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Polyphenol galangin induces the ROS and ER
stress-mediated intrinsic and extrinsic apoptotic
pathways towards human colon carcinoma HCT-116 cells
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ABSTRACT

A natural anti-oxidant galangin, a flavonoid compound rich in the root of galangal, has been proved to exert anti-proliferation and apoptosis
induction towards various cancer cells. However, its activities and molecular mechanism against colorectal cancer cell lines (e.g. HCT-116)
is still unclear. The aim of this study was to reveal the inhibition and apoptosis induction of galangin in the HCT-116 cells. The results of
CCK-8 assay demonstrated that galangin at 20-160 umol/L inhibited the HCT-116 cells growth in a dose-time-dependent manner. Galangin
changed cell morphology, arrested cell cycle at G /G, phase, decreased mitochondrial membrane potential, increased intracellular reactive
oxygen species (ROS) and Ca?* and induced early apoptosis in the HCT-116 cells. Based on western blotting results, on one hand, galangin
at 80-160 umol/L up-regulated pro-apoptotic proteins expression such as AlF, PIG3, and Bax, and induced mitochondrial pathway by
up-regulating the levels of cleaved caspase-8, cleaved caspase-7, cleaved caspase-9 and cleaved caspase-3, as well as cleavage of poly
(ADP-ribose) polymerase (PARP). On the other hand, galangin also induced endoplasmic reticulum (ER) stress in the cell via up-regulation
of CHOP and DR5 and then activation of caspase cascades. The results illustrated that galangin induced apoptosis towards the HCT-

116 cells through the ROS- and ER stress-mediated both intrinsic and extrinsic apoptotic pathways.
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INTRODUCTION

Cancer is the second wotldwide cause of death, next to
the cardiovascular illnesses. Current treatments such as
surgery, radiotherapy, chemotherapy, hormone replacement
therapy, immunotherapeutic interventions, targeted agents,
growth signal inhibitors, endogenous angioinhibitors, gene
therapy, stem cell therapy, and precision medicine are the
main treatment strategies to patients (Akram et al., 2017,
Singh et al., 2022). However, due to the short- and long-
term side effects, innovation of alternative methods is
being developed. For example, natural polyphenols are used
as plant-derived bioactive medicines to deal with certain
diseases (Singh et al., 2022). One class of these bioactive
polyphenolic compounds is the flavonoids, the well-known
secondary metabolites and natural anti-oxidants presented
in plant kingdoms. Flavonoids can be chemically divided

into these subclasses like isoflavanones, flavanones,
flavanols, flavonols, flavones, and anthocyanidins. Galangin
(3,5,7-trihydroxy-2-phenyl-4 H-chromen-4-one), one
member of the flavonoid family, are widely studied for
its activities such as anti-oxidant, anti-metastatic, anti-
microbial (Abinaya and Gayathri, 2019), anti-allergic
inflammatory, anti-cancer, anti-diabetic, anti-osteoporosis,
anti-obesity and anti-viral effects (Patel, 2015).

Galangin is presented in the root of Alpinia officinarum
(Hance), Helichrysum aunreonitens, Alnus pendula Matsum,
Betulaceae, Plantago major L., Plantaginaceae, Scutellaria
galericnlata L., Lamiaceae, honey, and propolis (Patel, 2015).
The present results have showed that galangin might be a
potential candidate to suppress cell proliferation and induce
cell apoptosis in various types of cancer cells including
lung caner (Yu et al, 2018), gastric cancer (Xu et al, 2017),
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colorectal cancer (Wang et al, 2017), prostate cancer
(Kazemi et al, 2021), ovarian cancer (Huang et al, 2015),
head and neck cancers (Zhu et al, 2014), and osteosarcoma
(Liu et al, 2017). For instance, it was found that 10-160
umol/L of galangin could inhibit the proliferation of
human breast cancer MCF-7 cells dose-dependently, down-
regulate the cycle-associated proteins, induce cell apoptosis
via mitochondrial pathway, and inhibit the phosphorylation
of PI3K/Akt (Liu et al., 2018). It was also reported that
galangin could inhibit the growth of several human liver
cancer cell lines (HepG2, Hep3B and PLC/PRF/5) and
cause cell apoptosis through the mitochondrial signaling
pathway by corrupting the permeability of mitochondrial
membrane and up-regulating the expression of these pro-
apoptotic proteins such as Bax, cytochrome C and AIF
(Zhang et al., 2010). Additionally, galangin could inhibit
the growth of human osteosarcoma MGG63 and U20S
cells or intrahepatic cholangiocarcinoma HCCC9810
and TFK-1 cells, suppress cell migration and invasion,
and enhance cell apoptosis via the PI3K and Aktp-
Thr308 down-regulation (Yang et al., 2017; Zou et al,,
2020). Interestingly, galangin may induce cell apoptosis
via the endoplasmic reticulum (ER) stress pathway. For
example, it was observed that galangin induced the ER
stress-mediated apoptosis in hepatocellular carcinoma
HepG2, Hep3B and PLC/PRF/5 cells, by up-regulating
these indicator proteins of ER stress namely GRP94,
GRP78, and CHOP, and by increasing free cytosolic Ca**
level (Su et al., 2013). Galangin could stimulate ER stress
in human breast cancer cells via promoting CHOP and
DR5 expression, and cause cell apoptosis by activating
TRAIL/caspase-3/AMPK signaling pathway (Song et al,
2017). Xiong and coworkers had found that 10-80umol/L
of galangin inhibited the growth, migration, and invasion
of the glioblastoma multiforme cells (U87, U251 and
U87-luciferase). Galangin exhibited anti-cancer activity to
GBM cells by promoting Skp2 (S-phase-kinase-associated
protein 2) degradation (Xiong et al., 2020). In another
study, galangin was found to inhibit the growth, migration
and invasion of human HCC cell line MHCC97H (Zhong
etal., 2020). Galangin also could promote cell apoptosis via
down-regulating the expression of long non-coding RNAs
(IncRNAs) H79 (Zhong et al., 2020). However, whether
galangin could induce ER stress in colorectal cancer cells
is still insufficiently studied.

Reactive oxygen species (ROS) are the products of cellular
aerobic metabolism, and regarded as strong oxidants
to the biological macromolecules in cells. Due to the
existence of anti-oxidants, ROS do not cause damage
under normal circumstances. However, once the critical
oxidant/anti-oxidant balance is broken, ROS will induce
oxidative stress. More importantly, if the oxidative stress is
not eliminated efficiently, proteins, DNA or RNA, lipids,
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and other biomolecules in cells will be oxidative damaged,
and eventually lead to changes in signal transduction,
mitotic arrest, gene recombination, gene mutation, and
subsequently cell death. Anti-oxidant properties of natural
products flavonoids play an important role in disease
prevention. However, some flavonoid substances under
specific conditions show toxic and side effects on cells
(Halliwell, 2007). Flavonoids also can promote oxidation in
cells (Cao etal., 1997). In detail, when the concentration of
flavonoids in cells is particularly high, they could exhibit a
pro-oxidation. The pro-oxidation of flavonoids can cause
cell toxicity and induce cell apoptosis (Ismail and Alam,
2001; Ueda et al., 2002). It is accepted that flavonoids
possessing the same structure and stronger anti-oxidant
capacity will have stronger pro-oxidation and then cause
greater cell damage (Hadi et al., 2007). Generally, some
anti-cancer drugs in clinic like adriamycin can produce
high ROS level and then kill tumor cells (Trachootham
et al., 2009). Thus, the toxic effect of flavonoids on
tumor cells has certain positive significance (Trachootham
et al., 2006). For example, the sarsasapogenin from
Anemarrhena asphodeloides could enhance ROS levels in
Hel.a cells (Shen et al., 2013). If Hel.a cells were treated
with anti-oxidant N-acetylcysteine (NAC) before the
sarsasapogenin treatment, ROS level and ROS-mediated
mitochondrial apoptosis would be inhibited (Shen et al.,
2013). Isoobtusilactone A, isolated from Cinnamonum
kotoense, could induce higher ROS level and up-regulate the
expression of CHOP and DR5 in Hep G2 cells (Chen etal.,
2012); if NAC was used in advance, ROS generation and the
expression of the two proteins would be decreased (Chen
etal., 2012). It was also found that the bound polyphenols
from inner shell of millet bran could inhibit the growth
of a human colorectal cancer cell line (i.e. HCT-116 cells),
increase ROS level, and induce cell apoptosis via the NF-kB
signal pathway (Shi et al., 2015). Galangin could arrest
cell cycle at the G,/M phase and induce cell apoptosis via
increasing intracellular ROS generation in oesophageal
carcinoma cells as well as suppressing the expression of
Wnt3a and B-catenin (Ren et al., 2016), or accelerate ROS
production in human gastric cancer cell line MGC-803
and then induce apoptosis through ROS overload and
inactivating the JAK2/STAT3 pathway (Liang et al., 2021).
In addition, 25-100 pmol/L of galangin could increase
ROS production and inhibit cell invasion and migration by
suppressing the epithelial mesenchymal transition (EMT)
in human renal cell carcinoma Caki-1 and 786-0 cells
(Cao et al., 2016). Whether galangin could induce the
ROS-mediated apoptosis in HCT-116 cells also needs an
investigation.

The present study thus assessed the activities of galangin
to HCT-116 cells. In brief, galangin was measured for its
ability to inhibit cell growth, alter cell morphology, cause
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cell cycle arresting, induce cell apoptosis, and regulate
protein expression. After then, we identified whether
both ROS- and ER stress-mediated intrinsic and extrinsic
apoptotic pathways were involved in the investigated cell
apoptosis. The aim of this study was to reveal whether
galangin could exert its apoptosis induction to the cells via
both ROS- and ER stress-mediated apoptotic pathways.

MATERIAL AND METHODS

Chemicals and reagents

Galangin (>99% purity) was provided by Shanghai Yousi
Biotechnology Co. Ltd. (Shanghai, China). Cell counting
kit-8 (CCK-8), cell cycle analysis kit, Annexin V-FITC
apoptosis detection kit, Hoechst 33258, ROS assay kit,
mitochondrial membrane potential assay kit with JC-1,
Fura-2 pentakis (acetoxymethyl) ester (Fura-2 Am), radio
immunoprecipitation assay (RIPA) lysis buffer and BCA
protein assay kit were purchased from Beyotime Institute
of Biotechnology (Shanghai, China). TRNzol Universal
Reagent, TIANScript RT Kit and RealMasterMix (SYBR
Green) were the products of Tiangen Biotech, Co. Ltd.
(Beijing, China). Other used chemicals were of analytical
grade, while the used water was generated from Milli-Q
Plus system (Millipore, New York, NY, USA).

Anti-CHOP, anti-DR5, anti-cytochrome C oxidase 1V
(COX 1V), anti-cytochrome C, anti-Bax, anti-BID, anti-
cleaved caspase-3/7/8/9 antibodies, and the secondary
antibodies were brought from Cell Signaling Technology
(Shanghai) Biological Reagents Co. Ltd. (Shanghai, China),
while anti-PIG3 antibody was obtained from Santa Cruz
Biotechnology (Shanghai) Co. Ltd. (Shanghai, China).

Cell line and cell culture

HCT-116 cells were obtained from the Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China). The cells were cultured in the McCoy’s
5A medium (Sigma-Aldrich, Co. St. Louis, MO, USA)
containing 10% fetal bovine serum (Hyclone, Logan, UT,
USA) at 37°C in 5% CO,,

Assay of growth inhibition and morphological
observation

The cells were planted onto 96-well plates at 1X10* cells
per 100 uL per well to allow to attach. After 24 h, the
medium was discarded while galangin (20-160 pmol/L) was
added to treat the cells for 24-72 h. 5-Fluorouracil (5-Fu,
100 umol/L) and dimethyl sulphoxide (DMSO, 0.1%)
were used to treat the cells to obtain the respective positive
and negative controls, as previously described (Wang et al,
2017). After the treatment, the cells were washed with a
phosphate buffer saline (PBS, 0.01 umol /L, pH 7.0) twice
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and 10 puL of CCK-8 solution (10 ul. CCK-8 in 90 pL
PBS of 0.01 umol/I) was added into each well. The
cells were incubated at 37°C for 4 h and then measured
for optical density using a microplate reader (Bio Rad
Laboratories, Hercules, CA, USA) at 570 nm to calculate
growth inhibition. The vehicle-treated cells were taken as
100% viable without any growth inhibition.

The cells (1x10* cells per 100 UL per well) were seeded
onto 6-well plates. After attachment, 0.1% DMSO or
80-160 umol/L of galangin were used to treat the cells for
24 h. Then the cells were washed and fixed with 0.5 mL of
paraformaldehyde (4%) in the PBS at 4°C overnight, rinsed
with PBS twice, and stained with Hoechst 33258 of 0.5 mL
for 5 min in the dark at room temperature and then washed
with PBS twice. A fluorescence microscope (Olympus,
Tokyo, Japan) was used to observe cell morphology
with respective excitation and emission wavelengths of
350 and 460 nm.

Assay of cell cycle arrest and flow cytometry analysis
The cells were planted onto 6-well plates for attachment
and then treated with 0.1% DMSO or 80-160 wmol/T. of
galangin for 24 h, washed with PBS; fixed with 70% ice-cold
ethanol overnight at 4°C, washed with ice-cold PBS, and
then added with 25 UL of propidium iodide (PI, 50 ng/mL)
and 10 uL of RNase (100 pg/mL) for 30 min at 37°C in
the dark. BD FACSort flow cytometry (Becton Dickson
Immunocytometry-Systems, San Jose, CA, USA) was used
to analyze cell cycle progression. The portions of the cells
in different cell stages (i.e. G /G, S, and G,/M phases)
were sorted by CellQuest software (ModFit software, Verity
Software House, Inc., Topsham, ME, USA).

After treatment with 0.1% DMSO or 80-160 wmol/L
of galangin for 24 h, the cells were washed with ice-cold
PBS twice and stained with 5 UL of the Annexin V-FITC
and 10 UL of PI (20 pg/mL) at 20°C for 20 min in the
dark. The cells were analyzed by fluorescent-activated cell
sorting using the mentioned flow cytometer and CellQuest
software, and designed as necrotic (Q1), eatly apoptotic
(Q2), viable (Q3), and late apoptotic (Q4) cells.

Measurement of mitochondrial membrane potential,
ROS, and Ca?*

The cells were seeded onto 6-well plates and treated with
0.1% DMSO or 80-160 umol/L of galangin for 24 h.
Then the cells were re-suspended with fresh medium and
1 mL of JC-1 (5,5,6,6’-tetrachloro-1,1",3,3’-tetracthyl
benzimidazolocarbocyanine iodide) was added for 20 min
at 37°C. The cells were washed twice with Dulbecco
phosphate-buffered saline (DPBS), re-suspended with
2mlL of fresh medium and then subjected to fluorescence-
activated cell sorter (FACS) analysis to evaluate the loss of
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mitochondrial membrane potential (MMP) (Salvioli et al.,
1997). The used excitation and emission wavelengths were
485 and 590 nm, respectively.

The cells were treated as above, washed with PBS,
stained with 1 mL of DCF-DA (2’,7’-dichlorofluorescein,
10 wmol/L), re-incubated for 20 min at 37°C, and washed
with fresh medium three times. DCF-DA is a cell-permeant
dye. Fluorescence intensity was detected by a fluorescence
spectrophotometer (F-4500, Hitachi, Tokyo, Japan) at
488/525 nm with a 525 nm cutoff to report relative ROS
level as previously described (Boissy et al., 1989).

To evaluate intracellular Ca®* ([Ca®']), the cells were
treated as above, rinsed with Krebs-Ringer buffer (pH 7.4)
including 37 mmol/L of NaCl, 5 mmol/L of KCI,
1 mmol/L of MgCl,, 1.5 mmol/L of CaCl,, 10 mmol/L
of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), and 25 mmol/L of D-glucose. Then the cells
were applied with Fura-2 AM (5 pells) and re-incubated
for 1 h at 37°C, washed twice, and re-suspended in the
Krebs-Ringer buffer. A fluorescence spectrometer was
used to measure the fluorescence (F) at 510 nm emission
wavelengths and 340—380 nm excitation wavelengths,
respectively. Triton X-100 (0.1%, v/v) treated cells
were used to measure maximal fluorescence (F, ) and
then 10 mmol/L of EGTA (ethylene glycol tetra-acetic
acid, pH 9.0) was added immediately to determine
minimal fluorescence (F,,). An equation [Ca’] =k,
F-F,)/F,, . ~F) was used to calculate intracellular Ca**
(ICa*]). K, is a dissociation constant (224 umol/L) of
Fura-2 and Ca®". The control cells were set with relative
intracellular Ca** level of 100%.

RNA isolation and quantitative real-time PCR

The cells (5-10X10° cells per chamber) were seeded
onto 5 cm culture dishes and applied with 0.1% DMSO
or 80-160 wmol/L of galangin for 24 h. Total RNA
was isolated with TRNzol Universal Reagent (Tiangen
Biotech, Co. Ltd, Beijing, China), and complementary
DNA (cDNA) was synthesized with reverse transcriptase
and oligo(dt) , primer using the TIANScript RT Kit
according to the manufacturer’s protocol. A 7500 Real-
Time PCR System (Applied Biosystems, CA, USA)
was used to perform qRT-PCR and thermo-cycling
ampification were as following: 95°C initial activation
for 60 s, followed by 40 cycles of denaturation 95°C for
15 s; 60°C annealing for 20 s and 68°C extension for
32 s. Relative expression levels of the target genes were
determined using the 224“ method (Livak et al., 2001).
The B-actin housekeeping gene was used as an internal
control. The used primers synthesized by Sangon Biotech
(Shanghai) Co., Ltd. (Shanghai, China) had the sequences
given in Table 1.
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Western blot analysis

The cells were planted onto 5 cm culture dishes overnight,
treated with 0.1% DMSO or 80-160 umol/L of galangin
at 37°C for 24 h, rinsed with PBS, and lysed with 0.5 mL
of RIPA lysis buffer for 30 min on ice. BCA Protein Assay
Kit was used to quantify protein contents. The protein
samples (50 Wg) were separated by 12 or 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, electro-
transferred onto nitrocellulose membranes, blocked with
5% fat free milk at 37°C for 60 min and incubated in the
primary antibodies at 4°C overnight. The membranes
were washed three times with TBST buffer (containing
10 mmol /L Tris-HCI, 150 mmol/L NaCl, and 0.1% Tween
20, pH 7.0,), stained with the secondary antibodies at 37°C
for 60 min. The antibody-bound proteins were detected by
ImageQuant LAS 500 (Fujifilm, Tokyo, Japan).

Statistical analysis

All values are expressed as mean values or mean
values * standard derivations from three independent
experiments and analyses. Statistical significance between
different groups was analyzed by one-way analysis of
variance (ANOVA) with Duncan’s multiple range tests
using the SPSS version 13.0 (SPSS Inc., Chicago, 1L, USA).
Statistical significance was defined at P < 0.05.

RESULTS

Growth suppression and morphology changes of the
galangin-treated cells

The results demonstrated that galangin at the used
doses of 20-160 wmol/L had growth suppression
on HCT-116 cells (Fig. 1). For the positive cells with
5-FU treatment alone, the measured values of growth
inhibition at 24, 48 and 72 h were 79.1%, 70.8 and 69.5%,
respectively. In the galangin-treated cells, higher galangin
dose and longer treatment time mostly caused greater
growth inhibition on the cells; for example, galangin
of 160 wmol/L led to respective growth inhibition of
89.1%, 93.1%, and 95.0% at the treatment times of 24,
48, and 72 h. Based on the obtained data, the IC_ values
of galangin corresponding to the treatment times of
24, 48, and 72 h were thus estimated to be 97.7, 86.2,
and 80.8 umol/L. The results thus proved that galangin
had 7z vitro inhibitory effect on HCT-116 cells in both
dose- and time-dependent manners.

HCT-116 cells treated with galangin for 24 h also had
morphology changes (Fig. 2). Compared with the control
cells, the galangin-treated cells showed typical apoptotic
morphology, for example, concentration of cytoplasm,
reduction of cell volume, condensed chromosome and
formation of apoptotic bodies. This fact implied that
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Table 1: The primers used in the PCR analyses of this study

Genes Sense

Antisense

B-Actin 5-AACACCCCAGCCATGTACG-3’ 5-ATGTCACGCACGATTTCCC-3
CHOP 5-GCCAATGATGTGACCCTCAAT-3 5-CCTGGAAATGAAGAGGAAGAA-3
DR5 5-AAGACCCTTGTGCTCGTTGT-3 5-GACACATTCGATGTCACTCCA-3’
Bax 5'-AAGCTGAGCGAGTGTCTCAAG-3' 5'-CAAAGTAGAAAAGGGCGACAAC-3'
AlF 5-GAATTCGCAATCCGTTGGAGTC-3' 5'-GGATCCCCACGACCACTTTGTC-3'
PIG3 5'-CGCTGAAATTCACCAAAGGTG-3' 5'-AACCCATCGACCATCAAGAGC-3'

120 , D01%DMSO ©20pumol/L 040 umol/L  E80 umol/L Control 80 umol/L

0120 umol/L. @160 umol/L  @5-FU c
100 } c &

[ [=23 ool
(=} (=} (=}
T T T

Growth inhibition (% of control)
N
[ =

24 48 72
Inbubation time (h)

Fig 1. The anti-proliferation of galangin of 20-160 (umol/L) towards
HCT-116 cells with treatment times of 24, 48, and 72 h, respectively.
Different lowercase letters above the columns of same group indicates
that the mean values differ significantly (P < 0.05).

galangin could injury the cells while the cells after galangin
exposure were in the process of apoptosis.

Cell cycle arresting and apoptosis of the galangin-treated
cells

The cell cycle is divided into two stages: interphase and
division. The G /G, phase is called synthesis phase. The S
phase is the stage of DNA synthesis, while the G,/M phase
refers to the late stage of DNA synthesis. The detected
cell cycle progression of HCT-116 cells with various
treatments was thus analyzed using the flow cytometry
(Fig. 3). In the control cells, respective portions of S,
G,/G, and G,/M phases were 72.5%, 15.8% and 11.7%
(Table 2). Howevet, cell treatment with 80-160 pmol/L
of galangin caused a decrease in cell number in both S
and G,/M phases, and dose-dependently led to increased
cell number in the G /G, phase. For example, respective
cell portions of the S, G /G, and G,/M phases after
galangin exposure of 160 wmol/L were 36.6%, 60.0% and
3.4% (Table 2). The results thus suggested that galangin
had an ability to interfere with cell cycle distribution of
HCT-116 cells by arresting the cell cycle progression at
the GO/G1 phase.

Furthermore, a date comparison of the flow cytometry
analysis results also suggested that galangin had apoptosis
induction to the cells (Fig. 4 and Table 3). It was found
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120 pmol/L

Fig 2. Morphological changes of HCT-116 cells exposed to
80-160 umol/L of galangin. Apoptotic cells show concentrated
cytoplasm, agglutinated chromatin, incomplete and swollen
mitochondrial membrane.

that the control cells were detected with 95.8% viable cells
and 1.7% apoptotic cells (eatly plus late apoptotic cells),
whereas the cells treated with 80-160 umol/L of galangin
showed decreased viable cells but increased apoptotic cells
dose-dependently. For example, 160 pumol/L of galangin
was able to cause 41.9% viable cells and 35.9% apoptotic
cells. How galangin induced cell apoptosis thus needed
a serial expression assay for these genes and proteins to
identify the involved pathways.

Intracellular ROS or Ca?* levels and MIMP loss of the
galangin-treated cells

When HCT-116 cells were treated with galangin at the
three doses for 24 h, their intracellular ROS levels were
significantly increased (Fig. 5). Compared with the control
cells, the cells exposed to 160 pmol/L of galangin received a
3.1-fold increase in ROS generation, whereas those exposed
to 80-120 wmol/L also had respective 2.3- and 2.9-fold
increase in ROS production. Meanwhile, it was observed
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that galangin induced MMP loss in the cells (Fig. 6),
because the galangin-treated cells were dose-dependently
detected with significant change in MMP (i.e. reduced cell
number in Q2). It seemed that overload ROS generation
was responsible for MMP alteration and mitochondrial
dysfunction. Galangin was thus suggested having an ability
to enhance ROS level in the cells and then decrease MMP.

Under normal conditions, the mitochondtia uptake and
release Ca®" through specific pathway. However, in the
high Ca®*loads or oxidative stress situations, Ca®" cycling
becomes excessive while MMP decreases dramatically. This
brings about failure to maintain Ca** in the mitochondria,
and finally cytosolic Ca** concentration increases. The
present results also showed that galangin could dose-
dependently trigger a significant increase in calcium influx
across the cell membrane (Fig. 7). When being exposed
to galangin of 80-160 umol/L, the treated cells had
respective intracellular Ca*" levels of 121.3%, 145.6%, and
168.3%, which were higher than the intracellular Ca®" level
(i.e. 100%) of the control cells.

Mitochondrial stress is generally considered to be accompanied
by ER stress signaling. Overall, the galangin-treated cells

Table 2: Distribution proportions of the S, G/G,, and G,/M
phases in HCT-116 cells with or without 80-160 pmol/L
galangin treatment of 24 h

Cell group S phase G/G;, G,/M phase
(%) phase (%) (%)
Control 72.5 15.8 11.7
80 umol/L galangin 69.1 25.6 5.8
120 umol/L galangin 49.5 40.9 9.6
160 umol/L galangin 36.6 60.0 3.4
Control 80 pmol/L
R
E_
] 5
£ 25
] 3
8] &
Hapht W Bl = 2
120 ymol/L 160 pmol/L
ES EN
] &
“g] “g]
LS &
EIMARE TE IR T EYMAPE AR A

Fig 3. Cell cycle progression of HCT-116 cells treated with galangin

at 80-160 umol/L.
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showed promoted ROS generation together with MMP
corruption and Ca** release, indicating that galangin could
stimulate the cells to produce overload ROS products and
then induce ER stress in the cells, which broke down MMP
and released much Ca*"into the cytosol.

Gene expression changes of the galangin-treated cells
To understand the molecular basis through which galangin
induced apoptosis in the HCT-116 cells, the expression levels
of mRNAs coding for factors involved in both mitochondrial
apoptotic signaling pathway and ER stress were thereby
investigated. The results demonstrated that galangin of
80-160 umol/L was able to up-regulate mRNA expression
of these genes namely CHOP (1.9-, and 2.7-folds), DR5 (2.1
and 2.9-folds), Bax (1.9 and 2.5-folds), AIF (1.7 and 2.2-folds)
and PIG3 (1.1 and 1.9-folds) in the treated cells (Fig. 8).

Control 80 pumol/L

Qz

R0 P L B R B0 2 e L S 20
10’ 10* 10 10 10 10 10
FITC-A FITC-A

120 pmol/L 160 pmol/L

T T,
10° 10’ *

T
10 10°

B0 P ) 22 L)
10° 10 10* 10

FITC-A FITC-A

Fig 4. Cell distribution of HCT-116 cells treated with 0.1% DMSO and
80-160 ymol/L galangin for 24 h.

400
350 F
300 F
250 F
200 F

HHg

HH4n

ROS level (% of control)
&
S

e
a1 o
o o O
T T

Control 80 umol/L. 120 umol/L. 160 umol/L

Fig 5. Relative ROS levels of HCT-116 cells treated with galangin at
80-160 pmol/L for 24 h. Different lowercase letters above the columns
indicates that the mean values differ significantly (P < 0.05).
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Protein expression changes of the galangin-treated
cells

In consistence with the assaying results of mRNAs
expression, the results from western-blot analysis showed
that galangin treatment (80-160 wmol/L) could enhance
the protein expression levels of CHOP, DR5, cleaved BID,
cleaved caspase-3/7/8/9, cleaved PARP and PIG3, Bax,
AIF and cytochrome C in the cytosol, but was observed to
decrease the protein expression levels of BID (Fig, 9). That
is, galangin in the cells could promote ROS formation and
induce ER stress, and then activated cleaved caspase-8 by
up regulating the expression of CHOP and DR5, cleaved
BID into tBid, activated Bax, and promoted the release
of AIF and Cyt C into the cytoplasm. AIF released into

Control 80 pmol/L

Q Q

2 Q3

25 a3

T T T T T T T T T T T Ty
10° 10° 10* 10 10 10 10 10
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Fig 6. Effects of galangin treatment (80-160 umol/L) of 24 h on
mitochondrial membrane potential loss of the HCT-116 cells at 24 h.
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the cytoplasm could cause directly cell apoptosis, while
Cyt C released the cytoplasm might activate cleaved
caspases-9/3 and cleaved PARP to cause apoptosis.
Galangin could induce ER stress of the cells to activate
cleaved caspases-9/7/3, and cleaved ARP, and then led
to cell apoptosis. Alternatively, after activating cleaved
caspase-8, cleaved caspase-3 and cleaved PARP were also
directly activated to promote cell apoptosis. Galangin also
regulated the expression of PIG3, which triggered release
of AIF from mitochondria and then induced apoptosis.
Overall, it was confirmed by these western-blot results
that galangin could induce the ROS- and ER stress-
mediated intrinsic and extrinsic apoptosis in HCT-116 cells
simultaneously.

DISCUSSION

For the past decades, the mechanisms underlying the
oncogenesis and metastasis of several cancers including
ovarian, lung, colorectal, breast, liver and other cancers
have been reveled while anti-carcinogenic compounds
from natural plants have been paid special attention, due to
their anti-tumor activity and less side effects (Chien et al.,
2015; Ziaja-Soltys et al., 2021; Ullah et al., 2023). Galangin
possesses the highest flavonoid level amongst A/pinia
officinarum, has anti-proliferation, anti-invasion, and is able
to cause cell cycle arrest, change morphology and induce
apoptosis via different signaling pathways in caner cell
lines (Chien et al., 2015). In this study, galangin performed
anti-proliferation activity towards the HCT-116 cells in a
dose-time dependent manner dose- and time-dependent
manners, and also was observed to arrest cell cycle at
the G /G, phase, cause MMP corruption, promote ROS
production, enhance Ca**in the cytosol, and induce cell
apoptosis. These results thus provided scientific evidence
to support the anti-cancer activity of galangin to cancer
cells once more.
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Fig 7. Effects of galangin treatment (80-160 umol/L) of 24 h on the
intracellular Ca?* of the HCT-116 cells at 24 h. Different lowercase
letters above the columns indicate significant data differences between
different groups (P < 0.05).
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Fig 8. Effects of galangin treatment (80-160 umol/L) of 24 h on the
alteration of gene expression in the HCT-116 cells at 24 h. Different
lowercase letters above the columns of same group indicates that the
mean values differ significantly (P < 0.05).
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ROS are highly active chemicals in the body. Low ROS level
is associated with promotion of mitosis and proliferation,
while intermediate ROS level causes cells cycle arresting
but high ROS level results in severe oxidative stress, which
leads to cell death (either apoptosis or necrosis) (Martindale
and Holbrook, 2002). Generally, flavonoids are regarded
as one class of the natural antioxidants with anti-oxidant
properties. However, in tumor cells, the role of flavonoids
is similar to that of oxidants rather than antioxidants,
which can increase ROS level in cells and finally promote
apoptosis (Romagnolo and Selmin, 2012). Induced
apoptosis is accompanied with mitochondrial dysfunction,
resulting in MMP decrease. The main reason for MMP
decrease is the opening of mitochondrial membrane
permeability transport pore (MPTP). Many factors can
affect the opening and closing of MPTP (Marchetti et al.,
1997). In a study of Marchetti and coauthors, it was found
that when cells undergo eatly apoptosis, the content of
anti-oxidants in cells decreased but the ROS levels climbed
dramatically (Marchetti et al, 1997). ROS promote and
accelerate MPTP opening in the process of apoptosis,
while MPTP opening will stimulate cells to produce more
ROS. This positive feedback mechanism irreversibly
leads to MMP decrease and the cells eventually undergo
apoptosis (Marchetti et al, 1997). It has been proved that
ROS level was correlated positively with the increase of
Ca*" level (Feissner et al, 2011). Thus, in the early stage of
apoptosis, after the cells were stimulated by outside signals,
ER stress or mitochondrial dysfunction occurred, resulting
in the release of Ca®" as well as a large number of ROS.

Meanwhile, when ROS level raised to a certain extent, it
would further aggravate the release of Ca®" (Feissner et al,
2011). It was thus believed that galangin had capacity to
induce the ROS- and ER stress-mediated apoptosis in
HCT-116 cells.

The p53-inducible gene 3 (PIG3 or TP5313) is one of
the downstream effectors of the tumor suppressor p53
(Polyak et al., 1997). It has known that PIG3 gene plays
two important roles in cells; the first one is associated
with cellular response to DNA damage, while another
one is responsible for ROS generation. It seems that
PIG3 alone is not sufficient enough to provoke apoptosis
unless cooperates with p53 and a set of simultaneously
activated pro-apoptotic genes induced by ROS to inhibit
catalase activity and then subsequently put the cells in
an oxidative intracellular environment and finally active
apoptosis pathway (Li et al., 2013). In eukaryotic cells,
acrobic respiration generates energy and other compounds
such as ROS. In normal cells, ROS level is relatively low.
If DNA damage occurs at low ROS level, p53 induces a
cell cycle arresting to allow DNA repair. PIG3 is activated
to take part in DNA repair machinery. In cancer cells,
ROS levels are higher than normal cells due to cancer cells
need faster metabolism to proliferate. When stimulus is
applied to cancer cells, if DNA damage is extremely severe,
the pro-apoptotic genes are induced by p53 along with
constant ROS generation. PIG3 is activated to participate
in DNA damage pathway. This feedback loop leads to
high expression of pro-apoptotic genes and increased
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production of ROS, which the cells could not conquer
and finally undergo apoptotic pathway (Li et al., 2013). In
this study, possible mechanism of cell apoptosis induced
by galangin towards HCT-116 cells was identified. It is
observed that the mRNA level of PIG3 gene in the treated
cells significantly increased, indicating that oxidative stress
triggers PIG3 activation, which then accelerated ROS
generation. In such an oxidative environment, oxidative
damage of mitochondria could not be repaired while cell
apoptosis via mitochondria pathway was then activated. It
has been demonstrated that under such oxidative stress, p53
can translocate to mitochondria to breakdown MMP, and
the consequence of which is that the permeability transition
pores of the outer membrane open while the mitochondrial
membrane become permeable (i.e. leading to mitochondrial
depolarization) (Karbowski and Youle, 2003). Moreover,
p53 forms an inhibitory complex with Bcl-2 and Bel-xl
proteins to dysfunction these anti-apoptotic proteins,
and p53 may induce the expression of Bax and direct the
release of AIF from the mitochondria to the cytosol (Minna
et al., 2014; Tang et al., 2014). It thus was reasonable that
galangin exposure of HCT-116 cells could cause PIG3
up-regulation, increased ROS generation, mitochondria
potential collapse, release of AIF and Ca?** to the cytosol,
and finally cell apoptosis.

ER is widely distributed in cells. It is the largest organelle in
cells and maintains important physiological functions. The
main tasks of ER are protein synthesis, folding, transport,
signal peptide recognition, glycosylation modification, Ca**
storage and release, and intracellular Ca** redistribution
(Schréder and Kaufman, 2005). Ribosomes are the main
sites for protein synthesis. However, some proteins are
transferred from ribosomes to ER to continue synthesis.
Proteins must fold into appropriate conformations to
achieve their cellular functions. Unfolded or misfolded
proteins are harmful to cells and even cause cell death
(Hetz, 2012). When cells suffer from hypoxia, starvation,
Ca®" imbalance, free radicals or drugs, the homeostasis
of ER is broken, resulting in a series of molecular and
biochemical changes like unfolded protein response
(UPR), ER overload response (EOR) and sterol regulatory
cascade, which are collectively referred to as ER stress. To
overcome ER stress, ER organelles have a specific signal
pathway called ER stress response pathway, which involves
at least four response mechanisms (Galluzzi et al., 2010).
The suggested mechanisms include: (1) reduction of new
proteins synthesis; (2) up-regulation the expression of
ER chaperone genes and proteins to eliminate unfolded
proteins; (3) activation of nuclear factor-kappa B (NF-kB);
and finally, (4) if ER damage is too serious or the
homeostasis does not recover within a certain period of
time, apoptosis will occur (Galluzzi et al., 2016). CHOP
gene is called growth arrest and DNA damage inducible
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gene 153 (GADD153) or DNA damage inducible
transcription 3 (DDIT3), and is a marker of ER stress
(Zinszner et al., 1998). In this study, when galangin was
applied in the HCT-116 cells, CHOP expression was up-
regulated both at mRNA and protein levels, indicating that
galagnin induced ER stress in the cells. Other researchers

had found the similar results when using different cancer
models (Su et al., 2013; Song et al., 2017).

Both ROS- and ER stress-mediated endogenous and
exogenous apoptosis pathways were regarded to be involved
in the apoptosis induction of galangin to HCT-116 cells.
When HCT-116 cells were exposed to galangin, they
obtained an increase in intracellular ROS level that
subsequently caused ER stress. Cleaved caspase-9 was
activated and so as cleaved caspase-7 and cleaved caspase-3;
cell apoptosis was therefore triggered. ER stress caused
CHOP over-expression, which up-regulated the expression
of DR5 in its downstream. Pro-caspase-8 was self-sheared
and activated to cleaved caspase-8, which then cleaved
pro-caspase-3. Activated caspase-3 thus cleaved PARP
and induced cell apoptosis. Meanwhile, cleaved caspase-8
also could cleave the cytoplasmic BID. BID thus activated
fragment tBid to translocate to the mitochondria, leading to
Bax up-regulation and MMP corruption. Cyt C was released
into the cytoplasm, and both caspase-9 and caspase-3 were
activated in turn to cause cell apoptosis. On the other hand,
AlF release also induced cell apoptosis. ER stress caused the
release of Ca?" from ER, the increase of intracellular Ca**
level, the nonspecific opening of MPTP, the decrease of
MMP, the expansion of mitochondria, the enhancement
of protein permeability of outer membrane, the release
of soluble membrane proteins from the mitochondria, the
cascade reaction of cells, the expansion of signal pathways,
and finally the apoptosis of cells. All results suggested
cleatly that galangin in HCT-116 cells could induce both
ER stress- and ROS-mediated endogenous and exogenous
apoptosis pathways. In consistent with the present results,
the assessed substances like sarsasapogenin, xanthatin, trans-
anethole, resveratrol, and cabozantinib were also confirmed
to cause the ROS- and ER stress-mediated endogenous
and exogenous apoptosis pathways in several model cells,
including Hel.a, pancreatic cancer, liver cancer HepG2,
neuroblastoma, and hepatocellular carcinoma cells (Shen
et al,, 2013; Geng et al., 2023; Harakeh et al., 2023; Jeon
et al., 2023; Sun et al., 2023). However, it is also necessary
to identify whether other pathways might be involved in the
apoptosis induction of galangin to HCT-116 cells.

CONCLUSION

In the present study, a natural oxidant galangin was
confirmed to have 7 vitro growth suppression, cell cycle
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arresting, and apoptosis induction towards HCT-116 cells,
suggesting consistently its anti-cancer effect on the cancer
cells. In brief, the results from cell experiments confirmed
that galangin could inhibit cell growth in both time-
dose-dependent manners, arrest cell cycle progression at
G,/G, phase, promote intracellular ROS generation and
Ca®* release, decrease MMP, and induce cell apoptosis.
Moreover, galangin also could up-regulate the expression
levels of CHOP, DRS5, cleaved caspases-3/7/8/9, cleaved
BID, Bax, AIF and PIG3, and was able to enhance
cytochrome C release. It thus concluded that galangin
had anti-cancer effect on HCT-116 cells by inducing cell
apoptosis via the ROS-mediated intrinsic and ER stress-
mediated extrinsic pathways simultaneously.

Acknowledgement

This study was funded by the University Nursing Program
for Yong Scholars with Creative Talents in Heilongjiang
Province (Project No. UNPYSCT-2018230).

Disclosure statement
The authors declare no conflict of interest.

Author’s contribution

Bo Wang: Formal analysis, Investigation, Funding
acquisition, Methodology, & Writing - Original Draft.
Fei-Fei Wu: Formal analysis. Xin Fu: Formal analysis.
Li-Li Liu: Methodology. Xin-Huai Zhao: Conceptualization,
Supervision, Project administration, & Writing - Review &
Editing,

REFERENCES

Abinaya, M. and M. Gayathri. 2019. Inhibition of biofilm formation,
quorum sensing activity and molecular docking study of isolated
3, 5, 7-trihydroxyflavone from Alstonia scholaris leaf against
P.aeruginosa. Bioorg. Chem. 87: 291-230.

Akram, M., M. Igbal, M. Daniyal and A. U. Khan. 2017. Awareness
and current knowledge of breast cancer. Biol. Res. 50: 33-56.

Boissy, R. E., L. S. Trinkle and J. J. Nordlund. 1989. Separation
of pigmented and albino melanocytes and the concomitant
evaluation of endogenous peroxide content using flow cytometry.
Cytometry. 10: 779-787.

Cao, G., E. Sofic and R. L. Prior. 1997. Antioxidant and prooxidant
behavior of flavonoids: Structure-activity relationships. Free
Radic. Biol. Med. 22: 749-760.

Cao, J., H. Wang, F. Chen, J. Fang, A. Xu, W. Xi, S. Zhang, G. Wu and
Z. Wang. 2016. Galangin inhibits cell invasion by suppressing
the epithelial-mesenchymal transition and inducing apoptosis in
renal cell carcinoma. Mol. Med. Rep. 13: 4238-4244.

Chen, C.Y., S.J.Yin, J.L.Hsu, W.C. Wang, S. C. Linand C. L. Chern.
2012. Isoobtusilactone A sensitizes human hepatoma Hep G2
cells to TRAIL-induced apoptosis via ROS and CHOP-mediated
up-regulation of DR5. J. Agric. Food Chem. 60: 3533-3539.

Chien, S. T, M. D. Shi, Y. C. Lee, C. C. Te and Y. W. Shih. 2015.
Galangin, a novel dietary flavonoid, attenuates metastatic
feature via PKC/ERK signaling pathway in TPA-treated liver

10

cancer HepG2 cells. Cancer Cell Int. 15: 15.

Feissner, R. F., J. Skalska, W. E. Gaum and S. S. Sheu. 2011.
Crosstalk signaling between mitochondrial Ca?* and ROS. Front.
Biosci. (Landmark Ed). 14: 1197-1218.

Galluzzi, L., J. M. B. S. Pedro, O. Kepp and G. Kroemer. 2016.
Regulated cell death and adaptive stress responses. Cell. Mol.
Life Sci. 73: 2405-2410.

Geng, Y., P. Liu, Y. Xie, Y. Liu, X. Zhang, X. Hou and L. Zhang.
2023. Xanthatin suppresses pancreatic cancer cell growth via
the ROS/RBL1 signaling pathway: In vitro and in vivo insights.
Phytomedicine. 119: 150004.

Hadi, S. M., S. H. Bhat, A. S. Azmi, S. Hanif, U. Shamim and
M. F. Ullah. 2007. Oxidative breakage of cellular DNA by plant
polyphenols: A putative mechanism for anticancer properties.
Semin. Cancer Biol. 17: 370-376.

Halliwell, B. 2007. Dietary polyphenols: Good, bad, or indifferent for
your health? Cardiovasc. Res. 73: 341-347.

Harakeh, S., R. Al-Raddadi, T. Alamri, S. Al-Jaouni, M. Qari, Y. Qari,
A. Kumar, H. M. Tashkandi, M. Moulay. A. M. Aldahlawi,
P. Slama and S. Haque. 2023. Apoptosis induction in human
hepatoma cell line HepG2 cells by trans-anethole via activation
of mitochondria-mediated apoptotic pathways. Biomed.
Pharmacother. 165: 115236.

Hetz, C. 2012. The unfolded protein response: Controlling cell fate
decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol.
13: 89-102.

Huang, H., A. Y. Chen, Y. Rojanasakul, X. Ye, G. O. Rankin and
Y. C. Chen. 2015. Dietary compounds galangin and myricetin
suppress ovarian cancer cell angiogenesis. J. Funct. Foods. 15:
464-475.

Ismail, N. and M. Alam. 2001. A novel cytotoxic flavonoid glycoside
from Physalis angulata. Fitoterapia. 72: 676-679.

Jeon, Y, T. Kim, H. Kwon, J. K. Kim, Y. T. Park, J. Ham and Y. J. Kim.
2023. Cannabidiol enhances cabozantinib-induced apoptotic
cell death via phosphorylation of p53 regulated by ER stress in
hepatocellular carcinoma. Cancers (Basel). 15: 3987.

Karbowski, M. and R. J. Youle. 2003. Dynamics of mitochondrial
morphology in healthy cells and during apoptosis. Cell Death
Differ. 10: 870-880.

Kazemi, S., F. Asadi, L. Barari, P. Morakabati, M. Jahani, S. N. M. Kani,
F. Soorani, F. Kolangi and Z. Memariani. 2021. Quantification of
flavonoids in Alpinia officinarum Hance. Via HPLC and evaluation
of its cytotoxicity on human prostate carcinoma (LNCaP) and
breast carcinoma (MCF-7) cells. Anticancer Agents Med. Chem.
22:721-730.

Li, B., Z. F. Shang, J. J. Yin, Q. Z. Xu, X. D. Liu, Y. Wang, S. M. Zhang,
H. Duan and P. K. Zhou. 2013. PIG3 functions in DNA damage
response through regulating DNA-PKcs homeostasis. Int. J.
Biol. Sci. 9: 425-434.

Liang, X., P. Wang, C. Yang, F. Huang, H. Wu, H. Shi and X. Wu. 2021.

Galangin inhibits gastric cancer growth through enhancing STAT3
mediated ROS production. Front. Pharmacol. 12: 646-628.

Liu, C., M. Ma, J. Zhang, S. Gui, X. Zhang and S. Xue. 2017.
Galangin inhibits human osteosarcoma cells growth by
inducing transforming growth factor-g1-dependent osteogenic
differentiation. Biomed. Pharmacother. 89: 1415-1421.

Liu, D., P. You, Y. Luo, M. Yang and Y. Liu. 2018. Galangin induces
apoptosis in MCF-7 human breast cancer cells through
mitochondrial pathway and phosphatidylinositol 3-kinase/Akt
inhibition. Pharmacology. 102: 58-66.

Livak, K. J. and T. D. Schmittgen. 2001. Analysis of relative gene
expression data using real-time quantitative PCR and the

Emir. J. Food Agric e Vol 35 e Issue 12 e 2023



Wang, et al.

2(-delta delta C(T)) method. Methods. 25: 402-408.

Marchetti, P.,, D. Decaudin, A. Macho, N. Zamzami, T. Hirsch,
S.A. Susin and G. Kroemer. 1997. Redox regulation of apoptosis:
Impact of thiol oxidation status on mitochondrial function. Eur. J.
Immunol. 27: 289-296.

Martindale, J. L. and N. J. Holbrook. 2002. Cellular response to
oxidative stress: Signaling for suicide and survival. J. Cell
Physiol. 192: 1-15.

Minna, E., P. Romeo, L. De Cecco, M. Dugo, G. Cassinelli, S. Pilotti,
D. Degl'lnnocenti, C. Lanzi, P. Casalini, M. A. Pierotti, A. Greco
and M. G. Borrello. 2014. Mir-199a-3p displays tumor suppressor
functions in papillary thyroid carcinoma. Oncotarget. 5: 2513-2528.

Patel, S. 2015. Emerging adjuvant therapy for cancer: Propolis and its
constituents. J. Diet. Suppl. 13: 245-268.

Polyak, K., Y. Xia, J. L. Zweier, K. W. Kinzler and B. Vogelstein. 1997.
A model for p53-induced apoptosis. Nature. 389: 300-305.

Ren, K., W. Zhang, G. Wu, J. Ren, H. Lu, Z. Li and X. Han. 2016.
Synergistic anti-cancer effects of galangin and berberine through
apoptosis induction and proliferation inhibition in oesophageal
carcinoma cells. Biomed. Pharmacother. 84: 1748-1759.

Romagnolo, D. F. and O. I. Selmin. 2012. Flavonoids and cancer
prevention: A review of the evidence. J. Nutr. Gerontol. Geriatr.
31: 206-238.

Salvioli, S., A. Ardizzoni, C. Franceschi and A. Cossarizza. 1997. JC-1,
but not DIOC6(3) or rhodamine 123, is a reliable fluorescent
probe to assess delta psi changes in intact cells: Implications for
studies on mitochondrial functionality during apoptosis. FEBS
Lett. 411: 77-82.

Schroder, M. and R. J. Kaufman. 2005. ER stress and the unfolded
protein response. Mutat. Res. 569: 29-63.

Shen, S., Y. Zhang, R. Zhang and X. Gong. 2013. Sarsasapogenin
induces apoptosis via the reactive oxygen species-mediated
mitochondrial pathway and ER stress pathway in HelLa cells.
Biochem. Biophys. Res. Commun. 441: 519-524.

Shi, J., S. Shan, Z. Li, H. Li, X. Li and Z. Li. 2015. Bound polyphenol
from foxtail millet bran induces apoptosis in HCT-116 cell through
ROS generation. J. Funct. Foods. 17: 958-968.

Singh, D., A. Saini, A. Singh and R. Agrawal. 2022. Galangin, as a
potential anticancer agent. Rev. Bras. Farmacogn. 32: 331-343.

Song, W., C. Y. Yan, Q. Q. Zhou and L. L. Zhen. 2017. Galangin
potentiates human breast cancer to apoptosis induced by TRAIL
through activating AMPK. Biomed. Pharmacother. 89: 845-856.

Su, L., X. Chen, J. Wu, B. Lin, H. Zhang, L. Lan and H. Luo. 2013.
Galangin inhibits proliferation of hepatocellular carcinoma cells
by inducing endoplasmic reticulum stress. Food Chem. Toxicol.
62: 810-816.

Sun, L., X. Chen, J. Wu, B. Lin, H. Zhang, L. Lan and H. Luo. 2013.
Galangin inhibits proliferation of hepatocellular carcinoma cells
by inducing endoplasmic reticulum stress. Food Chem. Toxicol.
62: 810-816.

Tang, C., L. Yang, N. Wang, L. Li, M. Xu, G. G. Chen and Z. M. Liu.
2014. High expression of GPER1, EGFR and CXCR1 is
associated with lymph node metastasis in papillary thyroid
carcinoma. Int. J. Clin. Exp. Pathol. 7: 3213-3223.

Trachootham, D., J. Alexandre and P. Huang. 2009. Targeting cancer
cells by ROS-mediated mechanisms: A radical therapeutic

Emir. J. Food Agric e Vol 35 e Issue 12 e 2023

approach? Nat. Rev. Drug Discov. 8: 579-591.

Trachootham, D., Y. Zhou, H. Zhang, Y. Demizu, Z. Chen, H. Pelicano,
P. J. Chiao, G. Achanta, R. B. Arlinghaus, J. Liu and P. Huang.
2006. Selective killing of oncogenically transformed cells
through a ROS-mediated mechanism by beta-phenylethyl
isothiocyanate. Cancer Cell. 10: 241-252.

Ueda, S., H. Masutani, H. Nakamura, T. Tanaka, M. Ueno and
J. Yodoi. 2002. Redox control of cell death. Antioxid. Redox
Signal. 4: 405-414.

Ullah, M. F., A. Ahmad, S. H. Bhat, F. M. Abuduhier, M. R. Ajmal,
S. K. Mustafa. 2023. Cytotoxic and anti-metastatic action
mediates the anti-proliferative activity of Rhazya stricta Decne
inducing apoptotic cell death in human cancer cells: Implication in
chemopreventive mechanism. Emir. J. Food Agric. 35: 683-692.

Wang, B., J. Wang and X. H. Zhao. 2017. In vitro activities of the four
structurally similar flavonols weakened by the prior thermal and
oxidative treatments to a human colorectal cancer line. J. Food
Biochem. 41: €12310.

Xiong, Y., X. Lai, W. Xiang, J. Zhou, J. Han, H. Li, H. Deng, L. Liu,
J. Peng and L. Chen. 2020. Galangin (GLN) suppresses
proliferation, migration, and invasion of human glioblastoma cells
by targeting Skp2-induced epithelial-mesenchymal transition
(EMT). Onco Targets Ther. 13: 9235-9244.

Xu, Y. X., B. Wang and X. H. Zhao. 2017. In vitro effects and the
related molecular mechanism of galangin and quercetin on
human gastric cancer cell line (SGC-7901). Pak. J. Pharm Sci.
30: 1279-1287.

Yang, Z., X. Li, W. Han, X. Lu, S. Jin, W. Yang, J. Li, W. He and Y. Qian.
2017. Galangin suppresses human osteosarcoma cells: An
exploration of its underlying mechanism. Oncol. Rep. 37: 435-441.

Yu, S., L. S. Gong, N. F. Li, Y. F. Pan and L. Zhang. 2018. Galangin
(GG) combined with cisplatin (DDP) to suppress human lung
cancer by inhibition of STAT3-regulated NF-kB and Bcl-2/Bax
signaling pathways. Biomed. Pharmacother. 97: 213-224.

Zhang, H. T., H. Luo, J. Wu, L. B. Lan, D. H. Fan, K. D. Zhu, X. Y. Chen,
M. Wen and H. M. Liu. 2010. Galangin induces apoptosis of
hepatocellular carcinoma cells via the mitochondrial pathway.
World J. Gastroenterol. 16: 3377-3384.

Zhu, L., Q. Luo, J. Bi, J. Ding, S. Ge and F. Chen. 2014. Galangin
inhibits growth of human head and neck squamous carcinoma
cells in vitro and in vivo. J. Funct. Foods. 15: 464-475.

Zhong, X., S. Huang, D. Liu, Z. Jiang, Q. Jin, C. Li, L. Da, Q. Yao
and D. Wang. 2020. Galangin promotes cell apoptosis through
suppression of H19 expression in hepatocellular carcinoma
cells. Cancer Med. 9: 5546-5557.

Ziaja-Softys, M., D. Szwajgier and W. Kukuta-Koch. 2021. Cytotoxic
effect of multifruit polyphenol preparation on human breast
cancer cell lines. Emir. J. Food Agric. 33: 320-327.

Zinszner, H., M. Kuroda, X. Wang, N. Batchvarova, R. T. Lightfoot,
H. Remotti, J. L. Stevens and D. Ron. 1998. CHOP is implicated
in programmed cell death in response to impaired function of the
endoplasmic reticulum. Genes. Dev. 12: 982-995.

Zou, Y., R. Li, D. Kuang, M. Zuo, W. Li, W. Tong, L. Jiang, M.
Zhou, Y. Chen, W. Gong, L. Liu and F. Tou. 2020. Galangin
inhibits cholangiocarcinoma cell growth and metastasis through
downregulation of microRNA-21 expression. BioMed. Res. Int.
2020: 5846938.

1"



