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Abstract

Triple-negative breast cancer (TNBC) is a highly heterogeneous disease defined by the absence of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER-2), resulting in poor clinical outcomes
and high mortality. The present study was aimed to evaluate the efficacy of Punicalagin (PCG), a polyphenol obtained from
the Punica granatum, against TNBC. We evaluated the therapeutic potential of PCG in TNBC (MDA-MB-231, BT-20) and
ER + (MCEF-7) breast cancer cells. A dose-dependent inhibition of MDA-MB-231 cell proliferation was observed with PCG
(12.5-100 pM). However, only 50 and 100 pM doses of PCG inhibited the growth of BT-20 and MCF-7 cells. PCG signifi-
cantly increased mitochondrial ROS in TNBC cells and induced autophagy across all cell lines, as evidenced by an increase
in autophagic vacuoles and a decrease in the ratio of LC3-II/LC3-1. PCG suppressed PI3K/Akt and activated phosphorylated
c-Jun N-terminal kinase (p-JNK) signaling. Based on these findings, it can be concluded that PCG is capable of significantly
inhibiting the proliferation of TNBC cells through the suppression of the PI3K/Akt pathway as well as the initiation of the
JNK pathway. PCG could thus be potentially useful as a therapeutic agent for the treatment of TNBC.
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Introduction

Breast cancer (BC) has been reported to affect a total
of 2.3 million women in 2020, making it the most com-
mon cancer diagnosed worldwide. BC has been reported
to cause the highest number of deaths among females,
accounting for 685,000 fatalities worldwide in 2020 [1].
BC is treated locally through surgery and radiation. Sys-
temic therapies such as chemotherapy, hormone therapy,
targeted drug therapy, and immunotherapy are used alone
or in combination depending on the type of BC. However,
despite all the recent advances in BC therapy, some sub-
types of BC continue to be a significant challenge to moni-
tor and treat. One such BC subtype is triple-negative breast
cancer (TNBC), which accounts for about 15-20% of the
BC cases [2]. TNBC does not express estrogen receptor
(ER), progesterone receptor (PR), or human epidermal
growth factor receptor 2 (HER-2), has clinical features
that include high invasiveness, high metastatic potential,
proneness to relapse, and poor prognosis, with a mortality
rate of approximately 40% within 5 years of diagnosis [3].

The medicinal properties of plants have been recog-
nized for millennia. According to estimates, compounds
from natural sources including vinblastine, vincristine,
camptothecin and its derivatives, taxanes, and their ana-
logs, among others, account for more than half of the
anti-cancer medications now used in chemotherapy [4].
In other words, natural bioactive compounds serve as a
source for innovative chemotherapeutic medicines that
are employed in the treatment of different cancers. Pome-
granate (Punica granatum) is a member of the Punicaceae
family. In many nations, pomegranates have long been
used in traditional medicine to cure acidosis, diarrhea,
and respiratory problems [5]. The pomegranate leaf has
characteristics that make it effective against helminths,
parasites, diarrhea, inflammation, and cancer. Pomegranate
contains hydrolyzable tannins, primarily ellagitannins, and
anthocyanins (cyaniding, delphinidin, and pelargonidin),
which give the fruit its distinctive red hue. About ninety
percent of the antioxidant potential of pomegranates is
attributed to these polyphenols, with Punicalagin (PCQG),
a unique type of ellagitannin, accounting for over half of
this antioxidant capacity on its own [6]. PCG, as shown in
Fig. 1, is a polyphenolic tannin from the leaf and husk of
pomegranates. It has historically been reported to have a
variety of biological characteristics, including antioxidant
[7] anti-inflammatory [8], anti-cancer [9], and antiviral
activities [10]. PCG has been reported to stop the prolif-
eration of cancer cells and cause autophagy and apoptosis
in various cancer cell lines in vitro, such as thyroid cancer
[11], lung cancer [9], colorectal cancer [12], and cervical
cancer [13].
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Extensive research has been conducted on the role of
reactive oxygen species (ROS) in cancer and other human
disease conditions. ROS occurs naturally as a waste prod-
uct of several biological activities, including the metabolism
of oxygen [14]. ROS is a collection of reactive, unstable,
and partially reduced derivates of oxygen. These derivates
include the hydroxyl radical (-OH), singlet oxygen ('0,),
superoxide anion (O,"), hypochlorous acid (HOCI), and
hydrogen peroxide (H,0,) [15]. They play an important
role in cell signaling as second messengers and are required
for many different cellular activities in both healthy and
malignant tissues. In cancer cells, ROS have been shown
to be active in a way that may be both beneficial and harm-
ful. When present in low to moderate concentrations, ROS
serve as signal transducers that promote cancer cell growth,
motility, invasion, angiogenesis, and resistance to anticancer
drugs [14, 16]. In other words, maintaining a healthy amount
of ROS is critical for the homeostasis of cancer cells during
the progression of cellular processes, such as proliferation,
differentiation, migration, and apoptosis. On the other hand,
cancer cells are damaged by excessive amounts of ROS,
which ultimately results in cell death [17].

In response to intracellular and extracellular stressors like
starvation, cells undergo a process of self-digestion known
as macroautophagy (henceforth, autophagy) in which cel-
lular proteins and organelles are digested by lysosomal
enzymes. Autophagy is a process that happens at a low basal
level to degrade damaged proteins and organelles within a
cell to preserve cellular homeostasis even when no external
stimulus is present [18]. The autophagic process has been
linked to several human diseases, including cancer [19]. The
autophagic death of cancer cells due to numerous chemo-
therapeutic drugs has already been confirmed. Drug-resist-
ant cancer cells have also been studied for their potential
as a therapeutic target through autophagy [20]. PCG has
been shown to trigger autophagy in BCPAP cells, a type of
human papillary thyroid carcinoma cell line [11]. Based on
these reports of the anticancer activity of PCG, we aimed to
analyze the role of PCG in cell growth arrest in TNBC cells
in this study. The phosphorylated c-Jun N-terminal kinase
(p-JNK) signaling pathway was thought to be a potential
target for the action of PCG regulation in TNBC develop-
ment. It was also hypothesized that the PCG might cause
autophagy after triggering the JNK pathway.

Materials and methods
Reagents and chemicals
PCG was purchased from (ChemCruz, Huissen, Nether-

lands) and dissolved in dimethyl sulfoxide (DMSO) to make
a final concentration of 10 mM sterile PCG in DMSO.
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Fig. 1 Chemical structure of punicalagin

Cell culture and media

TNBC cells, MDA-MB-231 and BT-20, were procured from
the Korean Cell Line Bank (KCLB; Seoul, Korea), while
ER+, PR+/—, HER2 —cell line i.e., MCF-7 was acquired
from the ATCC (Manassas, VA, USA). DMEM (Welgene,
Gyeongsan, Korea) was used to culture cancer cell lines.
DMEM for these cell lines was supplemented with 5% fetal
bovine serum (FBS; BIOWEST, Nuaillea, France), 1 M
HEPES buffer solution (Welgene, Gyeongsan, Korea), and
1% antibiotics (Thermo Fisher Scientific, USA) for MDA.-
MB-231 and MCF-7 cells. However, the BT-20 cells were
provided with 10% FBS, 1 M HEPES buffer solution, and
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1% antibiotics for growth. During the trial period, cells were
perpetuated at 37 °C by providing a humid environment with
5% CO,. The cells were sub-cultured every three days after
70-80% confluence was achieved by treating them for 3 min
at 37 °C with 1% Trypsin—-EDTA (Invitrogen Life Technolo-
gies Inc., Carlsbad, CA, USA).

Cell viability assay
The 96-well culture plates were seeded with 3x 10° cells per
well and after a 24-h incubation period were treated subse-

quently with different concentrations of PCG (0-100 M) for
72 h. The viability of the cells was determined by using the
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Quanti-MAX™ WST-8 Cell Viability Assay Kit (Biomax,
Korea). The plates were incubated for one hour after removal
of the medium and addition of Quanti-MAX™, followed
by the measurement of absorbance at 450 nm using a Syn-
ergy NEO 2 multimode plate reader (BioTek, Winnoski, VT,
USA). The cytotoxicity of the PCG was compared with the
cell survival ability of the cells treated with 1% DMSO.

Colony formation assay

A seeding density of 500 cells per well was used for MDA-
MB-231 and MCEF-7 cells, which were incubated for 24 h,
while a seeding density of 1000 cells per well was used for
BT-20 cells. Seeding of cells was followed by exposure to
different concentrations of PCG and incubated for 10 days.
Every three days, the medium was changed to provide fresh
supply of the pertinent chemical until day 10. After that, the
cells were washed twice with DPBS (Welgene, Gyeongsan,
Korea) and then treated with 100% methanol (Sigma-Aldrich
Inc., Saint Louis, USA) for 20 min. A 0.5 percent crystal
violet solution was then used to stain the colonies generated
from single cells. After this, the samples were rinsed with
DPBS.

MitoSOX assay

The cancer cell lines were seeded in 96-well plates at
37 °C for 24 h in a humidified atmosphere containing 5%
CO, and at a density of 4 x 103 cells per well. Following
that, PCG was then administered at varying concentrations
(0, 6.25, 12.5, 25, 50, and 100 mM) to the cells. The cells
were stained with MitoSOX™ (5 uM) and Hoechst33342
(10 pg/ml) after 48 h. Finally, the Lionheart™ FX Auto-
mated Microscope (BioTek, USA) was wielded to capture
the stained cells images and further analyzed with Gen5 v
3.14.03.

Acridine orange staining

Cancer cells (4 x 10° cells) were initially incubated at 37 °C
for 24 h in a humidified atmosphere containing 5% CO,
and then treated with PCG for 48 h. After that, cells were
stained with 1 pug/mL acridine orange for 20 min at 37 °C

to detect the presence of autophagy-specific acidic vesicu-
lar organelles (AVOs). Later, DPBS was employed to wash
the cells twice before taking the images of AVO. Images
of the stained AVOs were captured using Lionheart™ FX
Automated Microscope (BioTek, USA) equipped with Gen5
v 3.14.03.

Flow cytometry analysis

Cancer cells (8 x 10* cells) were seeded in 6-well culture
plates and incubated for 24 h before being subjected with
various doses of PCG. After 48 h of PCG treatment, the
rate of apoptosis was detected by using the Annexin V-FITC
Apoptosis Detection Kit (Sigma-Aldrich, USA). Succinctly,
Trypsin was used to collect cells, which were centrifuged
for 3 min at 2000 rpm for 3 min. Cells obtained after cen-
trifugation were suspended in FITC, PI and 1X annexin-
binding buffer in dark at room temperature for 15 min. BD
FACSymphony™ A3 Cell Analyzer (BD Bioscience, USA)
was then employed to detect the stained cells and the data
obtained were examined by the FlowJo Software v. 10.5.3
(BD Bioscience, USA).

Western blot analysis

For the western blot analysis, MDA-MB-231 cells were
treated with 20 pM and 50 uM, BT-20 cells with 75 pM and
140 pM, while the MCF-7 cells with 75 pM and 100 pM
for 48 h. After this, cells were treated with EzZRIPA Lysis
Kit (ATTO, Tokyo, Japan) to collect the proteins. Moreo-
ver, BCA protein assay was used to measure the extracted
protein. After that, SDS-Page was used to load the proteins
for electrophoresis. Primary antibodies (Table 1) were used
to detect proteins after they had been transferred to a PVDF
membrane and blocked with 5 percent skim milk. In this
study, p-actin was used as a loading control. Detection of
primary antibody was performed by employing horse radish
peroxidase-conjugated anti-rabbit IgG (1:3,000; Bio-Rad,
USA) for 2 h at 4 °C on shaker. Finally, SuperSignal™ West
Pico PLUS Chemiluminescent Substrate (Thermo Scientific,
USA) was used to identify the target protein bands bands
in Lumino Graph 2 (ATTO, Tokyo, Japan). Fiji (Fiji is just

Table 1 List of antibodies used

. Protein Manufacturer Identifier Source/description Dilution

in Western blot assay
LC3A/B Cell Signaling Technology 12,741 Rabbit mAb 1:1000
Atg4B Cell Signaling Technology 13,507 Rabbit mAb 1:1000
p-JINK Cell Signaling Technology 9251 Rabbit 1:1000
PI3K Bioss bs-0128R Rabbit 1:300
Akt Cell Signaling Technology 9272 Rabbit 1:1000
B-actin Cell Signaling Technology 4970 Rabbit mAb 1:1000
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Imagel] 1.54f) was used to quantify the relative intensities of
bands on Western blots.

Statistical analysis

For consistent findings, every in vitro experiment was per-
formed at least three times, and the data were all examined
using the GraphPad Prism program (GraphPad Software
Inc., San Diego, CA, USA). The results of the analysis of
variance (ANOVA) and the post hoc Dunnett's multiple
comparison test are shown with the means and standard
deviations (SDs) or standard errors of the means (SEMs).
A p-value less than 0.05 is deemed statistically significant
when compared to the negative control.

Results

Marginal toxic effect of punicalagin on human lung
fibroblast cells

The effect of PCG on the primary cell line was evaluated
to assess its toxicity. It was found that PCG marginally
decreased the growth of cells of the human lung fibroblast
cell line (LL 24) at 50 and 100 uM (Fig. 2a). A high IC;,
value of 1560 uM (Fig. 2b) was recorded when compared
to ICs, in cancer cell lines. This indicates that the effects
of PCG are specific to cancer cells, and it does not affect
healthy cells.

E BT-20 G

Effect of punicalagin on the proliferation of breast
cancer cells

Various concentrations of PCG were used against MDA-
MB-231, BT-20, and MCEF-7 cancer cell lines for 72 h. The
viability and proliferation of the cells were determined using
the water-soluble tetrazolium salt (WST) assay. PCG inhib-
ited the growth of MDA-MB-231 cells in a dose-dependent
manner (Fig. 2¢), and in contrast, in the BT-20 and MCF-7
cancer cell lines, PCG demonstrated the same results at con-
centrations of 50 and 100 uM (Fig. 2e, g). Moreover, the ICs,
values for the MDA-MB-231, MDA-MB-231, BT-20, and
MCF-7 cancer cell lines were 21.42, 137.6, and 78.72 uM
(Fig. 2d, £, h), respectively. These results indicate that PCG
can cause a reduction in the proliferation of cancer cells.

Effect of punicalagin on the colony formation ability
of breast cancer cells

The MDA-MB-231, BT-20 (TNBC cells) and MCF-7 (ER +)
breast cancer lines were challenged with different doses of
PCG from 6.25 uM to 100 pM. It was noted that the colony
formation ability of PCG decreased dose-dependently in
the MDA-MB-231 and BT-20 cell lines (Fig. 3a, b). How-
ever, interestingly, the colony formation ability of MCF-7
increased at 6.25 and 12.5 uM concentrations of PCG, and
then it started decreasing from 25 pM to 100 uM (Fig. 3c).
These results are indicative of the ability of PCG to inhibit
the growth of cancer cells.
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Fig.2 Punicalagin dose-dependently decreases the growth of BC
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Following the statistical analysis, the data in the graphs have been
derived from at least three repeated experiments and shown as the
mean + SD. *p <0.05 compared to control
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Fig.3 Punicalagin suppressed the colony formation ability of BC
cells. Comparative analysis of the colony formation ability of con-
trol with the Punicalagin in a MDA-MB-231, b BT-20, and ¢ MCF-7

Effect of punicalagin on the mitochondrial
membrane potential in TNBC cells

ROS plays an essential role in the anti-cancer activity of
several drugs by initiating many apoptotic pathways. There-
fore, we investigated whether PCG increases the generation
of mitochondrial ROS in breast cancer cells. At 50 and
100 uM, PCG induced an increase in the ROS levels in
MDA-MB-231 (Fig. 4a, b) and BT-20 (Fig. 4c, d) cells and
disrupted the mitochondrial membrane potential. However,
only a higher dose of 100 uM induced an increase in ROS
production in MCF-7 cells (Fig. 4e, f). These results dem-
onstrate that PCG can increase the production of ROS in
the TNBC cells.

Effect of punicalagin on the necrosis in MDA-MB-231
cells

Apart from the ROS-induced disturbance of the mitochon-
drial membrane potential of breast cancer cell lines, we
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cell lines. PCG dose dependently decrease the colonies of the MDA-
MB-231 and BT-20, while a dose of 25-100 uM caused a decline in
the number of colonies of MCF-7 cells

explored the other mechanisms underlying the preferential
death of MDA-MB-231, BT-20, and MCF-7 cancer cell lines
due to PCG using flow cytometry. It was found that PCG is
capable of selectively inducing necrosis in MDA-MB-231
cells (Fig. 5a, b). However, no significant apoptotic cells
were noted in the flow cytometric analysis of BT-20 (Fig. 5c,
d), and MCF-7 (Fig. Se, f) cancer cell lines. It can be con-
cluded that PCG can cause toxicity in cancer cells. However,
this does not occur through apoptosis.

Effect of punicalagin on the autophagy in TNBC cells

Acridine orange (AO) staining was used to further assess
the method by which PCG causes cell death in breast cancer
cells. Fluorescence microscopy was used to verify the for-
mation of red acidic vesicles after staining with AO (Fig. 6).
In conjunction with the results of the MitoSOX™ assay, it
was observed that PCG induced autophagy in MDA-MB-231
and BT-20 cell lines at 50 and 100 uM (Fig. 6a—d). How-
ever, only the higher dose of 100 uM was able to induce
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Fig.4 Punicalagin disrupted the mitochondrial membrane poten-
tial in TNBC cells. Representative images for the analysis of mito-
chondrial ROS through MitoSOX assay in a, b MDA-MB-231, ¢, d
BT-20, and e, f MCF-7 cell lines. All cells were seeded at a density
of 4x10° per well in cell culture dishes and treated with Punicalagin

autophagy in the MCF-7 cells (Fig. 6e, f). These results indi-
cate that the death of cancer cells appeared to be due to the
activation of autophagy.

Effect of punicalagin on the activation of JNK
to initiate autophagy

The expression of autophagy-related proteins was inves-
tigated further to confirm the initiation of autophagy in
breast cancer cell lines. Western blot results revealed that
the expression of the LC3-II/LC3-I ratio was significantly
increased in TNBC cells along with the autophagy-related
4 cysteine peptidase (Atg4) protein (Fig. 7a, b). The level
of Atg4 protein decreased (Fig. 7c) with the increase in the
dose of PCG. Moreover, the expression of phosphoinositide
3-kinase (PI3K) and AKT proteins decreased (Fig. 7e, f),
while the expression of p-JNK increased (Fig. 7d) with an
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(6.25 uM, 12.5 uM, 25 uM, 50 uM, and 100 pM). Following the sta-
tistical analysis, the data in the graphs have been derived from at least
three repeated experiments and shown as the mean+SD. *p <0.05
compared to control

increase in the PCG dose. It can be concluded that PCG may
cause the arrest in the growth of cells through the initiation
of INK proteins, which in turn activates the autophagic pro-
teins to cause autophagy.

Discussion

There is an urgent need for effective and safe therapeutic
approaches for the treatment of TNBC to overcome the
issue of treatment resistance and its consequent impact on
the prognosis. Plant-derived natural compounds that protect
against and slow the progression of certain malignancies
in humans have received a lot of interest recently. These
compounds derived from foods are chemo-preventive sub-
stances that are thought to be less toxic to normal cells and
more effective against cancerous cells than conventional
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Fig.5 Punicalagin caused necrosis in MDA-MB-231 cells. Repre-
sentative images for the analysis of Annexin V assay in a, b MDA-
MB-231, ¢, d BT-20, and e, f MCF-7 cell lines. All cells were seeded
at a density of 8 10* per well in cell culture dishes and treated with
Punicalagin (6.25 uM, 12.5 pM, 25 uM, 50 pM, and 100 uM). Puni-
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calagin meagerly caused necrosis in the MDA-MB-231 cell line at
100 uM concentration. Following the statistical analysis, the data in
the graphs have been derived from at least three repeated experiments
and shown as the mean + SD. *p <0.05 compared to control
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Fig.6 Punicalagin causes autophagy in TNBC cells. Representative
images for the analysis of autophagy through Acridine Orange stain-
ing in a MDA-MB-231, b BT-20, and ¢ MCF-7 cell lines. All cells
were seeded at a density of 4 x 10° per well in cell culture dishes and
treated with Punicalagin (6.25 pM, 12.5 uM, 25 pM, 50 uM, and
100 uM). Punicalagin caused autophagy in the d MDA-MB-231 and

cancer treatments. Polyphenols are a viable therapeutic
alternative in the treatment of cancers due to their selec-
tive toxicity against cancer cells and the reduced concerns
regarding treatment resistance [21, 22]. PCG is a polyphe-
nol found in pomegranate (Punica granatum), which has
been shown to inhibit cell proliferation, cell cycle progres-
sion, and metastasis in human cancer cell lines such as lung,
cervical, colorectal, and thyroid cancer [23]. However, the
underlying molecular processes by which it inhibits tumor
growth remain unknown. The objective of this study was
to investigate the effectiveness of PCG and its underlying
mechanism of action against TNBC. In this study, we found
that PCG inhibits the growth of BC cells. PCG was found
to be more effective in TNBC cell lines when compared
with the ER+MCEF-7 cell line. Our results revealed that the
PCG increases ROS generation and induces autophagy in
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been derived from at least three repeated experiments and shown
as the mean+SD. p<0.05 was considered statistically significant.
*p <0.05 compared to control

MDA-MB-231 and BT-20 cells after triggering the JNK
pathway (Fig. 8).

Overproduction of ROS, highly reactive molecules that
are typical metabolic products of mitochondria, has a crucial
role as a mediator of cell death in response to diverse stimuli
[24, 25]. Previous studies have indicated that ROS has a role
in oxidative DNA damage and cell cycle arrest, and may also
decrease cancer cell migration [26—28]. The proliferation of
MKN-45, a human gastric cancer cell line was considerably
suppressed by trichosanthin (TCS) through the mediation
of ROS generation and the Nuclear factor kappa B/tumor
protein 53 (NF-xB/p53) pathway [29]. Curcumin treatment
of cervical cancer cells resulted in an increase in the levels
of ROS, which led to the induction of apoptosis, autophagy,
and cellular senescence as well as the upregulation of p53
and p21 proteins [30]. Similarly, PCG has been shown to

@ Springer



Toxicol Res.

A MDA-MB-231 BT-20 MCF-7

* %k

Ctrl.  20pM 50pM  Ctrl. S0pM 140pM  Ctrl.  70uM 100 uM

Atg4B |

LC34

S
-2 :
O3 | s o _— -— 8 % g §
4= Py H
= - = ] H
~[IE - =S W] if |
[73 -_— H
Sa $c 5
2 S5 i
PI3K -— > e E- 3
@ g
Akt 2 :
| —— — @ i i
Pactin | S W — 0“\.0‘?@% 0&0‘*“ & 0':‘\'@‘}“‘0‘}“ . .
ctin : ;
---—--I P S LR RN 0@°§°§0‘5\°§°§°®6$5§
L) LR EXARN
MDA-MB-231 BT-20 MCF-7 N o
MDA-MB.231 BT-20 MCF-7
D E F * ¥ * * %k
* * * %k

»
°

-
o

e
o

p-INK
expression levels (%)
PI3K
expression levels (%)
-
o

Al i)

AKT
expression levels (%)

0.0 -
R : : i :
IR TR PR I PR R
F TS ST S S ST ¥ ¥ ST GY TR IR IR PRI SR
THp¥et Toi ¥ Toie S 4 LR (SRS SV e¥ ¢ é,Q\hQQ c® ’\Q}N&Q
MDA-MB-231 BT-20 MCF-7 MDA-MB-231 B1-20 MEET MDA-MB.-231 BT-20 MCF-7

Fig.7 Punicalagin triggers JNK to cause autophagy in the triple neg-
ative breast cancer cell lines. a Representative images for the west-
ern blot analysis. Punicalagin caused an increase in b LC3-II/LC3-1
rations ¢ p-JNK, while the concentration of d Atg4 was increased ini-
tially and then decreased in TNBC cell lines. Furthermore, e PI3K

suppress lung cancer cells [31] and cervical cancer [32] via
the generation of ROS. These prior findings corroborated
our hypothesis that oxidative stress is linked to a decrease
in cell proliferation. Our study has revealed an increase in
the generation of ROS after PCG treatment. Increased intra-
cellular ROS generation resulted in the suppression of the
growth of the TNBC cell lines.

Necroptosis, or controlled necrotic cell death [33] has
been suggested as a unique approach to treating tumors
[34, 35]. Cancer treatment mostly involves apoptosis-based
therapy with drugs such as cisplatin, carboplatin, or pacli-
taxel. However, the efficacy of this approach is limited due
to drug resistance. This has led to the discovery of using
necroptosis as a unique method of treating cancer that does
not rely on apoptosis [35]. The current study revealed that
PCG can selectively trigger necroptosis in breast cancer
cells. Consequently, PCG, as a necrosis inducer, may offer
a viable treatment option to overcome the problem of resist-
ance in cancer cells commonly observed in apoptosis-based
therapy. However, inducing necroptosis can also cause long-
term inflammatory reactions that inhibit the immune system
and encourage tumor spread. This suggests that inducing
necroptosis may not be the best course of action for treating
cancer. Necroptosis-based cancer treatment is still controver-
sial, but more research into the necroptosis action of PCG
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may provide a better understanding of the role of necroptosis
in cancer.

Autophagy is a mechanism of self-preservation whereby
unnecessary or dysfunctional components of the cell are
removed and cellular components are recycled. This mech-
anism protects cells from stress, oxidative stress, and low
oxygen levels by digesting damaged organelles and proteins
to recycle their constituent amino acids [20]. The control
of autophagy is crucial for the use of anticancer agents
that induce oxidative stress. A variety of extrinsic stimuli,
including harmful substances like chemotherapeutic agents
and ionizing radiation, can trigger autophagy in the cells.
Depending on the type of cancer, the stimuli, their concen-
tration, and the length of the treatment, autophagy can play
either a pro-survival or a pro-death function in the cancer
cells [36]. Despite the fact that autophagy is considered
a protective mechanism, autophagy can trigger cell death
under extreme conditions [18]. If the apoptotic signaling
pathways are not present, cell death induced by autophagy
has been suggested as an additional method for death of
cells [37].

According to recent research, PCG may trigger autophagy
as a pro-death or inhibitory signal to decrease the growth
of cancer cells [12, 38]. PCG-induced autophagy of TNBC
cells has not been extensively studied. Our findings indicate
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that PCG may facilitate the development of autophago-
somes in BC cells. The development of a double membrane
autophagosome [39] is a hallmark of autophagy, a process
that has been preserved throughout evolution.

The protein marker, LC3, has been consistently linked
to mature autophagosomes [40]. There are four mammalian
homologs of the cysteine protease known as autophagy-
related 4 (ATG4) (ATG4A-D). ATG4 proteins have cata-
lytic and short-finger domains. ATG4 promotes autophago-
some formation by reversibly lipidating and delipidating
seven homologs of autophagy-related 8 (ATGS), such as the
gamma-aminobutyric acid (GABA) type A receptor-asso-
ciated protein (GABARAP) and LC3, to enable autophagy
[41]. It was observed in this study that the PCG-caused
autophagy increased the ratio of LC3-1I/LC3-1 along with
the Atg4B. Interestingly, the effect of autophagy due to PCG
was more effective in the TNBC cells when compared with
the MCF-7 breast cancer cell line. The varied reactions to

PCG-induced autophagy may be attributable to the distinct
genetics of the two breast cancer cell lines. Consistent with
our study, MDA-MB-231 cells exhibited a greater suscep-
tibility to autophagy triggered by rapamycin in comparison
with MCF-7 cells [42]. Furthermore, with the increase in
the dose of PCG, the level of Atg4B decreased (Fig. 7).
This could be attributed to the blockage of the interaction
of Atg4B with LC3 at high autophagic cargo presence in the
cells, which ultimately leads to the stable binding of LC3
at the inner membrane of the autophagosome to facilitate
proper autophagosome maturation [43, 44]. Moreover, it is
also likely that the increased ROS generation resulted in
the inactivation of Atg4 to promote the lipidation of LC3
at the site of autophagosome formation during autophagy
induction [45].

Extensive research has established that mitogen-acti-
vated protein kinases (MAPKSs) mediate cellular responses
to external signals. Many anticancer treatments trigger cell

@ Springer



Toxicol Res.

death, and JNK has been proven to be a crucial mediator of
this process [46]. Activation of JNK is maintained by its
phosphorylation by ROS [47]. In the present study, PCG
also upregulated the p-JNK (a MAPK signaling protein) in
TNBC cells, which is indicative of the correlation of p-JNK
with ROS [48-50]. Furthermore, the PI3K/Akt signaling
pathway controls autophagy through the mammalian target
of the rapamycin (mTOR) pathway. Inhibition of PI3K/Akt
has been documented in our study, which is consistent with
previous studies [51, 52]. Taken together, our study demon-
strated that the PCG can stop the proliferation of TNBC cells
through p-JNK and PI3K/Akt activation.

In conclusion, this study contributed significantly to our
understanding of how PCG triggers autophagic cell death
in TNBC cells. PCG promoted autophagy in TNBC cells by
activating the ROS-mediated JNK pathway and promoted
the conversion of LC3-I to LC3-II. As the growth inhibi-
tory effect of PCG has been studied through various in-vitro
assays, further studies to assess the anti-metastatic efficacy
and in-vivo studies will pave the path for developing a future
therapeutic strategy to treat TNBC.
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