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Abstract

Isoliquiritigenin (ISL), a phenolic compound derived from licorice, exhibits various biological activities, including anti-inflammatory,
anti-viral, anti-tumor, and antioxidant effects. However, the molecular mechanisms underlying its anti-cancer effects are not well
understood in SK-MEL-28 melanoma cells. Melanoma, a highly aggressive and treatment-resistant cancer, remains a significant
health challenge. This study investigates the anti-cancer effects of ISL, focusing on identifying reactive oxygen species (ROS)-
mediated apoptosis mechanisms on SK-MEL-28 melanoma cells. Our results show that ISL treatment induces apoptosis in
SK-MEL-28 cells, as evidenced by the cleavage of caspase-9, -7, -3, and PARP. ISL increased Bax expression, decreased Bcl-2
expression, and promoted cytochrome C release into the cytosol. ISL also reduced the expression of cell cycle markers, including
cyclin D1, D3, and survivin. Notably, ISL treatment markedly increased intracellular ROS levels and pretreatment with N-acetyl
cysteine, a ROS scavenger, abrogated the ISL-induced inhibition of the p38/mTOR/STAT3 pathway and prevented apoptosis.
Moreover, ISL significantly diminished the constitutive phosphorylation of mMTOR and STAT3 in SK-MEL-28 cells by blocking the
phosphorylation of p38 MAPK, an upstream kinase of mTOR. Pharmacological inhibition of mTOR attenuated the STAT3 signal-
ing, indicating that mTOR acts as an upstream kinase of STAT3 in these cells. Collectively, these findings demonstrate that ISL

inhibits SK-MEL-28 cell growth by downregulating cell survival proteins and inducing apoptosis through ROS generation.

Key Words: Isoliquiritigenin, SK-MEL-28 cells, ROS, Melanoma, Apoptosis

INTRODUCTION

Melanoma, a malignancy of melanocytes, accounts for a
small percentage of skin cancer but contributes to a higher
mortality rate. It is estimated that 99,780 new cases of mela-
noma were diagnosed, and 7,650 individuals died from mela-
noma in the US (Siegel et al., 2022). Although the incidence
of melanoma has stabilized since 2019 (Siegel et al., 2023),
it remains a significant health challenge. The survival rate for
stage IV melanoma has also improved in recent years due to
systemic therapies utilizing BRAF/MEK inhibitors and immu-
notherapy (Miller et al., 2022). Despite these advances, mela-
noma still has a poor prognosis, posing ongoing challenges
for treatment (Franklin et al., 2017). Therefore, developing
new chemotherapeutic agents with low toxicity and potent
anti-tumor activity is crucial for managing melanoma (Ye et al.,

2016; Obrador et al., 2019).

Reactive oxygen species (ROS) are unstable, oxygen-
containing reactive species predominantly generated in mito-
chondria and other organelles such as peroxisomes and the
endoplasmic reticulum (Perillo et al., 2020). NADPH oxidases,
membrane-bound proteins, also play a critical role in convert-
ing oxygen to superoxide free radicals (Bedard and Krause,
2007). ROS act as second messengers within cells and are
essential for maintaining cellular homeostasis. Studies have
shown that low to moderate levels of ROS production are
necessary for cancer cell survival, while higher levels induce
cancer cell death (Yang et al., 2018). Many anti-cancer agents
inhibit cancer cell growth by inducing oxidative stress (Chun
and Joo, 2022; Jiang et al., 2023). Oxidative stress can trigger
various types of cell death, including apoptosis, ferroptosis,
autophagy, and necroptosis, through different signaling mech-

https://doi.org/10.4062/biomolther.2024.118

This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licens-
es/by-nc/4.0/) which permits unrestricted non-commercial use, distribution,
and reproduction in any medium, provided the original work is properly cited.

Copyright © 2025 The Korean Society of Applied Pharmacology

Received Jul 21,2024 Revised Sep 23,2024 Accepted Oct 8, 2024
Published Online Feb 12, 2025

*Corresponding Authors

E-mail: chunks@kmu.ac.kr (Chun KS), jhjang17@cu.ac.kr (Jang JH)
Tel: +82-53-580-6647 (Chun KS), +82-53-850-3612 (Jang JH)

Fax: +82-53-715-2028 (Chun KS), +82-53-359-6613 (Jang JH)
The first two authors contributed equally to this work.

www.biomolther.org

L)

Check for
updates




Biomol Ther, 1-10 (2025)

anisms. For instance, ROS contribute to apoptosis by causing
mitochondrial damage and activating ASK1 and PARP (Villal-
pando-Rodriguez and Gibson, 2021).

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase that regulates critical cellular processes such
as protein synthesis, metabolism, aging, and regeneration.
Activation of mTOR signaling can induce cell survival, cyto-
skeletal rearrangement, invasion, metastasis, apoptosis inhi-
bition, and autophagy inhibition (Murugan, 2019). Several up-
stream kinases, including phosphoinositide 3-kinase (PI3K)/
AKT, mitogen-activated protein kinase (MAPK), and vascular
endothelial growth factor (VEGF), can activate mTOR signal-
ing in response to different stimuli (Conciatori et al., 2018).
p38 MAPK are tyrosine-protein kinases that play crucial roles
in transcription, protein synthesis, cell-surface receptor ex-
pression, regulation of cell cycle proteins, and apoptosis (Bu-
lavin and Fornace, 2004). Inactivation of the p38 MAPK path-
way can inhibit cell growth and induce apoptosis by negatively
regulating cell survival pathways (Coulthard et al., 2009).

Isoliquiritigenin (ISL), a bioactive compound derived from
licorice species (Glycyrrhiza uralensis, Glycyrrhiza glabra, and
Glycyrrhiza inflata), possesses various pharmacological prop-
erties, including anti-inflammatory, anti-ulcer, anti-bacterial,
and anti-tumor effects (Wang et al., 2020). Previous studies
have demonstrated that ISL exhibits potent anti-cancer activi-
ties against cervical, breast, liver, colon, and prostate cancers
(Peng et al.,, 2015). ISL exerts its anti-tumor properties by
inhibiting carcinogenic processes such as growth, prolifera-
tion, angiogenesis, invasion, and migration (Peng et al., 2015;
Zhang et al., 2022). The tumor-suppressive effects of ISL are
mediated through cell cycle arrest and apoptotic induction via
various signaling pathways, including PI3K/AKT, JAK/STATS3,
ERK, and NF-kB (Hsu et al., 2005; Zhang et al., 2010; Li et
al., 2013; Wang et al., 2019). However, the effect of ISL on
SK-MEL-28 melanoma cells and the ROS-mediated underly-
ing molecular mechanisms remain elusive.

This study aimed to investigate the anti-cancer effects of
ISL in SK-MEL-28 melanoma cells, focusing on identifying
novel ROS-related molecular mechanisms. We found that ISL
attenuated the growth of SK-MEL-28 cells in vitro by elevating
ROS levels. The increased ROS levels induced by ISL led to
reduced expression of cyclins and the induction of apoptosis
through the inhibition of the p38/mTOR/STAT3 signaling path-
way.

MATERIALS AND METHODS

Chemicals and reagents

All cell culture reagents were procured from Hyclone Lab-
oratories (Logan, UT, USA). ISL, N-acetyl cysteine (NAC),
and primary antibody against p-actin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies spe-
cific for cleaved caspase-9, caspase-7, caspase-3, cleaved
poly (ADP-ribose) polymerase (PARP), mTOR, p-mTOR
(Ser2448), STAT3, p-STAT3 (Ser727), cytochrome C, cyclin
D1 and D3, NOX1 and 2, and secondary antibodies conju-
gated with horseradish peroxidase (HRP) were obtained
from Cell Signaling Technology Inc. (Beverly, MA, USA). Pri-
mary antibodies against, Bcl-2, Bax, p38, and p-p38 (Thr180/
Tyr182) were procured from Santa Cruz Biotechnology (Dal-
las, TX, USA). Primary survivin antibody was obtained from
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Novus Biologicals (Littleton, CO, USA). Primary antibody
specific for COX IV were purchased from Abcam (Cambridge,
MA, USA). The 2’-7’-dichlorofluorescein diacetate (DCF-DA)
and mitochondria/cytosol fractionation kit were purchased
from Invitrogen (Carlsbad, CA, USA).

Cell culture

SK-MEL-28, a human non-pigmented melanoma cell line,
was obtained from the American Type Culture Collection
(Manassas, VA, USA) and routinely cultured in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine
serum and antibiotics (100 U/mL penicillin G and 100 mg/mL
streptomycin) at 37°C in a humidified incubator containing 5%
CO; and 95% air.

Measurement of cell viability (MTT assay)

The effect of ISL on cell growth was measured using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Shakya et al., 2023). Briefly, cells (2x10°%) were
seeded in triplicate in a 96-well plate and cultured overnight.
The cells were then treated with ISL at the concentrations indi-
cated in the figure legends. Next, 10 uL of MTT solution (5 mg/
mL) was added to each well and incubated for 4 h. The media
was removed, and the insoluble formazan was dissolved in
DMSO. The absorbance was measured at 550 nm using a mi-
croplate reader (Tecan Trading AG, Mannedorf, Switzerland).
Cell viability/growth is expressed as the relative percentage
of the control.

Annexin V staining

Annexin V staining was performed using the FITC-Annexin
V staining kit (BD Biosciences, San Jose, CA, USA) following
the manufacturer’s instructions. Briefly, cells were treated with
ISL in the presence or absence of NAC as indicated in the
figure legends. The cells were harvested, washed with PBS,
and resuspended in binding buffer containing Annexin V and
propidium iodide (PI). Fluorescence intensity was determined
using fluorescence-activated cell sorting (FACS) (BD Biosci-
ences).

Western blot analysis

Total cellular extracts were prepared by lysing the cells in
RIPA buffer containing halt protease inhibitor. Total protein con-
centrations of cell lysates were quantified using a bicinchonin-
ic acid protein assay kit (Pierce Biotechnology, Rockford, IL,
USA). For immunoblot analysis, 30-50 ug of total protein was
separated using 10-15% (w/v) SDS-PAGE gel and transferred
to a polyvinylidene difluoride membrane. The membranes
were blocked using 5% (w/v) skim milk in Tris-buffered saline
with Tween-20 for 1 h at room temperature (RT). The mem-
branes were then incubated with primary antibodies (1:1,000
dilutions in 3% BSA) overnight at 4°C, followed by incubation
with secondary antibodies conjugated with HRP (1:5,000)
for 1 h at RT. Chemiluminescent images of protein-antibody
complexes were visualized using SuperSignal WesternBright
ECL HRP substrate (Advansta, San Jose, CA, USA) or Super-
Signal™ West Femto maximum sensitivity substrate (Thermo
Fisher Scientific, Waltham, MA USA) according to the manu-
facturer’s instructions and visualized with an ImageQuant™
LAS 4000 (Fuijifilm Life Science, Tokyo, Japan).
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Measurement of ROS production

Total intracellular ROS production was measured by as-
sessing changes in the fluorescence of DCF-DA as described
previously (Shakya et al., 2023). Briefly, cells were treated
with ISL in the presence or absence of NAC and then incubat-
ed with 25 uM of DCF-DA for 30 min in the dark at 37°C. Cells
were washed twice with PBS to remove excess DCF-DA, and
intracellular ROS levels were examined under a fluorescence
microscope. Total ROS production was quantified using the
ImageJ program (National Institutes of Health, Bethesda, MD,
USA).

Isolation of mitochondrial and cytoplasmic protein

To examine changes in the protein expression of apoptotic
proteins, cytoplasmic and mitochondrial protein fractions were
prepared after treating SK-MEL-28 cells with ISL using the Mi-
tochondria/Cytosol Fractionation Kit (BioVision Inc., Milpitas,
CA, USA) as described previously (Sim et al., 2024). Briefly,
1.5%10° cells were seeded overnight and treated with ISL as
indicated in the figure legends. The cells were washed with
ice-cold PBS and centrifuged at 600 g for 5 min at 4°C. The
cells were resuspended in cytosolic buffer and incubated on
ice for 10 min. The homogenate was prepared by passing the
cell suspension through a Dounce homogenizer. The homog-
enate was centrifuged at 700 g for 10 min at 4°C, and the
supernatant was further centrifuged at 10,000 g for 30 min at
4°C. The supernatant was considered the cytosolic fraction.
The pellet was resuspended in mitochondrial extraction buf-
fer mix and vortexed for 10 sec to prepare the mitochondrial
fraction. The levels of cytochrome C in the cytoplasm and mi-
tochondria were determined by Western blot analysis as de-

scribed.

Luciferase reporter gene assay

A dual-luciferase reporter assay system (Promega, Madi-
son, WI, USA) was used for the luciferase reporter assay for
STAT3, as described previously (Raut and Park, 2020; Sim et
al., 2024). Briefly, SK-MEL-28 cells were seeded at a density
of 3x10° cells/well onto a six-well plate. After overnight incu-
bation, cells were cotransfected with STAT3 and renilla lucif-
erase plasmids using FUGENE HD transfection reagent (Pro-
mega) for 24 h, following the manufacturer’s instructions. The
cells were further stimulated with the indicated ISL concentra-
tions for 24 h. The cells were lysed with passive lysis buffer
and centrifuged at 13,000 rpm for 10 min to obtain a whole-
cell lysate. Finally, the luminescence of firefly and renilla was
identified by adding luciferase assay reagent and Stop & Glo
reagent, respectively, in 20 uL of cell lysate using a multimode
microplate reader (Tecan, Mannedorf, Switzerland). The val-
ues are expressed relative to the controls after normalization
with renilla luciferase because the renilla luciferase plasmid
acts as an internal loading control for transfection efficiency.

Statistical analysis

All experiments were conducted in at least triplicate, and
data are presented as the mean + standard deviation (SD)
from independent experiments. Statistical analysis was per-
formed using the ANOVA test to compare the differences be-
tween groups. A p-value less than 0.05 was considered statis-
tically significant.
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Fig. 1. Effects of ISL on SK-MEL-28 cell viability and apoptotic induction. (A) Chemical structure of ISL. (B) SK-MEL-28 cells were treated
with ISL (1, 25, and 50 uM) for 24, 48, and 72 h, and cell viability was determined using the MTT cell viability assay. Data are shown as the
mean * SD (n=3). (C) Representative images of ISL-treated SK-MEL-28 cells. The scale bar indicates 200 um. (D, E) Apoptosis in SK-
MEL-28 cells, treated with varying ISL concentrations (1, 25, and 50 uM) for 48 h, was analyzed using FACS with Annexin V/PI staining.

Data are shown as the mean = SD (n=3). ***p<0.001, ****p<0.0001
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RESULTS

ISL induces apoptosis in SK-MEL-28 cells

Several studies have demonstrated that ISL exhibits anti-
cancer activities both in vitro and in vivo (Wu et al., 2016; Song
et al., 2020; Yu et al., 2023). The chemical structure of ISL is
shown in Fig. 1A. We first assessed the effect of ISL on the
viability of SK-MEL-28 cells by MTT assay. Treatment with ISL
(1, 25, and 50 uM) resulted in reduction of cell viability, with
higher concentrations of ISL decreasing viability in a time-de-
pendent manner, as shown in Fig. 1B. Specifically, treatment
with 50 uM of ISL reduced cell growth by 60% compared to
the vehicle-treated control. Additionally, Fig. 1C shows sig-
nificant morphological changes in SK-MEL-28 cells following
incubation with varying concentrations of ISL. To investigate
the occurrence of apoptosis in ISL-treated cells, we performed
FACS to quantify the population of apoptotic cells by double
staining with Annexin V and PI. The results indicated that ISL
treatment significantly increased the percentage of apoptotic
cells compared to vehicle-treated control, as shown in Fig.
1D and 1E. Collectively, these findings suggest that ISL sup-
presses the growth of SK-MEL-28 melanoma cells through the
induction of apoptosis.

ISL mediates apoptosis via activation of the
mitochondrial pathway in SK-MEL-28 cells

To investigate the mechanisms underlying ISL-induced
apoptosis in SK-MEL-28 cells, we examined the activation of
key apoptotic markers. As shown in Fig. 2A, treatment with
ISL (1, 25, and 50 uM) resulted in the activation of caspase-9,
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-7, and -3, as well as the cleavage of PARP, indicating the
involvement of the mitochondrial pathway in ISL-induced
apoptosis. Given the role of Bcl-2 family proteins in regulating
mitochondrial membrane integrity, we next assessed the ef-
fect of ISL on the expression of these proteins. ISL treatment
reduced the expression of Bcl-2 while significantly increasing
the expression of Bax, an apoptotic protein, in SK-MEL-28
cells (Fig. 2B). This imbalance between Bcl-2 and Bax led to
elevated levels of cytochrome C in the whole cell lysate fol-
lowing ISL treatment, as shown in Fig. 2B. Several studies
have reported that the translocation of cytochrome C from
the mitochondria to the cytoplasm is a hallmark of apoptosis
(Wang, 2001). We investigated the effect of ISL on this trans-
location and found that ISL treatment significantly increased
the level of cytochrome C in the cytoplasm while concurrently
decreasing its level in the mitochondria, as shown in Fig. 2C.
This result confirms the translocation of cytochrome C from
the mitochondria to the cytoplasm upon ISL exposure in SK-
MEL-28 cells. Furthermore, ISL treatment reduced the expres-
sion of survivin and D-series cyclins, including cyclin D1 and
cyclin D3, indicating that ISL inhibits cell cycle progression in
SK-MEL-28 cells (Fig. 2D). Collectively, these results reveal
that ISL attenuates the growth of SK-MEL-28 cells by inducing
apoptosis and arresting the cell cycle.

ISL treatment induces apoptosis via ROS production in
SK-MEL-28 cells

Increasing evidence highlights the pivotal role of ROS in
the mechanism of action of anti-cancer agents. To further ex-
plore this, we investigated the effect of ISL on ROS generation
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Fig. 2. Activation of apoptotic pathways and inhibition of cell cycle-related proteins by ISL in SK-MEL-28 cells. (A) Immunoblot analysis of
cleaved forms of caspase-3, -7, and -9 and PARP protein levels. (B) Immunoblot analysis of mitochondrial apoptosis-related proteins Bcl-2,
Bax, and cytochrome C in SK-MEL-28 cells. (C) Immunoblot analysis of mitochondrial apoptosis-related protein cytochrome C in the mito-
chondrial and cytosolic fractions of SK-MEL-28 cells and COX IV was used as the loading control for mitochondrial proteins. (D) Immunoblot
analysis of cell cycle-related proteins cyclin D1, D3, and survivin. B-Actin was used as the loading control.
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Fig. 3. ISL-induced ROS production as a mediator of apoptosis in SK-MEL-28 cells. (A-D) The intracellular accumulation of ROS was iden-
tified by measuring the fluorescence of DCF-DA using fluorescence microscopy in SK-MEL-28 cells after ISL treatment. (A, C) Representa-
tive DCF-DA fluorescence microscopic images. The scale bar indicates 200 um. (B, D) Graph of DCF-DA fluorescence intensity. (E, F) SK-
MEL-28 cells were pretreated with the ROS scavenger NAC (5 mM) for 1 h before exposure to ISL (50 uM) for 4 h. Apoptosis in SK-MEL-28
cells, treated with ISL and/or NAC, was analyzed using FACS with Annexin V/PI staining. Data are shown as the mean + SD (n=3). *p<0.05,

*p<0.01, ****p<0.0001.

in SK-MEL-28 cells. As shown in Fig. 3A and 3B, ISL treat-
ment (1, 25, 50 uM) for 4 h significantly elevated intracellular
ROS production in a dose-dependent manner, suggesting its
involvement in regulating cell death and downstream signal-
ing events. Additionally, pretreatment with NAC, a ROS scav-
enger, markedly reduced ISL-induced ROS accumulation and
the associated apoptosis in SK-MEL-28 cells (Fig. 3C-3F).
These observations indicate that ISL-induced ROS production
is a key mediator of apoptosis in SK-MEL-28 cells. Collective-
ly, these findings demonstrate that ISL exposure leads to a
dramatic increase in ROS production, which in turn facilitates
the induction of apoptosis in SK-MEL-28 cells.

ROS production regulates the genes related to apoptosis
and cyclins expression by ISL in SK-MEL-28 cells

The ISL-induced ROS generation resulted in apoptosis in-
duction, as indicated in Fig. 3E. To further explore the role
of ROS in regulating apoptosis-related genes and cyclins in
SK-MEL-28 cells, we examined the effects of ROS produc-
tion. As shown in Fig. 4A, pretreatment with NAC significantly
diminished the ISL-induced cleavage of caspase-9, -7, -3, and
PARP. Moreover, the ISL-induced downregulation of Bcl-2 ex-

pression and upregulation of Bax expression were reversed
by NAC pretreatment, as illustrated in Fig. 4B. Similarly, pre-
treatment with NAC substantially reduced the ISL-induced in-
crease in cytochrome C levels in SK-MEL-28 cells (Fig. 4B).
These results collectively indicate that ROS plays a crucial
role in apoptosis induction by modulating the expression of
Bax, an apoptotic protein, and Bcl-2, an anti-apoptotic protein,
in SK-MEL-28 cells upon ISL exposure. Furthermore, the ISL-
induced suppression of survivin and cyclins, including cyclin
D1 and cyclin D3, was almost restored to normal levels with
NAC pretreatment in SK-MEL-28 cells (Fig. 4C). This finding
underscores the importance of ROS in the downregulation of
survivin and cyclins, highlighting its critical role in the regula-
tion of cell cycle and apoptosis in response to ISL treatment.

ISL inactivates p38-mTOR-STAT3 signaling pathway in SK-
MEL-28 cells via ROS production

The regulation of key signaling proteins such as p38,
mTOR, and STAT3 plays a crucial roles in cancer cell sur-
vival and proliferation (Song et al., 2015; Martinez-Limén et
al., 2020; Panwar et al., 2023; Phan et al., 2023). ROS have
been implicated in modulating these kinases, influencing both
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Fig. 4. Role of ROS in ISL-mediated apoptotic pathways and cell cycle-related proteins in SK-MEL-28 cells. SK-MEL-28 cells were pre-
treated with the ROS scavenger NAC (5 mM) for 1 h before exposure to ISL (50 uM) for 48 h. (A) Immunoblot analysis of cleaved forms of
caspase-3, -7, and -9 and PARP protein levels. (B) Immunoblot analysis of mitochondrial apoptosis-related proteins Bcl-2, Bax, and cyto-
chrome C in SK-MEL-28 cells. (C) Immunoblot analysis of cell cycle-related proteins cyclin D1, D3, and survivin. B-Actin was used as the
loading control.
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Fig. 5. Inactivation of p38/mTOR/STAT3 signaling by ISL via ROS production in SK-MEL-28 cells. (A, B) SK-MEL-28 cells were treated with
ISL (1, 25, and 50 uM) for 48 h. (A) Immunoblot analysis of p38, mTOR, and STAT3 proteins. (B) STAT3 reporter gene activity in response
to ISL. Values are presented as the mean + SD (n=3). (C, D) SK-MEL-28 cells were pretreated with the ROS scavenger NAC (5 mM) for 1 h
before exposure to ISL (50 uM) for 48 h. (C) Immunoblot analysis of p38, mTOR, and STAT3 proteins. (D) SK-MEL-28 cells were pretreated
with the ROS scavenger NAC (5 mM) for 1 h before exposure to ISL (50 uM) for 48 h. Values are presented as the mean + SD (n=3).
*p<0.05, ****p<0.0001.

canonical and non-canonical apoptosis signaling mechanisms MEL-28 cells (Fig. 5C). Similarly, NAC pretreatment restored
within the cancer cells (Redza-Dutordoir and Averill-Bates, the ISL-induced reduction in p-STAT3 levels (Fig. 5C). Since
2016; Lee et al., 2021). It has been established that p38 ISL increases intracellular ROS production and inhibits non-

MAPK can act upstream of the mammalian target of rapamy- canonical STAT3 signaling, we further investigated the effect
cin (mTOR) kinase (Hernandez et al., 2011), and mTOR can of ROS on STAT3 activity using a gene reporter assay. As
regulate the signal transducer and activator of transcription 3 shown in Fig. 5D, NAC pretreatment significantly restored the
(STAT3) under various experimental conditions (Zhou et al., ISL-induced decrease in STAT3 gene reporter activity. Collec-
2007). We investigated the effect of ISL on the activation of tively, these results indicate that ISL inhibits several kinases,
several kinases, including p38 and mTOR. As shown in Fig. including p38, mTOR, and STAT3, through a ROS-dependent
5A, ISL treatment significantly reduced the constitutive phos- mechanism.

phorylation of both p38 and mTOR in a concentration-depen-

dent manner in SK-MEL-28 cells, indicating that ISL inacti- p38/mTOR/STAT3 signaling regulates cyclins expression
vates these pathways. Similarly, ISL treatment decreased the in SK-MEL-28 cells

phosphorylation of STAT3 at serine 727, a non-canonical acti- Given that p38 MAPK can act upstream of mTOR and

vation site, without affecting the overall STAT3 levels (Fig. 5A). STAT3 (Xu et al, 2018), we investigated the effect of
Moreover, ISL markedly reduced STAT3 luciferase reporter SB203580, a selective inhibitor of p38 MAPK, on activation of
activity in a concentration-dependent manner (Fig. 5B). Given downstream kinases, including mTOR and STAT3. As shown
that ROS production can regulate various kinases (Zhang et in Fig. 6A, treating SK-MEL-28 cells with SB203580 for 24 h
al., 2016), we examined the impact of ROS on p38, mTOR, drastically decreased the phosphorylation of p38, mTOR, and
and STAT3 phosphorylation under ISL treatment. Interestingly, STAT3 (Ser727) in a concentration-dependent manner. This
the ISL-induced decrease in phosphorylated p38 and mTOR finding suggests that p38 MAPK acts as an upstream regula-
was dramatically reversed by pretreatment with NAC in SK- tor of both mTOR and STAT3 in these cells. Additionally, the
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Fig. 6. Modulation of cyclins expression and survivin by p38/mTOR/STAT3 pathway inhibition in SK-MEL-28 cells. (A-D) SK-MEL-28 cells
were treated with either SB203580 or rapamycin for 24 h. (A) Immunoblot analysis of p38, mTOR, and STAT3 proteins. (B) Immunoblot
analysis of cell cycle-related proteins cyclin D1, D3, and survivin. (C) Immunoblot analysis of p38, mTOR, and STAT3 proteins. (D) Immu-
noblot analysis of cell cycle-related proteins cyclin D1, D3, and survivin. B-Actin served as the loading control.

expression levels of cyclin D1, cyclin D3, and survivin were
significantly reduced following SB203580 treatment (Fig. 6B).
To further elucidate the pathway, we treated SK-MEL-28 cells
with rapamycin, a mTOR inhibitor, at concentrations of 20 and
50 nM for 24 h. As shown in Fig. 6C, rapamycin treatment
abrogated the phosphorylation of mMTOR and STAT3 (Ser727),
but did not affect p38 phosphorylation. This clearly indicates
that mTOR regulates the non-canonical STAT3 pathway but
does notinfluence the p38 MAPK pathway in SK-MEL-28 cells.
Furthermore, rapamycin treatment also dramatically reduced
the expression of survivin and cyclins, including cyclin D1 and
cyclin D3, similar to the effects observed with SB203580 (Fig.
6D). These findings collectively indicate that the p38/mTOR/
STAT3 signaling pathway plays a critical role in regulating the
expression of survivin and cyclins in SK-MEL-28 cells (Fig.
7). Understanding the precise modulation of this pathway pro-
vides valuable insights and may offer promising therapeutic
targets for controlling the proliferation and survival of mela-
noma cells.

DISCUSSION

Cancer poses a significant health challenge globally, with
around 19.5 million new cases and 0.6 million deaths annually
in the USA alone (Siegel et al., 2023). Although various che-
motherapeutic and biological agents have been developed,
their clinical application is often limited by systemic toxicities
(Basak et al., 2021). Phytochemicals, naturally occurring com-
pounds in plants, have gained attention due to their potent
anti-cancer activities with minimal systemic toxicity (Choud-
hari et al., 2019; Choi et al., 2023; Hwang et al., 2023; Kim
et al., 2023). ISL, a natural flavonoid from licorice, is known
for its anti-inflammatory and antioxidant properties (Yu et al.,
2018). This study explores the anti-cancer effects of ISL on
SK-MEL-28 human melanoma cells, revealing its growth in-
hibitory effects and underlying molecular mechanisms.

ISL treatment has shown a concentration-dependent induc-
tion of apoptosis in SK-MEL-28 cells, consistent with other
cancer cell studies (Wu et al., 2016; Chen et al., 2017). Spe-
cifically, ISL induces the cleavage of executioner caspases, in-

cluding caspase-9, -3, and -7, leading to the cleavage of PARP.
This indicates the activation of the intrinsic apoptosis pathway,
marked by the translocation of cytochrome C from mitochon-
dria to the cytoplasm. Additionally, ISL increased ROS levels,
which further promoted apoptosis and suppressed the expres-
sion of cyclins by inhibiting the p38/mTOR/STAT3 signaling
pathway in SK-MEL-28 cells. This finding aligns with previous
reports where ISL follows the intrinsic pathway of apoptosis in
various cancer cell types (Jung et al., 2006; Hirchaud et al.,
2013; Chen et al., 2017; Kim et al., 2017; Tian et al., 2018;
Luo et al., 2023).

ROS play a dual role in cancer, with moderate levels pro-
moting growth and high levels inducing cell death (Newsholme
et al., 2016; Perillo et al., 2020). ISL significantly increases
ROS production in SK-MEL-28 cells, leading to apoptosis and
cell growth suppression. This is evident from the elevated
intracellular ROS levels following ISL treatment. A moderate
increase in ROS levels usually favors the growth and progres-
sion of cancer. However, excess production of ROS is known
to affect the structure and function of cellular proteins and lip-
ids, leading to cellular dysfunction, including impaired energy
metabolism, altered cell signaling, and cell cycle disruption,
subsequently resulting in cell death. The ISL-induced ROS
production appears to be a critical factor in its anti-cancer
mechanism, as pretreatment with NAC, a ROS scavenger, re-
duces ISL-induced apoptosis and cyclin expression suppres-
sion (Kim et al., 2017). These findings suggest that ROS play
a crucial role in ISL’s anti-cancer effects, although its impact
may vary across different cancer cell types and experimental
conditions. Notably, our data demonstrate that treatment of
SK-MEL-28 cells with ISL significantly upregulated the expres-
sion of NOX1, a NADPH oxidase isoform involved in ROS pro-
duction, indicating that the ISL-induced ROS production might
be NOX1-dependent in this experimental condition (Supple-
mentary Fig. 1). However, further studies exploring the role of
ROS induced by ISL in various cancer subtypes are essential
for a better understanding.

In our study, ISL treatment also resulted in the suppres-
sion of the p38 MAPK/MTOR/STAT3 signaling pathways in
SK-MEL-28 cells. p38 MAPK is involved in various cellular
processes, including apoptosis and cell migration, and its in-
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Fig. 7. Schematic Representation of ISL-induced apoptosis mechanisms in SK-MEL-28 cells via p38/mTOR/STAT3 signaling and ROS

generation.

hibition leads to the suppression of cancer cell growth (Mar-
tinez-Limon et al., 2020). ISL inhibits the phosphorylation of
p38 MAPK and mTOR, which in turn downregulates STAT3
activation, a key transcription factor in cell proliferation and
survival. This suppression is consistent with ISL’s effects in
other cancer cell types, where it inhibits the PI3K/AKT/mTOR
pathways (Zhang et al., 2022). Similarly, LPS-induced p38
MAPK was remarkably decreased with the treatment of ISL
in MAC-T bovine mammary epithelial cells (Li et al., 2022). To
the best of our knowledge, this is the first report demonstrating
that the p38 MAPK/mTOR pathway plays a critical role in ISL-
induced cell death of melanoma cells. STAT3, a transcription
factor, is well known to regulate genes associated with cell
proliferation and survival, including cyclins, Myc, Bcl-2, and
Bcl-xl, to promote the growth of cancer cells (Huynh et al.,
2019). ISL treatment has been shown to arrest the growth of
Caki renal cancer cells via ROS-mediated inactivation of the
JAK2/STAT3 signaling pathway (Kim et al., 2017). Similarly,
our study demonstrated that ISL resulted in the abrogation
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of p38 MAPK/mTOR/STAT3 signaling in SK-MEL-28 cells.
Treatment of SK-MEL-28 cells with rapamycin, an inhibitor
of mTOR, significantly reduced the phosphorylated forms of
mTOR and STAT3 (Ser727), as well as cyclin D1, cyclin D3,
and survivin, indicating that ISL inhibits cyclins and survivin
in a non-canonical STAT3-dependent manner. Furthermore,
the study demonstrated that ISL-induced ROS production me-
diates the inactivation of p38 MAPK/mTOR/STAT3 signaling
pathways. This ROS-dependent mechanism highlights the
central role of oxidative stress in ISL’s anti-cancer activity.
Pretreatment with NAC reversed the ISL-induced inhibition of
these pathways, underscoring the importance of ROS in me-
diating these effects. Additionally, ISL treatment reduced the
expression of cyclin D1, D3, and survivin, further indicating its
role in cell cycle arrest and apoptosis induction in SK-MEL-28
cells.

Typically, ROS generation is known to promote the acti-
vation of MAPK pathways, including p38 (Son et al., 2011).
However, the effect of ROS on MAPK activation is dynamic
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and context dependent. A study reports that increased ROS
production can inhibit p38 MAPK activation in the context of
melanocyte apoptosis (Tang et al., 2019). Additionally, another
research has shown that ROS can activate the phosphatase
DUSP1, a negative regulator of MAPKSs, including p38, there-
by reducing their activation (Liu et al., 2008). These findings
suggest that the relationship between ROS and p38 MAPK
may vary depending on cellular context and conditions. Fur-
ther studies are required to elucidate the precise mechanisms
governing ROS and p38 MAPK interactions across different
cellular environments and disease states.

In conclusion, this study provides substantial evidence that
ISL inhibits the growth of SK-MEL-28 melanoma cells by in-
ducing apoptosis through a ROS-dependent mechanism. The
inactivation of the p38 MAPK/mTOR/STAT3 signaling path-
ways further elucidates the molecular basis of ISL's anti-can-
cer effects. These findings suggest that ISL could be a promis-
ing therapeutic agent for treating human melanoma, offering
a potential approach with minimal systemic toxicity compared
to conventional chemotherapeutic agents. By highlighting the
molecular pathways affected by ISL, this study enhances our
understanding of its anti-cancer mechanisms and supports
further research into its potential therapeutic applications in
melanoma and other cancers.
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