantly in a concentration-dependent manner, from 12.5 yuM
myricetin. Similarly, in the present experiment, significant
results were observed following 10 M myricetin treatments,
and cell viability was decreased in a concentration-dependent
manner. Therefore, myricetin is thought to decrease the
viability of SK-BR-3 cells.

Apoptotic bodies are formed by the condensation of the
nucleus and chromatin, and are a key feature of apoptosis.
Apoptotic bodies can be observed under the microscope
through DAPI staining (34). Therefore, the SK-BR-3 cells
were treated with myricetin, stained with DAPI, and observed
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(autophagy inhibitor) for 1 h, followed by treatment with myricetin (10 xM for 24 h). (C) Western blot analysis of Bax, Bcl-2, and LC 3-II/1 expression in
SK-BR-3 cells. (D) Densitometric quantification of the bands in C. The control group (0 #M) was treated with the same amount of DMSO, and -actin was
used as a loading control. Data are displayed as the mean + SD (n=3). "P<0.05 vs. control group; “P<0.05 vs. myricetin treatment group. MYR, myricetin; LC 3,
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Bcl-2 associated X; Bcl-2, B cell lymphoma 2; DMSO, dimethyl sulfoxide.

under a fluorescence microscope. The myricetin treatment the control group, and the myricetin-treated cells showed
groups showed reduced cell viability compared to that in  apoptotic bodies. Compared to the control group, both the
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MTT, 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide; JNK, c-Jun N-terminal kinase; Bax, Bcl-2 associated X; Bcl-2, B cell lymphoma 2; LC 3,
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myricetin-treated groups had significantly higher numbers of
apoptotic cells. According to Jo et al (16), when myricetin was
used to treat thyroid cancer cells, apoptotic bodies increased in
a concentration-dependent manner. Similarly, in the SK-BR-3
cells, the number of apoptotic bodies was increased in the
myricetin-treated group in a concentration-dependent manner.
Cells undergoing apoptosis exhibit distinct changes to their

morphology, including the surface exposure of phosphatidyl-
serine which is usually present inside the phospholipid bilayer
of the cell membrane. Apoptosis can be divided into early
and late stages depending on the severity of cell membrane
damage (35). To assess these changes, the cells were stained
with Annexin V/PI, and cellular apoptosis was quantitated
through flow cytometry. The myricetin treatment groups



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 49: 54, 2022 9

’;‘AJ‘V_'T\

2=IVIA

ERK
p38

JNK

/ MAPK pathway

l

Autophagy

had higher numbers of cells in early and late apoptosis than
those in the control group. These results suggest that the
myricetin-induced decrease in cell viability is mediated by
apoptosis.

Furthermore, our results confirmed the myricetin-induced
expression of apoptosis-related proteins. Apoptosis is mainly
regulated by the Bcl-2 family of proteins, Bcl-2/Bcl-XL
(anti-apoptotic) and Bax and Bak (pro-apoptotic), and the
relative ratio of these proteins may inhibit or promote apop-
tosis (36). DNA damage and cellular stress leads to a relative
increase in the expression of the pro-apoptotic Bax protein,
which increases the permeability of the outer mitochondrial
membrane. This causes the release of cytochrome ¢, which
inhibits the anti-apoptotic Bcl-2 protein and induces a caspase
chain reaction. Subsequently, the PARP protein is fragmented,
and NAD and ATP are depleted in cells, resulting in apop-
tosis (22-24). In this study, myricetin increased the levels of
the pro-apoptotic Bax protein, cleaved PARP, and reduced
the levels of the anti-apoptotic Bcl-2 protein. These results
suggest that myricetin induces apoptosis in SK-BR-3 cells by
regulating the levels of PARP, Bax, and Bcl-2.

The MAPK pathway regulates the pro-apoptotic Bax
and anti-apoptotic Bcl-2 proteins, and is involved in apop-
tosis. The downstream molecules of the MAPK pathway
include the ERK1/2, JNK, and p38 proteins. The activation
of ERK promotes Bcl-2 and suppresses Bax, thus inhibiting
apoptosis (25,26), and JNK and p38 play important roles in
balancing cell death and survival. Activated JNK and p38
increase Bax expression and decrease Bcl-2 expression to
promote apoptosis (27,28). These regulatory mechanisms
of proteins in the MAPK pathway are fundamental for the

3

Figure 7. Schematic of myricetin-induced apoptosis and autophagy in SK-BR-3 cells. Myricetin-induced apoptosis through the intrinsic pathway by regulated
the MAPK pathway, and autophagy through JNK signaling in SK-BR-3 cells. MAPK, mitogen-activated protein kinase; INK, c-Jun N-terminal kinase.

induction of apoptosis. According to Innajak et al (37), when
goniothalamin was used to treat SK-BR-3 cells, apoptosis was
induced by decreasing p-ERK, while increasing the expression
of p-JNK and p-p38 proteins. Similarly, when SK-BR-3 cells
were treated with myricetin, the same results were obtained.
This suggests that myricetin treatments induce apoptosis
in SK-BR-3 breast cancer cells through the MAPK pathway
which inhibits ERK and activates JNK and p38.

SK-BR-3 cells treated with myricetin showed vacuoles, one
of the hallmarks of autophagy. Autophagy is commonly known
to inhibit apoptosis and suppress the activity of caspases;
however, excessive degradation of the cellular cytoplasm
through autophagy may lead to apoptosis and cellular death (29).
Acidic vesicular organelles (AVOs) are characteristic of cells
in autophagy, and can be identified through the accumulation
of acridine orange in the acidic compartments (38). Here, the
SK-BR-3 cells were stained with acridine orange to examine
whether myricetin induces autophagy. Although cells in the
control group had a small number of AVOs, the myricetin (10,
20 uM) treatment groups showed a high number of AVOs.

Several proteins are activated in the process of autophagy.
At initial stages, the Bcl-2/beclin 1 complex is dissociated,
following which beclin 1 recruits autophagic proteins to initiate
autophagy (30,31). The autophagic proteins form a double
membrane to form autophagosomes that then combine with
lysosomes. The resulting autolysosome degrades old cellular
organelles and proteins (32). mTOR is an important protein
that inhibits autophagy. Therefore, a decrease in p-mTOR
affects the induction of autophagy (39). In this process, LC 3
combines with phagophores. Through our western blot analysis,
we observed the expression of p-mTOR, beclin 1 and LC 3,
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which confirmed the presence of autophagy-related proteins
in myricetin-treated SK-BR-3 cells. The myricetin (10, 20 M)
treatment groups showed significantly higher levels of the
beclin 1 protein than the control group. Similarly, the levels
of LC 3-II/1 were significantly increased in the myricetin
(20 uM) treatment group. Taken together, the morphological
features of autophagy (such as increased numbers of vacuoles
and AVOs) and the increased levels of beclin 1 (a marker of
autophagy) and LC 3-II/I suggest that myricetin induces
autophagy in SK-BR-3 cells.

To assess the effects of myricetin-induced autophagy on
cell viability, we conducted an MTT assay using 3-MA, an
inhibitor of autophagy. Zhu et al (40) observed a tendency of
decreased cell viability in 3-MA treatments. Similarly, in this
experiment, when myricetin and 3-MA were applied in combi-
nation, cell viability showed a tendency to decrease further.
Moreover, as a result of western blotting, the pro-apoptosis
protein Bax increased and the anti-apoptosis protein Bcl-2
decreased. Accordingly, these findings indicate that the
inhibition of autophagy induces apoptosis and reduces cell
viability, suggesting that myricetin-induced autophagy exerts
protective effects on SK-BR-3 cells.

To examine the effects of the JINK protein on cell viability
in the previous experiment, we conducted an MTT assay
using SP600125, a JNK inhibitor. Studies by Yu er al (41) and
Chen et al (42) demonstrated that JNK inhibition leads to a
further decrease in cell viability, and our experiments showed
similar results. To confirm that the reduced cell viability after
the inhibition of JNK was related to autophagy, we evaluated
the expression levels of LC 3 and apoptosis-related proteins
through western blot analysis. Yu er al (41) reported that
SP600125 pre-treatment followed by treatment with a natural
compound resulted in a lower level of LC 3-II/I expression
than in the natural compound treatment group. Similarly, in
our study, SP600125 (20 uM, 1 h) pre-treatment followed by
myricetin (10 xM, 24 h) treatment led to reduced expression
levels of the LC 3-II/I protein compared to that in the myric-
etin (10 uM, 24 h) treatment group. Additionally, Bcl-2/Bax
expression levels were also reduced. These finding suggest
that autophagy is mediated by JNK, as previously reported
by Chen et al (42). INK degrades the Bcl-2/beclin 1 complex,
thus allowing beclin 1 to initiate autophagy. This leads to
the increased expression of the LC 3 protein and promotes
autophagy (43). These results indicate that myricetin induces
apoptosis via the JNK pathway in SK-BR-3 breast cancer
cells, and that autophagy is regulated by the JNK pathway.
Furthermore, myricetin-induced autophagy also had a
protective role in SK-BR-3 cells. Therefore, JNK inhibition
suppressed autophagy, which protected the cells and led to
increased apoptosis.

In conclusion, myricetin significantly inhibited the viability
of breast cancer SK-BR-3 cells (in a dose-dependent manner) by
promoting apoptosis. Western blot analysis showed that myric-
etin increased the expression of the pro-apoptotic PARP and
Bax proteins, and reduced the expression of the anti-apoptotic
Bcl-2 protein. In addition, the myricetin-activated MAPK
pathway induced apoptosis in SK-BR-cells. The expression
levels of autophagic proteins (beclin 1 and LC 3-1I/T) were
also increased, indicating that myricetin induced autophagy
in SK-BR-3 cells. An MTT assay with the 3-MA inhibitor

revealed that myricetin-induced autophagy had a protective
effect in cells. Moreover, the JNK protein was shown to play
an important role in regulating autophagy (Fig. 7). Taken
together, these results suggest that myricetin has anticancer
efficacy against breast cancer SK-BR-3 cells and that inhibition
of autophagy increases anticancer efficacy through apoptosis.
However, additional studies are required to examine whether
myricetin induces autophagy as well as apoptosis in vivo and
to examine the relationship between the two mechanisms.
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