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Abstract: Background: Colorectal cancer (CRC) stands as one of the most prevalent cancer types
and among the most frequent causes of cancer-related death globally. Acacia concinna (AC) is a
medicinal and edible plant that exhibits a multitude of biological properties, including anticancer
properties. This study aimed to investigate the impact of the AC extract on apoptosis induction
and the underlying mechanisms associated with this effect in KRAS-mutated human colon HCT116
cells. Methods: The effect of AC extract on cell cytotoxicity was evaluated using MTT assay. Nuclear
morphological changes were visualized with Hoechst 33342 staining, while mitochondrial membrane
potential (MMP) was assessed via JC-1 staining. Flow cytometry was employed for cell cycle
analysis, and intracellular ROS levels were determined using DCFH-DA staining. Results: The
results showed that HCT116 cells exposed to AC extract showed reduced cell growth and prompted
apoptosis, as indicated by an increase in chromatin condensation, apoptotic bodies, the sub-G1
apoptotic cell population, and disrupted MMP. Expression levels of apoptosis mediator proteins
determined by Western blot analysis showed an increase in pro-apoptotic proteins (Bak and Bax)
while decreasing anti-apoptotic proteins (Bcl-2, Bcl-xL, and Mcl-1), leading to caspase-7 activation
and PARP inactivation. AC extract was also found to enhance intracellular reactive oxygen species
(ROS) levels and stimulate endoplasmic reticulum (ER) stress. Furthermore, AC extract increases the
phosphorylation of ERK1/2, p38, and c-Jun while downregulating PI3K, Akt, 3-catenin, and their
downstream target proteins. Conclusions: These results demonstrate that AC extract could inhibit
cancer cell growth via ROS-induced ER stress associated with apoptosis and regulate the MAPK,
PI3K/Akt, and Wnt/ 3-catenin signaling pathways in HCT116 cells. Therefore, AC extract may be a
novel candidate for natural anticancer resources for colon cancer treatment.

Keywords: Acacia concinna; apoptosis; colon cancer; KRAS mutant

1. Introduction

Colorectal cancer (CRC) is a malignancy that develops in the colon or rectum, typically
arising due to a multi-step process during which cells acquire a series of mutations [1].
Activating mutations in the oncogene Kirsten rat sarcoma (KRAS) are common, and present
in up to 40% of CRC patients. These mutations are associated with enhanced cell survival
and proliferation as well as reduced apoptosis, and often contribute to resistance against
both conventional and targeted chemotherapies [2,3]. CRC is the second most common
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cause of cancer-related deaths worldwide and the third most diagnosed type of cancer [4].
According to GLOBOCAN 2020, approximately 1.15 million new cases of colon cancer
and 0.58 million deaths were estimated worldwide. The incidences and mortality rates of
CRC are constantly increasing due to lifestyle and other factors, with predictions of new
cases rising to 1.92 million by 2040 [5]. CRC is primarily treated by surgical removal in the
early stages; however, many cases are diagnosed at later stages, leading to chemotherapy
treatment in advanced cases. The common chemotherapy drugs used to treat CRC, often in
combination, include 5-fluorouracil (5-FU), oxaliplatin, and irinotecan. Nevertheless, the
efficacy of chemotherapy drugs is limited due to their side effects on normal cells and the
emergence of drug resistance in cancer cells [6]. Thus, the search for new anticancer agents
is necessary for effective cancer treatment.

Currently, plant-derived phytochemicals offering health benefits and disease preven-
tion, including cancer, have been extensively investigated for their potential as anticancer
drugs [7]. Acacia concinna is a traditional medicinal plant belonging to the Fabaceae family
and is widely found in Asian countries, including India, Sri Lanka, Myanmar, and Thailand.
It has various common names, such as Soap-Pod and Shikakai, and is well-known as
“Sompoi” in Thai [8,9]. A. concinna is used as a shampoo and in traditional medicine for its
anti-dermatophyte and antimicrobial properties in treating skin disorders [10,11]. The plant
contains various chemical components, predominantly saponins, flavonoids, and monoter-
penoids [9,12], and exhibits numerous pharmacological properties, including antioxidant,
anti-tyrosinase activity [10], and anticancer activity [13,14]. However, the mechanisms
underlying the anticancer effects of A. concinna extract on colon cancer remain unknown.

Apoptosis is a type of programmed cell death occurring during normal processes such
as embryonic development, aging, and the removal of damaged cells, thereby maintaining
cellular homeostasis [15]. Morphological characteristics of apoptosis include cell shrinkage,
chromatin condensation, membrane blebbing, nuclear fragmentation, and the creation
of apoptotic bodies, which are phagocytosed by neighboring cells or phagocytes. This
process does not trigger any inflammatory reactions and is not harmful to the host [16,17].
The morphological changes occur consecutively to apoptotic signaling events in response
to stimuli such as DNA damage and ER stress. During apoptosis, the permeability of
mitochondria was disrupted due to the action of the pro-apoptotic Bcl-2 family protein and
the consequent release of cytochrome c, leading to caspase-3/7 activation, which in turn
cleave several key enzymes, such as poly (ADP-ribose) polymerase (PARP), resulting in irre-
versible apoptosis cell death [18,19]. Thus, apoptosis serves as a major mechanism of cancer
therapy and has become a famous target in various treatment strategies. Additionally,
many anticancer drugs exert their anticancer effects by inducing apoptosis [20,21].

Various signaling pathways affect apoptosis. The mitogen-activated protein kinase
(MAPK) pathways include three main sub-families: extracellular regulated kinase (ERK),
p38 kinase (p38), and Jun N-terminal kinase (JNK), which regulate a variety of biological
functions, including cell growth, differentiation, and death. According to previous research,
ERK1/2, p38, and JNK are important modulators of both pro-apoptotic and anti-apoptotic
protein activities [22]. Meanwhile, the phosphoinositide 3-kinase (PI3K)/protein kinase B
(PKB, Akt) pathway is involved in cell survival by inhibiting apoptosis via suppressing the
expression of pro-apoptotic signals such as FOXO and Bad [23]. In addition, activated Akt
has the capability to stimulate the Wnt/3-catenin pathway [24]. Meanwhile, activation of
the Wnt/ 3-catenin pathway results in the suppression of apoptosis by inhibiting caspase
family activity, releasing cytochrome c, and decreasing the Bax/Bcl-2 expression ratio [25].

Therefore, in this study, we investigate the effects of A. concinna extract on cytotoxicity
and apoptosis induction in the KRAS-mutated human colon HCT116 cell line and the
underlying molecular mechanism by checking various cellular signaling pathways like ER
stress, MAPK, PI3K/Akt, and Wnt/ 3-catenin. This study presented the potential anti-colon
cancer activity of A. concinna that may be developed as an anticancer drug or combined
with other drugs for colon cancer therapies in the future.
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2. Materials and Methods
2.1. Materials

The materials for maintenance of cells; RPMI 1640 medium (Roswell Park Memorial In-
stitute), penicillin-streptomycin, trypsin-EDTA, and FBS (fetal bovine serum) were acquired
from HiMedia (HiMedia, Laboratories, Mumbai, India). MTT or 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide was purchased from Sigma-Aldrich (St. Louis,
MO, USA), while Hoechst 33342 dye [2'-(4-Ethoxyphenyl)-6-(4-methyl-1-piperazinyl)-
1H,3'H-2,5'-bibenzimidazole] was obtained from Thermo Fisher Scientific (InvitrogenTM,
Thermo Fisher Scientific Inc., Waltham, MA, USA). JC-1 dye (5,5,6,6'-Tetrachloro-1,1’,3,3-
tetraethylbenzimidazolylcarbocyanine iodide) was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). DCFH-DA dye (dichlorodihydrofluorescein diacetate),
Guava Cell Cycle® reagent, Immobilon™ Western Chemiluminescent HRP Substrate, and
an anti-f3-actin antibody were purchased from Merck Millipore (Merck Millipore Corp.,
Darmstadt, Germany). The antibodies used in Western blot analysis including anti-mouse/-
rabbit primary antibody and HRP-conjugated secondary antibodies, were purchased from
Cell Signaling (Cell Signaling Technology, Danvers, MA, USA) and Thermo Fisher Scientific,
Inc. (InvitrogenTM, Waltham, MA, USA).

2.2. Plant Extraction

A. concinna pods were purchased from the Thai Lanna Herbal Industry, Chiang Mai
province, Thailand, in September 2018. The pods were dried and ground into powder.
Then, the powder (50 g) was extracted by maceration in 95% ethanol (500 mL) for 3 days in
the dark at room temperature. After that, the extract was filtered through filter cloth and
Whatman® Qualitative Filter Paper No. 4, followed by evaporation to remove ethanol by
using a rotary vacuum evaporator. The ethanol extract of A. concinna (AC) was dried using
a vacuum desiccator to give the extract 11.36 g (22.72%). The AC extract was then stored at
—20 °C in the dark until used in the experiment. The AC extract was dissolved in DMSO.

2.3. NMR and MS Analysis

The main components of the AC ethanol extract were characterized by liquid chro-
matography coupled to electrospray ionization mass spectrometry (LC-ESI-MS), proton
nuclear magnetic resonance ('H NMR), carbon nuclear magnetic resonance (13C NMR),
gradient correlation spectroscopy (gCOSY), gradient heteronuclear single quantum cor-
relation (gHSQC), gradient heteronuclear multiple bond correlation (gHMBC), and diffu-
sion ordered spectroscopy (DOSY). LC-ESI-MS analyses were run on a Thermo Scientific
Dionex UltiMate 3000 Ultra-High Performance Liquid Chromatography system equipped
with an electrospray ionization (ESI) source, an on-line degasser, a quaternary pump, a
thermostatted column compartment, and an autosampler. Mass spectrometric detection
was performed by a Bruker micrOTOF II. Separation was achieved on a C18 column
2.1 x 150 mm, 3 pm (Thermo Scientific, Waltham, MA, USA). The mobile phases consisting
of solvent A (0.1% formic acid in water) and solvent B (acetonitrile) were used for the
gradient elution. The 'H and '3C NMR spectra were recorded on a 500 MHz Bruker Avance
NMR spectrometer, in DMSO-d6 as solvent, and referenced to the solvent peak at 2.50 and
39.5 ppm, respectively.

2.4. Cell Culture and Maintenance

The human colon cancer cell line, HCT116 was obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in RPMI 1640 Medium
containing 10% FBS, penicillin (100 U/mL), and streptomycin (100 pug/mL). The cells were
maintained in a CO, incubator at 37 °C under 5% carbon dioxide (CO,) and saturated
humidity (95%). Sub-culturing of the cells was performed every 2-3 days.
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2.5. MTT Assay

The cytotoxicity of AC extract was evaluated using the MTT assay. Cells were seeded
in 96-well culture plates and incubated overnight. Following incubation, the cells were
then treated with AC extract at 0, 25, 50, 100, 200, 300, 400, and 500 ng/mL, while the
control cells received 0.25% DMSO for 24 h. Subsequently, the supernatant was removed,
and MTT solution (0.5 mg/mL) was added. The culture plates were then incubated for
2 h at 37 °C. Following incubation, DMSO was applied to solubilize the formazan crystals.
The absorbance was then measured at 570 nm using a microplate reader (Multiskan Sky
Microplate Spectrophotometer, Waltham, MA, USA). Cell viability percentages (%) were
calculated in comparison to the control group, and the ICsy values were performed in
GraphPad Prism 9 Software (GraphPad Prism Software, Inc., San Diego, CA, USA).

2.6. Nuclear Morphological Changes Detection

Hoechst 33342 staining was performed to assess chromatin condensation. Briefly, cells
were seeded and treated with AC extract at 0, 50, 100, 200, and 250 pg/mL, whereas the
control cells received 0.25% DMSO for 24 h. The cells were then incubated for 30 min after
being stained with Hoechst 33342 fluorescent dye. The images were visualized by using a
fluorescence microscope (DP73+IX71 Olympus, Tokyo, Japan).

2.7. Measurement of Mitochondrial Membrane Potential (MMP)

JC-1 staining was utilized to evaluate the effect of AC extract on MMP. Cells were
seeded and treated with AC extract at 0, 50, 100, 200, and 250 pg/mL, and the control group
received 0.25% DMSO for 9 h, then the cells were incubated with JC-1 fluorescence dye at
room temperature for 10 min. The images were examined under a fluorescence microscope
(DP73+IX71 Olympus, Tokyo, Japan).

2.8. Cell Cycle Analysis

Flow cytometry was utilized to assess the impact of AC extract on cell cycle distribu-
tion. In brief, HCT116 cells were seeded and treated with AC extract at 0, 50, 100, 200, and
250 pg/mL. The control group received 0.25% DMSO for 12 h. After collecting the cells,
70% cold ethanol was used to fix the cells, and they were subsequently stained with Guava
Cell Cycle® reagent (Merck Millipore Corporation, Merck KGaA, Darmstadt, Germany).
The stained cells were then assessed for DNA content using the Guava EasyCyte™ flow
cytometer and GuavaSoft™ software version 3.2 (Merck Millipore Corporation, Merck
KGaA, Darmstadt, Germany).

2.9. Intracellular ROS Measurement

HCT116 cells were seeded and treated with AC extract at 0, 50, 100, 200, and 250 pg/mL,
and the control group received 0.25% DMSO. They were then incubated with 20 uM DCFH-
DA fluorescence dye at 37 °C for 30 min. After incubation, stained cells were examined
using a fluorescence microscope (DP73+IX71, Olympus, Tokyo, Japan).

2.10. Western Blot Analysis

Protein expression was evaluated by Western blot analysis. The cells were collected,
and RIPA lysis buffer (250 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5% Triton
X-100, protease inhibitor cocktail, and 10 mM PMSF) was utilized for extracting the total
protein from the cells. Following SDS-PAGE separation, the protein mixture was transferred
to PVDF (polyvinylidene fluoride) membranes. The membranes were subsequently blocked
with blocking buffer for 1 h, incubated with primary antibodies targeting the specific
proteins of interest at 4 °C overnight, and incubated with HRP-conjugated secondary
antibodies for 1 h, respectively. The immunoreactivity protein bands were exposed by
using chemiluminescent HRP substrate (ECL) and visualized using a gel documentary
machine (AllianceQQ9 advanced, Cambridge, UK). Image] software version 1.53e was used
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to quantify the intensity of the protein bands, and the results were presented as the ratio
relative to the intensity of [3-actin.

2.11. Statistical Analysis

The data were expressed as the mean =+ standard deviation (SD). Statistically signifi-
cant differences between groups were evaluated using one-way analysis variance (ANOVA),
and Tukey’s post hoc test was then employed. Statistical analysis was performed using
SPSS statistical software package version 20.0 (IBM Crop., Albany, NY, USA). Statistical
significance was defined as p < 0.05 and 0.01.

3. Results
3.1. NMR and MS Analysis of AC Extract

The LC-ESI-MS spectrum of the AC ethanol extract indicated the presence of flavonoids
in comparison with the previous report on Acacia pod extracts [26]. The main peaks
showed [M + Na]* ion with m/z 325.2 and [M + H]* ion with m/z 319.2 corresponding to
pentahydroxyflavone and hexahydroxyflavone, respectively. In order to obtain more data
on chemical compositions in the AC ethanol extract, 1D and 2D NMR spectroscopic analyses
were performed. Even though the signals in the 'H NMR spectrum (Figure 1A) overlapped,
some information was discernible. The presence of angular methyl and methylene protons,
sugar protons, and olefinic protons signals in the range of 6 0.7-2.4, 3.0-5.0, and 5.5-6.5,
respectively, could be observed. The '*C NMR (Figure 1B) indicated anomeric carbons,
olefinic carbons, and carbonyl carbons signals in the region of 93-112, 121-145, and 162-215,
respectively. Comparing the NMR data with the previous report [13] suggested that acacic
acid-type saponins were in the extract. The HMBC experimental data indicated that the
methylene proton signal observed at 6 2.17 (H-22) correlated with the carbonyl carbon
signal at 6 174.5 (C-28). Moreover, the methine proton signal at 5 5.25 (H-21), olefinic proton
signal at § 6.70 (H-3'), and methylene proton signal at § 4.12 (H-9') correlated with the
carbonyl carbon signal at § 166.1 (C-1’). This clearly indicates that the extract contained
acacic acid-type saponins (Figure 1C).

3.2. AC Extract Reduces Cell Viability in HCT116 Cells

First, we determined whether AC extract can inhibit the proliferation of HCT116 cells by
using the MTT assay. We found that AC extract significantly reduced cell viability on HCT116
cells with an ICs value of 166.0 = 0.44 ug/mL (Figure 2). In addition, we tested the effect of AC
extract in normal cells (HaCat cells), and the ICs( value was 371.7 &= 1.477 pug/mL (Figure S3).
This result suggested that AC extract could inhibit the proliferation of HCT116 cells.

3.3. AC Extract Induces Apoptosis in HCT116 Cells

Most anticancer drugs have properties that induce apoptosis [20]; thus, we next
determine whether the proliferation inhibitory effect is associated with apoptosis induction.
The nuclear morphological changes and MMP detection, which are major characteristics of
apoptosis, were carried out using Hoechst 33342 and JC-1 staining, respectively. As shown
in Figure 3A, after treatment for 24 h, the AC-treated cells have smaller, brighter nuclei than
the control group, indicating nuclear and cytoplasmic condensation in a dose-dependent
manner. Cell shrinkage as well as apoptotic bodies were also observed. Additionally, AC
extract could induce the loss of MMP in the HCT116 cells demonstrated by the reduced
red fluorescence of JC-1 dye (Figure 3B). This result revealed that AC treatment led to
mitochondrial dysfunction. Taken together, our findings demonstrate that AC extract
inhibited the proliferation of HCT116 cells through apoptosis induction.
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Figure 1. NMR spectra of the AC ethanol extract in DMSO-d6: (A) IH NMR spectrum; (B) 13C NMR
spectrum; (C) HMBC correlations.
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Figure 2. AC extract inhibited cell proliferation in HCT116 cells. The cells were treated with different
concentrations of AC extract for 24 h and examined using the MTT assay. The cell viability is
presented as a percentage compared to the control cells. ** p < 0.01, indicating significant differences
compared to the control.
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Figure 3. Effect of AC extract on the induction of apoptosis in HCT116 cells. (A) Nuclear morphological
changes were assessed by staining cells with Hoechst 33342 and observed by fluorescence microscopy
(20x). The red arrows indicated nuclear condensation and apoptotic bodies. (B) The loss of MMP in
the cells was evaluated using JC-1 staining and observed by fluorescence microscopy (20x). The green
fluorescence indicated the loss of MMP. (C) The histogram represented the percent of nuclear-condensed
cells relative to the control cells. (D) The histogram represented the relative intensity of red fluorescence
compared to the control cells. ** p < 0.01, indicating significant differences compared to the control.
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3.4. AC Extract Increased Population of HCT116 Cells in Sub-G1 Phase

The apoptosis-inducing effect of AC extract in HCT116 cells was confirmed by cell
cycle analysis. The histograms in Figure 4 show the cell cycle distribution of HCT116 cells,
implying that treatment of the cells with AC extract led to an increase sub-G1 population,
indicating the presence of apoptotic cells. The percentages of cells significantly increased
from 0.18% observed in the control cells to 1.23, 2.15, 3.06, and 3.57% at concentrations of 50,
100, 200, and 250 pg/mL of AC extract, respectively. These findings clearly demonstrated
that AC extract induced apoptosis in HCT116 cells.
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Figure 4. Effect of AC extract on cell cycle distribution in HCT116 cells. (A) The histograms represent
the DNA content analysis performed by flow cytometry. (B) The graphical representation compared

the relative sub-G1 level to the control cells. ** p < 0.01, indicating significant differences compared to
the control.

3.5. AC Extract Induced Intracellular ROS Production

The accumulation of ROS has been associated with the disruption of MMP [27] consid-
ered a trigger for the mitochondrial apoptotic pathway. While our results showed that AC
extract caused a loss of MMP, for this reason, the level of intracellular ROS was measured
using DCFH-DA staining. As shown in Figure 5, AC extract significantly increased the level
of intracellular ROS in HCT116 cells after 2 h of incubation with AC extract as compared to
the control cells.



Nutrients 2024, 16, 3764

90f17

Control

AC extract (ng/mL)
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Relative DCF intensity
W
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Concentration of AC extract (ug/mL)
Figure 5. Effect of AC extract on intracellular ROS level in HCT116 cells. The cells were treated with
AC extract for 2 h, determined by DCFH-DA staining, and observed by a fluorescence microscope
(20x). (A) DCEF fluorescence image in HCT116 cells. The green fluorescence indicated ROS formation
in the cells. (B) The relative DCF fluorescence intensity compared to the control cells. ** p < 0.01,
indicating significant differences compared to the control.

3.6. Effect of AC Extract on Apoptotic-Related Protein Expression

To explicate the molecular mechanisms of AC extract-induced apoptosis, the ex-
pression of several key apoptotic-related proteins was examined. The treatment with
AC extract for 24 h induced a significant decrease in the anti-apoptotic proteins B-cell
leukemia/lymphoma 2 (Bcl-2), B-cell lymphoma-extra-large (Bcl-xL), and myeloid leukemia
1 (Mcl-1), while a significant increase in the pro-apoptotic proteins Bcl2-associated X protein
(Bax) and Bcl-2-antagonist/killer (Bak) resulted in the activation of the cleaved form of
cysteine-dependent aspartate-specific protease (caspase-7). Furthermore, the level of a DNA
repair enzyme, cleaved-PARP (inactive form), was also increased in AC-treated HCT116
cells (Figure 6). Therefore, these results indicated that the mechanism of apoptosis induc-
tion in HCT116 cells by AC extract was involved in the activation of caspase-dependent
apoptosis via the mitochondrial pathways.

3.7. Effect of AC Extract on ER Stress

A previous study indicated that an increase in ROS levels can cause ER stress and
lead to cell death [28]. We therefore conducted Western blot analysis to further elucidate
the possible apoptotic pathway induced by AC extract associated with the ER stress. As
shown in Figure 7, AC extract upregulated the expression of glucose-regulated protein
78 (GRP78), protein kinase RNA-like endoplasmic reticulum kinase (PERK)/eukaryotic
initiation factor 2 alpha (elF2x) pathway, leading to the increased C/EBP homologous
protein (CHOP) in HCT116 cells. Moreover, AC extract increased the level of p-IRElx
(inositol-requiring enzyme 1 «). The protein expression patterns observed in AC-treated
cells were similar to those in tunicamycin (Tm)-treated cells, a widely recognized inducer
of ER stress. These results suggested that AC extract induced ER stress, which may be
closely related to apoptosis induction in HCT116 cells.
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Figure 6. Effect of AC extract on apoptosis-related protein expression in HCT116 cells. (A) The
expression of protein was detected by Western blot analysis. (B,C) The relative band intensity of
apoptosis-related proteins compared to the control group. * p < 0.05 and ** p < 0.01, indicating
significant differences compared to the control.
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Figure 7. Effect of AC extract on ER stress-related proteins in HCT116 cells. The cells were treated
with AC extract or Tm (10 ug/mL). (A) The protein expression was examined by Western blot analysis.
(B) The relative band intensity compared to the control group. * p < 0.05 and ** p < 0.01, indicating
significant differences compared to the control.

3.8. Effect of AC Extract on MAPK Signaling Pathway

The MAPK pathway downstream of KRAS plays a major role in cell differentiation,
proliferation, and apoptosis [22]. Therefore, we studied the protein levels of this pathway.
The results, shown in Figure 8, indicated that AC extract increased the ratio of the phospho-
rylated form to the total form of ERK1/2, p38, and c-Jun proteins. These results revealed
that AC extract may inhibit HCT116 cell growth by regulating the MAPK pathway.
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Figure 8. Effect of AC extract on MAPK pathway in HCT116 cells. (A) The protein expression was
detected by Western blot analysis. (B) The relative band intensity compared to the control group.
*p <0.05 and ** p < 0.01, indicating significant differences compared to the control.

3.9. Effect of AC Extract on PI3K/Akt and Wnt/B-Catenin Signaling Pathways

It is well-known that PI3K/ Akt serves as a key signaling transduction pathway for
regulating cellular survival and inhibiting apoptosis, downstream of KRAS [23]. Thereby,
the effect of AC extract on this pathway in HCT116 cells was detected. The results found
that AC extract decreased the levels of PI3K, p-PDK1 (3-phosphoinositide-dependent kinase
1), p-Akt (Ser473), and p-Akt (Thr308) (Figure 9A,B). The PI3K/ Akt pathway contributes
to the triggering of the Wnt/[3-catenin pathway [24]; therefore, we next investigated
the expression of this pathway. As shown in Figure 9C, AC extract downregulated the
expressions of phospho-glycogen synthase kinase-3 beta (p-GSK-3f3), the inactive form of
GSK-3p3, thereby enhancing (3-catenin degradation, as evidenced by decreased [3-catenin
and their downstream target (c-Myc, survivin) expression. Thus, our results suggested
that AC extract could induce apoptosis by suppressing the Wnt/ 3-catenin pathway by
restraining the upstream kinase activity of the PI3/ Akt pathway.
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Figure 9. Cont.
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Figure 9. Effect of AC extract on PI3K/Akt and Wnt/ 3-catenin signaling pathway in HCT116 cells.
(A) The expression of PI3K, p-PDK1, p-Akt (Ser473), p-Akt (Thr308), and Akt. (B) The relative
band intensity of PI3K/ Akt proteins compared to the control group. (C) The protein expression of
p-GSK-3$3, GSK-33, 3-catenin, c-Myc, and survivin. (D) The relative band intensity of Wnt/ 3-catenin
proteins compared to the control group. * p < 0.05 and ** p < 0.01, indicating significant differences
compared to the control.

4. Discussion

Considerable research suggests the potential impact of bioactive compounds in the
prevention and treatment of cancer [29]. Moreover, bioactive compounds from plants or
herbs are generally safe and low toxic; this is an alternative approach to avoiding the side
effects of synthetic medicines [30]. In this study, we determined whether AC extract has
anticancer properties in human colon cancer cells. This study illustrated that AC extract
exhibited a significant anti-proliferative effect in HCT116 cells. In a previous study using
kinmoonosides A-C, novel saponins isolated from a methanolic extract of A. concinna
pods also exhibited a significant cytotoxic effect against human HT-1080 fibrosarcoma
cells [13], supporting our results and indicating that AC extract has anticancer potential in
cancer cells.

Phytochemicals are bioactive compounds derived from plants that offer health benefits,
including the prevention of diabetes, obesity, and cancer. These phytochemical compounds
contain several groups, such as polyphenols, carotenoids, and saponins [31]. Flavonoids
are a large family of polyphenols that exhibit anticancer effects by modulating multiple
mechanisms of action such as apoptosis induction, cell cycle arrest, and invasiveness [32].
In this study, the phytochemical compounds of the AC extract detected as the flavonoid
(Figure S1) were analyzed by NMR and MS. The main peaks of the MS profile of AC extract
corresponded to pentahydroxyflavone, hexahydroxyflavone, and acacic acid-type saponins
in comparison with the previous reports of Acacia pods extracts [13,26,33]. A previous
study found that the methanolic extract from the A. concinna plant was found to contain
flavonoids and phenols and showed cytotoxicity on human breast cancer cells, MCF-7 [11].
In addition, the extract containing triterpenoid saponins showed cytotoxicity against HT-
1080 fibrosarcoma cells [13]. Therefore, the anticancer effect of the AC extract may be due
to the flavonoids and saponins presented. However, further studies are necessary to isolate,
purify, and test the active compounds of AC extract to assess their anticancer activity.

The main goals of cancer treatment are the inhibition of cancer cell growth and the
elimination of cancer cells while providing low toxicity to normal cells. It is commonly
known that most many chemotherapeutic agents can kill cancer cells by activating apop-
totic pathways [21]. Therefore, we hypothesized that the inhibitory effect of AC extract
on HCT116 cells may involve apoptosis induction. Our study revealed that AC extract
selectively induced apoptosis in HCT116 cells indicated by chromatin condensation and
loss of MMP as well as increased sub-G1 populations. The loss of MMP is recognized as
a key step in the mitochondrial or intrinsic apoptosis pathway. The loss of MMP occurs
by activation of pro-apoptotic protein. This event results in the activation of numerous
caspases and cleavage of downstream death effector proteins [34]. The Western blot anal-
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ysis of AC-treated cells confirmed such a hypothesis. We discovered that AC extract
increased the protein expression of cleaved caspase-7 responsible for cleaving downstream
substrates, PARP. The activation of effector caspases is well known to be responsible for
the hallmarks of apoptosis cells, such as DNA fragmentation [35]. AC-treated cells also
increased cleaved-PARP levels, which prevented the cancer cells from repairing damage
required for their survival, and finally caused irreversible apoptosis cell death and complete
elimination [18,19]. We also confirmed that AC extract regulated Bcl-2 family members,
which initiated the apoptosis process in HCT116 cells via the intrinsic pathway. Accord-
ing to previous studies, morin (3,5,7,2 4’-pentahydroxyflavone) stimulates caspases-8, -9,
and -3, causes PARP cleavage, and modulates the Fas receptor and Bcl-2 family members,
suggesting that it induces both the extrinsic and intrinsic apoptosis pathways in HCT 116
cells [36].

Several studies have suggested that elevated intracellular levels of ROS can trigger ER
stress, potentially leading to mitochondrial dysfunction and ultimately initiating apopto-
sis [28,37]. Interestingly, AC extract has been found to induce intracellular ROS generation
and ER stress by upregulating the expression of GRP78, p-elF20c, CHOP, and p-IRE1«.
Increased levels of GRP78/BiP have been reported to activate PERK by autophosphory-
lation and homomultimerization. Activated PERK subsequently phosphorylates elF2«,
leading to the activation of ATF4 and its downstream targets [38,39]. Normally, mild ER
stress conditions can restore ER homeostasis through the unfolded protein response (UPR).
Nevertheless, prolonged ER stress can trigger apoptosis via increased CHOP expression,
which is mainly regulated through the PERK/elF-2/ ATF-6 pathway [40]. The activation
of CHOP is regarded as a key event for ER stress-induced apoptosis. Studies have shown
that CHOP triggered apoptosis by suppressing anti-apoptosis proteins such as Bcl-2 and
Mcl-1 and by enhancing the expression of the pro-apoptosis protein Bim. Subsequently,
Bim regulated Bax and Bak, leading to disruption of the permeabilization of the mitochon-
drial outer membrane [41]. Previous investigation has shown that quercetin, a bioactive
flavonoid induced apoptosis in human cervical cancer cells (HeLa) by ER stress induction.
The levels of caspase-3, GRP78, p-PERK, c-ATF6, IRE1, and CHOP showed a progres-
sive increase corresponding to the rising concentration of quercetin [42]. Another study
showed that quercetin induced cell apoptosis, intracellular ROS production, and ER stress
in prostate cancer cells (PC-3) [43]. In addition, a synthetic derivative of quercetin called
TEF (5,3'-dihydroxy-3,7,4’-triethoxyflavone) also induced apoptosis and ER stress via the
IRE1-o and mito-JNK pathways in HCT-116 cells [44]. Our results were consistent with
their observations and demonstrated that AC extract induced ER stress via the GRP78/elF-
2/ CHOP pathway. Additionally, activated IRE1 can activate MAPK pathways including
p38 and JNK, which regulate Bcl-2 family proteins [39,45]. Taken together, these results
demonstrate that AC extract induced ER stress-mediated apoptosis in HCT116 cells.

KRAS-mutant CRC cancer is linked to decreased survival and increased tumor aggres-
siveness [46]. Designing drugs that directly target mutant KRAS constitutes a significant
challenge. Thus, an alternative strategy is to target downstream pathways such as the
MAPK and Akt pathways [2]. Both p38 and JNK respond to both extracellular and intra-
cellular stresses. Activation of p38 promotes cell apoptosis via the regulation of a variety
of Bcl-2 family proteins, such as Bax, and the activating caspase family [47]. We reported
that the expression of p-p38 and p-c-Jun were increased upon treatment with AC extract.
c-Jun is one of the transcription factor AP-1 family members that can be phosphorylated
by JNK. The activation of JNK may stimulate apoptosis by upregulating the transcription
of pro-apoptotic genes such as the Fas/FasL pathway through c-Jun/AP-1 [48]. Previous
studies have indicated that quercetin triggers apoptosis by activating the JNK pathway in
KRAS-mutant colorectal cancer cells [2]. It has also been reported that the activation of
ERK1/2 is linked to the induction of apoptosis. Kim S et al. 2019 reported the anti-tumor
and apoptotic effects are elicited by quercetin through the regulation of MAPK pathways
by increasing the levels of Bax, cleaved-PARP, p-JNK, p-p38, and p-ERK1/2, while reduc-
ing Bcl-2 in A3755M melanoma cells [49]. In the present study, AC extract increased the
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expression of p-ERK1/2 in HCT116 cells. Hence, AC-induced apoptosis in HCT116 cells
may be related to MAPK pathway activation.

The PI3K/ Akt pathway is widely recognized for regulating cell survival, cell prolif-
eration, and cancer drug resistance. Mutations and activation of protein members within
the PI3K/Akt/mTOR pathway are commonly found in cancer [50]. Several studies have
indicated that plant extracts can inhibit this pathway, resulting in decreased cell prolifer-
ation and increased apoptosis. For instance, quercetin has shown anticancer effects via
induced cell death in JAR and JEG3 choriocarcinoma cell lines through PI3K pathways
by inhibiting p-Akt, p-P705S6K, and p-56 proteins [51]. These findings correlated with our
research, wherein we observed that AC extract reduced the expression of PI3K/Akt protein
in HCT116 cells.

Increased Wnt/ 3-catenin signaling pathway activity is linked to carcinogenesis in
CRC [52]. B-catenin is a key component of this pathway, which is regulated by a destruction
complex. GSK3-f is part of the destruction complex that phosphorylates 3-catenin in the
cytosol leading to its degradation via the ubiquitin-proteasome system. GSK3f3 activation is
regulated by Akt which phosphorylates GSK3, thereby inactivating it and preventing the
formation of the destruction complex [24,52-54]. As reported, we demonstrated that AC
extract can inhibit both the PI3K/ Akt and the Wnt/ 3-catenin pathway, which are crucial
for tumor initiation and development. [55]. Similarly, quercetin has the potential to enhance
apoptosis in human GBM T98G cells by inhibiting the Wnt3a/ 3-catenin pathway and the
Akt/NF-kB signaling pathway [56].

5. Conclusions

In conclusion, this study suggested that AC extract can be considered a natural source
of anticancer agents for colon cancer treatment. Our findings indicated that AC extract
suppressed cell proliferation and apoptosis induction in HCT116 cells through various
signaling pathways, including activation of the intrinsic caspase pathway, ROS-induced
ER stress, and the MAPK pathway, while inhibiting the PI3K/Akt and Wnt/ 3-catenin
pathways. This is the first report on the mechanism of apoptosis induction of AC extract in
HCT116 cells. Therefore, further investigation may be required to explore the relationship
between pathways to comprehensively understand the inhibitory effects of AC extract on
HCT116 cells.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nu16213764/s1, Figure S1: Total ion chromatogram by positive mode
electrospray ionization mass (A). 'H-NMR spectrum with expansion of AC extract in DMSO-dé6 (B).;
Figure S2: The dried pods of Acacia concinna (A) were ground into powder (B) for extraction. The crude
extract of A. concinna (C) was kept in the refrigerator, in the dark, until used in the experiment.; Figure
S3: Effect of AC extract on cell viability in HaCat cells by MTT assay. The cell line was treated with
various concentrations of AC extract for 24 h. The results were the mean values & SD.

Author Contributions: Investigation and writing—original draft preparation, P.S.; methodology and
planned the experiments, W.P,, S.I. and R.W.; identification of extract, S.S. and K.D.; conceptualization,
supervision, review and editing, funding acquisition, and validation, R.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research project is supported by the National Research Council of Thailand (NRCT):
NRCT5-RGJ63017-152, Research Division, Faculty of Medicine, Srinakharinwirot University (grant
number 405/2564), and the Strategic Wisdom and Research Institute, Srinakharinwirot University,
Thailand (grant number 377 /2565).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets analyzed during the current study are available from the
corresponding author on reasonable request.


https://www.mdpi.com/article/10.3390/nu16213764/s1
https://www.mdpi.com/article/10.3390/nu16213764/s1

Nutrients 2024, 16, 3764 15 0f 17

Acknowledgments: We would like to thank the Graduate School of Srinakharinwirot University
and the Faculty of Medicine, Srinakharinwirot University, Bangkok, Thailand for the instruments
and laboratory units. We are also thankful to Osamu Hori, Department of Neuroanatomy, Graduate
School of Medical Sciences, Kanazawa University, Japan for their advice and analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Alzahrani, S.M.; Al Doghaither, H.A.; Al-Ghafari, A.B. General insight into cancer: An overview of colorectal cancer (Review).
Mol. Clin. Oncol. 2021, 15, 271. [CrossRef] [PubMed]

2. Yang, Y.; Wang, T.; Chen, D.; Ma, Q.; Zheng, Y.; Liao, S.; Wang, Y.; Zhang, J. Quercetin preferentially induces apoptosis in
KRAS-mutant colorectal cancer cells via JNK signaling pathways. Cell Biol. Int. 2019, 43, 117-124. [CrossRef] [PubMed]

3.  Behrouj, H.; Mokarram, P. BAMLET (Bovine x-lactalbumin made lethal to tumor cells) inhibits autophagy flux and induces
apoptosis via down-regulation of protein kinase CK1x and attenuation of the AKT/p-3-catenin (S552) pathway in RAS-mutated
human colorectal HCT 116 cells. Iran. ]. Basic Med. Sci. 2023, 26, 1212-1219. [CrossRef] [PubMed]

4. Morgan, E.; Arnold, M.; Gini, A.; Lorenzoni, V.; Cabasag, C.J.; Laversanne, M.; Vignat, J.; Ferlay, J.; Murphy, N.; Bray, F. Global
burden of colorectal cancer in 2020 and 2040: Incidence and mortality estimates from GLOBOCAN. Gut 2023, 72, 338-344.
[CrossRef] [PubMed]

5. Islam, M.R,; Akash, S.; Rahman, M.M.; Nowrin, ET.; Akter, T.; Shohag, S.; Rauf, A.; Aljohani, A.S5.M.; Simal-Gandara, J. Colon
cancer and colorectal cancer: Prevention and treatment by potential natural products. Chem.-Biol. Interact. 2022, 368, 110170.
[CrossRef]

6.  Chen,].-S,; Chiu, S.-C.; Huang, S.-Y.; Chang, S.-F; Liao, K.-F. Isolinderalactone Induces Apoptosis, Autophagy, Cell Cycle Arrest
and MAPK Activation through ROS-Mediated Signaling in Colorectal Cancer Cell Lines. Int. ]. Mol. Sci. 2023, 24, 14246.
[CrossRef]

7. Farzaei, M.H.; Bahramsoltani, R.; Rahimi, R. Phytochemicals as Adjunctive with Conventional Anticancer Therapies. Curr. Pharm.
Des. 2016, 22, 4201-4218. [CrossRef]

8.  Zhuoyue, Z.; Ruangaram, W.; Kato, E. Saponins are responsible for the anti-obesogenic activity of Acacia concinna. J. Nat. Med.
2021, 75, 1005-1013. [CrossRef]

9.  Poomanee, W.; Chaiyana, W.; Randall Wickett, R.; Leelapornpisid, P. Stability and solubility improvement of Sompoi (Acacia
concinna Linn.) pod extract by topical microemulsion. Asian J. Pharm. Sci. 2017, 12, 386-393. [CrossRef]

10. Poomanee, W.; Chaiyana, W.; Intasai, N.; Leelapornpisid, P. Biological activities and characterization of the pod extracts from
sompoi (Acacia concinna Linn) grown in northern Thailand. Int. |. Pharm. Pharm. Sci. 2015, 7, 237-241.

11.  Shaikh, I.A.; Muddapur, U.M.; Bagewadi, Z.K.; Chiniwal, S.; Ghoneim, M.M.; Mahnashi, M.H.; Alsaikhan, E.; Yaraguppi, D.;
Niyonzima, EN.; More, S.S.; et al. Characterization of Bioactive Compounds from Acacia concinna and Citrus limon, Silver
Nanoparticles” Production by A. concinna Extract, and Their Biological Properties. Molecules 2022, 27, 2715. [CrossRef]

12.  Kukhetpitakwong, R.; Hahnvajanawong, C.; Homchampa, P.; Leelavatcharamas, V.; Satra, J.; Khunkitti, W. Immunological
adjuvant activities of saponin extracts from the pods of Acacia concinna. Int. Immunopharmacol. 2006, 6, 1729-1735. [CrossRef]

13. Tezuka, Y.; Honda, K.; Banskota, A.H.; Thet, M.M.; Kadota, S. Kinmoonosides A-C, three new cytotoxic saponins from the fruits
of Acacia concinna, a medicinal plant collected in myanmar. J. Nat. Prod. 2000, 63, 1658-1664. [CrossRef] [PubMed]

14. Ganogpichayagrai, A.; Suksaard, C. Evaluation of proximate composition and biological activities of sompoi (Acacia concinna)
leaves in Thailand. J. Adv. Pharm. Technol. Res. 2022, 13, 317-321. [CrossRef] [PubMed]

15. Czabotar, PE.; Garcia-Saez, A.J. Mechanisms of BCL-2 family proteins in mitochondrial apoptosis. Nat. Rev. Mol. Cell Biol. 2023,
24,732-748. [CrossRef] [PubMed]

16. Phang, C.-W.,; Karsani, S.A.; Sethi, G.; Abd Malek, S.N. Flavokawain C Inhibits Cell Cycle and Promotes Apoptosis, Associated
with Endoplasmic Reticulum Stress and Regulation of MAPKs and Akt Signaling Pathways in HCT 116 Human Colon Carcinoma
Cells. PLoS ONE 2016, 11, e0148775. [CrossRef] [PubMed]

17.  Haanen, C.; Vermes, I. Apoptosis and inflammation. Mediat. Inflamm. 1995, 4, 5-15. [CrossRef]

18. Xie, Q.; Liu, Y,; Li, X. The interaction mechanism between autophagy and apoptosis in colon cancer. Transl. Oncol. 2020, 13,
100871. [CrossRef]

19. Poorahong, W.; Innalak, S.; Ungsurungsie, M.; Watanapokasin, R. Protective effect of purple corn silk extract against ultraviolet-B-
induced cell damage in human keratinocyte cells. J. Adv. Pharm. Technol. Res. 2021, 12, 140-146. [CrossRef]

20. Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D’Orazi, G. Apoptosis as anticancer mechanism: Function and dysfunction of its
modulators and targeted therapeutic strategies. Aging 2016, 8, 603-619. [CrossRef]

21. Maria, A.G.; Esther, C.; Alberto, R.; Gema, J.; Elena, L.-R.; Macarena, P.; Manuel, P,; Joaquin, C.; Houria, B.; Juan Antonio, M.
Apoptosis as a Therapeutic Target in Cancer and Cancer Stem Cells: Novel Strategies and Futures Perspectives. In Apoptosis and
Medicine; Tobias, M.N., Ed.; IntechOpen: Rijeka, Croatia, 2012; Chapter 5. [CrossRef]

22. Zhang, Z.; Teruya, K,; Eto, H.; Shirahata, S. Fucoidan Extract Induces Apoptosis in MCF-7 Cells via a Mechanism Involving the

ROS-Dependent JNK Activation and Mitochondria-Mediated Pathways. PLoS ONE 2011, 6, e27441. [CrossRef] [PubMed]


https://doi.org/10.3892/mco.2021.2433
https://www.ncbi.nlm.nih.gov/pubmed/34790355
https://doi.org/10.1002/cbin.11055
https://www.ncbi.nlm.nih.gov/pubmed/30203888
https://doi.org/10.22038/ijbms.2023.69343.15114
https://www.ncbi.nlm.nih.gov/pubmed/37736507
https://doi.org/10.1136/gutjnl-2022-327736
https://www.ncbi.nlm.nih.gov/pubmed/36604116
https://doi.org/10.1016/j.cbi.2022.110170
https://doi.org/10.3390/ijms241814246
https://doi.org/10.2174/1381612822666160601100823
https://doi.org/10.1007/s11418-021-01530-0
https://doi.org/10.1016/j.ajps.2017.03.001
https://doi.org/10.3390/molecules27092715
https://doi.org/10.1016/j.intimp.2006.08.004
https://doi.org/10.1021/np000347f
https://www.ncbi.nlm.nih.gov/pubmed/11141109
https://doi.org/10.4103/japtr.japtr_443_22
https://www.ncbi.nlm.nih.gov/pubmed/36568046
https://doi.org/10.1038/s41580-023-00629-4
https://www.ncbi.nlm.nih.gov/pubmed/37438560
https://doi.org/10.1371/journal.pone.0148775
https://www.ncbi.nlm.nih.gov/pubmed/26859847
https://doi.org/10.1155/S0962935195000020
https://doi.org/10.1016/j.tranon.2020.100871
https://doi.org/10.4103/japtr.JAPTR_238_20
https://doi.org/10.18632/aging.100934
https://doi.org/10.5772/48267
https://doi.org/10.1371/journal.pone.0027441
https://www.ncbi.nlm.nih.gov/pubmed/22096572

Nutrients 2024, 16, 3764 16 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Nitulescu, G.M.; Van De Venter, M.; Nitulescu, G.; Ungurianu, A.; Juzenas, P.; Peng, Q.; Olaru, O.T.; Gradinaru, D.; Tsatsakis, A.;
Tsoukalas, D.; et al. The Akt pathway in oncology therapy and beyond (Review). Int. |. Oncol. 2018, 53, 2319-2331. [CrossRef]
[PubMed]

Liu, Y.-Z.; Wu, K,; Huang, J.; Liu, Y.; Wang, X.; Meng, Z.-].; Yuan, S.-X.; Wang, D.-X.; Luo, J.-Y.; Zuo, G.-W,; et al. The
PTEN/PI3K/ Akt and Wnt/ 3-catenin signaling pathways are involved in the inhibitory effect of resveratrol on human colon
cancer cell proliferation. Int. J. Oncol. 2014, 45, 104-112. [CrossRef] [PubMed]

Ma, Q.; Yu, J.; Zhang, X.; Wu, X.; Deng, G. Wnt/ 3-catenin signaling pathway-a versatile player in apoptosis and autophagy.
Biochimie 2023, 211, 57-67. [CrossRef] [PubMed]

Pedro, S.I; Fernandes, T.A.; Luis, A.; Antunes, A.M.M.; Gongalves, ].C.; Gominho, J.; Gallardo, E.; Anjos, O. First Chemical Profile
Analysis of Acacia Pods. Plants 2023, 12, 3486. [CrossRef]

Doan, H.V,; Sritangos, P; Iyara, R.; Chudapongse, N. Chrysophyllum cainito stem bark extract induces apoptosis in Human
hepatocarcinoma HepG2 cells through ROS-mediated mitochondrial pathway. Peer] 2020, 8, €10168. [CrossRef]

Kim, J.K,; Kang, K.A.; Ryu, Y.S.; Piao, M.].; Han, X..A.; Oh, M.C.; Boo, S.J.; Jeong, S.U.; Jeong, Y.J.; Chae, S.; et al. Induction
of Endoplasmic Reticulum Stress via Reactive Oxygen Species Mediated by Luteolin in Melanoma Cells. Anticancer Res. 2016,
36, 2281.

Subramaniam, S.; Selvaduray, K.R.; Radhakrishnan, A.K. Bioactive Compounds: Natural Defense Against Cancer? Biomolecules
2019, 9, 758. [CrossRef]

Hosseini, A.; Ghorbani, A. Cancer therapy with phytochemicals: Evidence from clinical studies. Avicenna J. Phytomed. 2015, 5,
84-97.

Kumar, A.; P, N.; Kumar, M; Jose, A.; Tomer, V.; Oz, E.; Proestos, C.; Zeng, M.; Elobeid, T.; K, S.; et al. Major Phytochemicals:
Recent Advances in Health Benefits and Extraction Method. Molecules 2023, 28, 887. [CrossRef]

Kopustinskiene, D.M.; Jakstas, V.; Savickas, A.; Bernatoniene, J. Flavonoids as Anticancer Agents. Nutrients 2020, 12, 457.
[CrossRef] [PubMed]

Abul Gafur, M.; Obata, T.; Kiuchi, F.; Tsuda, Y. Acacia concinna saponins. 1. Structures of prosapogenols, concinnosides A-F,
isolated from the alkaline hydrolysate of the highly polar saponin fraction. Chem. Pharm. Bull. 1997, 45, 620-625. [CrossRef]
[PubMed]

Tsujimoto, Y. Role of Bcl-2 family proteins in apoptosis: Apoptosomes or mitochondria? Genes Cells 1998, 3, 697-707. [CrossRef]
[PubMed]

Brentnall, M.; Rodriguez-Menocal, L.; De Guevara, R.L.; Cepero, E.; Boise, L.H. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biol. 2013, 14, 32. [CrossRef] [PubMed]

Hyun, H.-B.; Lee, W.S.; Go, S.-1.; Nagappan, A.; Park, C.; Han, M.H.; Hong, S.H.; Kim, G.; Kim, G.Y.; Cheong, J.; et al. The
flavonoid morin from Moraceae induces apoptosis by modulation of Bcl-2 family members and Fas receptor in HCT 116 cells. Int.
J. Oncol. 2015, 46, 2670-2678. [CrossRef]

Bhandary, B.; Marahatta, A.; Kim, H.R.; Chae, H.J. An involvement of oxidative stress in endoplasmic reticulum stress and its
associated diseases. Int. J. Mol. Sci. 2012, 14, 434-456. [CrossRef]

Tabas, I.; Ron, D. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat. Cell Biol. 2011, 13,
184-190. [CrossRef]

Verfaillie, T.; Garg, A.D.; Agostinis, P. Targeting ER stress induced apoptosis and inflammation in cancer. Cancer Lett. 2013, 332,
249-264. [CrossRef]

Xu, C.; Bailly-Maitre, B.; Reed, J.C. Endoplasmic reticulum stress: Cell life and death decisions. |. Clin. Investig. 2005, 115,
2656-2664. [CrossRef]

Hu, H,; Tian, M.; Ding, C.; Yu, S. The C/EBP Homologous Protein (CHOP) Transcription Factor Functions in Endoplasmic
Reticulum Stress-Induced Apoptosis and Microbial Infection. Front. Immunol. 2018, 9, 3083. [CrossRef]

He, C; Lu, X;; Li, J.; Shen, K; Bai, Y.; Li, Y.,; Luan, H.; Tuo, S. The effect of quercetin on cervical cancer cells as determined by
inducing tumor endoplasmic reticulum stress and apoptosis and its mechanism of action. Am. J. Transl. Res. 2021, 13, 5240-5247.
[PubMed]

Zhang, X.; Huang, J.; Yu, C.; Xiang, L.; Li, L.; Shi, D.; Lin, F. Quercetin Enhanced Paclitaxel Therapeutic Effects Towards PC-3
Prostate Cancer Through ER Stress Induction and ROS Production. OncoTargets Ther. 2020, 13, 513-523. [CrossRef] [PubMed]
Khan, I; Paul, S.; Jakhar, R.; Bhardwaj, M.; Han, J.; Kang, S.C. Novel quercetin derivative TEF induces ER stress and mitochondria-
mediated apoptosis in human colon cancer HCT-116 cells. Biomed. Pharmacother. 2016, 84, 789-799. [CrossRef] [PubMed]
Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of endoplasmic reticulum stress-induced apoptosis. EMBO Rep.
2006, 7, 880-885. [CrossRef] [PubMed]

Arrington, A.K.; Heinrich, E.L.; Lee, W.; Duldulao, M.; Patel, S.; Sanchez, ].; Garcia-Aguilar, J.; Kim, J. Prognostic and Predictive
Roles of KRAS Mutation in Colorectal Cancer. Int. J. Mol. Sci. 2012, 13, 12153-12168. [CrossRef]

Ghatan, S.; Larner, S.; Kinoshita, Y.; Hetman, M.; Patel, L.; Xia, Z.; Youle, R.J.; Morrison, R.S. p38 MAP kinase mediates bax
translocation in nitric oxide-induced apoptosis in neurons. J. Cell Biol. 2000, 150, 335-347. [CrossRef]

Chen, J.; Ye, C.; Wan, C,; Li, G,; Peng, L.; Peng, Y.; Fang, R. The Roles of c-Jun N-Terminal Kinase (JNK) in Infectious Diseases. Int.
J. Mol. Sci. 2021, 22, 9640. [CrossRef]


https://doi.org/10.3892/ijo.2018.4597
https://www.ncbi.nlm.nih.gov/pubmed/30334567
https://doi.org/10.3892/ijo.2014.2392
https://www.ncbi.nlm.nih.gov/pubmed/24756222
https://doi.org/10.1016/j.biochi.2023.03.001
https://www.ncbi.nlm.nih.gov/pubmed/36907502
https://doi.org/10.3390/plants12193486
https://doi.org/10.7717/peerj.10168
https://doi.org/10.3390/biom9120758
https://doi.org/10.3390/molecules28020887
https://doi.org/10.3390/nu12020457
https://www.ncbi.nlm.nih.gov/pubmed/32059369
https://doi.org/10.1248/cpb.45.620
https://www.ncbi.nlm.nih.gov/pubmed/9145500
https://doi.org/10.1046/j.1365-2443.1998.00223.x
https://www.ncbi.nlm.nih.gov/pubmed/9990505
https://doi.org/10.1186/1471-2121-14-32
https://www.ncbi.nlm.nih.gov/pubmed/23834359
https://doi.org/10.3892/ijo.2015.2967
https://doi.org/10.3390/ijms14010434
https://doi.org/10.1038/ncb0311-184
https://doi.org/10.1016/j.canlet.2010.07.016
https://doi.org/10.1172/JCI26373
https://doi.org/10.3389/fimmu.2018.03083
https://www.ncbi.nlm.nih.gov/pubmed/34150114
https://doi.org/10.2147/OTT.S228453
https://www.ncbi.nlm.nih.gov/pubmed/32021294
https://doi.org/10.1016/j.biopha.2016.09.094
https://www.ncbi.nlm.nih.gov/pubmed/27721177
https://doi.org/10.1038/sj.embor.7400779
https://www.ncbi.nlm.nih.gov/pubmed/16953201
https://doi.org/10.3390/ijms131012153
https://doi.org/10.1083/jcb.150.2.335
https://doi.org/10.3390/ijms22179640

Nutrients 2024, 16, 3764 17 of 17

49.

50.

51.

52.

53.

54.

55.

56.

Kim, S.-H.; Yoo, E.-S.; Woo, ].-S.; Han, S.-H.; Lee, J.-H.; Jung, S.-H.; Kim, H.-J.; Jung, J.-Y. Antitumor and apoptotic effects
of quercetin on human melanoma cells involving JNK/P38 MAPK signaling activation. Eur. . Pharmacol. 2019, 860, 172568.
[CrossRef]

He, Y,; Sun, M.M.; Zhang, G.G.; Yang, J.; Chen, K.S.; Xu, W.W.; Li, B. Targeting PI3K/ Akt signal transduction for cancer therapy.
Signal Transduct. Target. Ther. 2021, 6, 425. [CrossRef]

Lim, W.; Yang, C.; Park, S.; Bazer, EW.; Song, G. Inhibitory Effects of Quercetin on Progression of Human Choriocarcinoma Cells
Are Mediated Through PI3K/AKT and MAPK Signal Transduction Cascades. J. Cell. Physiol. 2017, 232, 1428-1440. [CrossRef]
Sebio, A.; Kahn, M.; Lenz, H.-J. The potential of targeting Wnt/3-catenin in colon cancer. Expert Opin. Ther. Targets 2014, 18,
611-615. [CrossRef] [PubMed]

Trejo-Solis, C.; Escamilla-Ramirez, A.; Jimenez-Farfan, D.; Castillo-Rodriguez, R.A.; Flores-Najera, A.; Cruz-Salgado, A. Crosstalk
of the Wnt/ 3-Catenin Signaling Pathway in the Induction of Apoptosis on Cancer Cells. Pharmaceuticals 2021, 14, 871. [CrossRef]
[PubMed]

Cross, D.A.E.; Alessi, D.R.; Cohen, P.; Andjelkovich, M.; Hemmings, B.A. Inhibition of glycogen synthase kinase-3 by insulin
mediated by protein kinase B. Nature 1995, 378, 785-789. [CrossRef] [PubMed]

Chen, Y.; Chen, M.; Deng, K. Blocking the Wnt/ 3-catenin signaling pathway to treat colorectal cancer: Strategies to improve
current therapies (Review). Int. J. Oncol. 2023, 62, 24. [CrossRef]

Wang, W.; Yuan, X.; Mu, J.; Zou, Y.; Xu, L.; Chen, J.; Zhu, X; Li, B.; Zeng, Z.; Wu, X.; et al. Quercetin induces MGMT" glioblastoma
cells apoptosis via dual inhibition of Wnt3a/p-Catenin and Akt/NF-«kB signaling pathways. Phytomedicine 2023, 118, 154933.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ejphar.2019.172568
https://doi.org/10.1038/s41392-021-00828-5
https://doi.org/10.1002/jcp.25637
https://doi.org/10.1517/14728222.2014.906580
https://www.ncbi.nlm.nih.gov/pubmed/24702624
https://doi.org/10.3390/ph14090871
https://www.ncbi.nlm.nih.gov/pubmed/34577571
https://doi.org/10.1038/378785a0
https://www.ncbi.nlm.nih.gov/pubmed/8524413
https://doi.org/10.3892/ijo.2022.5472
https://doi.org/10.1016/j.phymed.2023.154933

	Introduction 
	Materials and Methods 
	Materials 
	Plant Extraction 
	NMR and MS Analysis 
	Cell Culture and Maintenance 
	MTT Assay 
	Nuclear Morphological Changes Detection 
	Measurement of Mitochondrial Membrane Potential (MMP) 
	Cell Cycle Analysis 
	Intracellular ROS Measurement 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	NMR and MS Analysis of AC Extract 
	AC Extract Reduces Cell Viability in HCT116 Cells 
	AC Extract Induces Apoptosis in HCT116 Cells 
	AC Extract Increased Population of HCT116 Cells in Sub-G1 Phase 
	AC Extract Induced Intracellular ROS Production 
	Effect of AC Extract on Apoptotic-Related Protein Expression 
	Effect of AC Extract on ER Stress 
	Effect of AC Extract on MAPK Signaling Pathway 
	Effect of AC Extract on PI3K/Akt and Wnt/-Catenin Signaling Pathways 

	Discussion 
	Conclusions 
	References

