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Jujuboside B inhibits proliferation and induces apoptosis
and ferroptosis in colorectal cancer cells with potential
involvement of the MAPK signaling pathway
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Abstract. Colorectal cancer (CRC) is one of the most prevalent
and life-threatening malignancies worldwide. Jujuboside B
(JUB) is a bioactive compound derived from the seeds of
Ziziphus jujuba, known for its potential anticancer properties.
The present study aimed to investigate the association of JUB
with inhibiting the proliferation, apoptosis and ferroptosis
of human CRC cells with mitogen-activated protein kinase
(MAPK) pathway regulation. First, the human CRC HCT116
cell line was treated with different concentrations of JUB.
Subsequently, cell viability was evaluated using MTT assay
and colony formation was assessed using a colony formation
assay. Flow cytometry was used to detect cell apoptosis and
the levels of reactive oxygen species. Western blotting was
utilized to assess the expression levels of apoptosis-related
proteins, ferroptosis regulators and MAPK pathway-related
proteins. In addition, biochemical assay kits were used to eval-
uate the levels of malondialdehyde, glutathione, total iron and
ferrous iron. The results demonstrated that cell viability and
colony formation were markedly decreased after JUB treat-
ment, whilst the level of apoptosis was notably increased in a
concentration-dependent manner. Using electron microscopy,
cells treated with JUB exhibited typical apoptotic bodies, as
well as mitochondrial swelling and cristae disruption, further
demonstrating JUB-induced cell apoptosis. Western blot
analysis indicated that JUB treatment markedly reduced the
expression of B-cell lymphoma-2 (Bcl-2) but notably increased
the expression of Bcl-2 associated X-protein and cleaved
caspase-3. Additionally, JUB induced ferroptosis and inhibited
the MAPK signaling pathway in CRC cells. Collectively, the
findings of the present study suggest that JUB has the potential
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to inhibit CRC cell proliferation and induce apoptosis through
regulating the MAPK pathway. Therefore, JUB may be a
promising therapeutic agent for the treatment of CRC.

Introduction

Currently, the main treatment modalities for colorectal cancer
(CRC) include surgery, chemotherapy, radiotherapy, targeted
therapy and immunotherapy. Common chemotherapy drugs
include 5-fluorouracil, oxaliplatin and irinotecan (1). However,
cancer cells can develop resistance to these chemotherapeutic
drugs through mechanisms such as drug inactivation,alterations
in drug influx and efflux and overexpression of ATP-binding
cassette transport proteins (2). Radiotherapy is primarily used
for locally advanced rectal cancer, with preoperative radio-
therapy able to shrink tumors, increase surgical resection rates
and reduce postoperative recurrence (3). Targeted therapies
such as anti-EGFR (cetuximab) and anti-VEGF (bevacizumab)
drugs, have demonstrated marked efficacy in the treatment of
metastatic CRC (1). Previous studies have also explored new
targets and combinations to enhance the specificity and effec-
tiveness of these treatments (4,5). Immunotherapy has made
notable progress in CRC, particularly with immune checkpoint
inhibitors (pembrolizumab and nivolumab) showing efficacy
in patients with high microsatellite instability or mismatch
repair deficiency (6). Despite these treatment options, ~50% of
patients with CRC still experience incurable recurrent CRC.
Therefore, there is an urgent need to develop new targeted
therapeutic strategies to meet the clinical needs of patients
with CRC (7).

Natural products have been a notable source of several
novel chemotherapeutic drugs. In previous decades, natural
compounds have served a crucial role in the development of
anticancer drugs, offering several active molecules with novel
structures (8,9). Although natural products and their analogues,
such as paclitaxel and camptothecin (10), have become indis-
pensable in clinical practice, the treatment of CRC still faces
numerous challenges. Recent studies have suggested that
evodiamine may inhibit the development of CRC by modulating
the gut microbiome and suppressing intestinal inflamma-
tion (10-12). Additionally, bioinformatic methods based on
high-throughput DNA sequencing have identified tumor-specific


https://www.spandidos-publications.com/10.3892/ol.2025.14908

2 ZHAI et al: ANTITUMOR ACTIVITY OF JUJUBOSIDE B IN COLORECTAL CANCER CELLS

antigens associated with single nucleotide variants, offering a
new strategy for the treatment of CRC (13).

Jujuboside B (JUB), a natural saponin compound, is one of
the main active components of Ziziphus jujuba and possesses a
wide range of pharmacological effects and application values.
JUB exhibits multiple biological activities, including antibac-
terial, anti-inflammatory and antioxidant properties (13,14).
Previously, JUB has been reported to induce apoptosis and
demonstrate antitumor activity in several tumor types. In breast
cancer, its antitumor effects are associated with the induction
of apoptosis and autophagy (15). Moreover, JUB can inhibit
angiogenesis and tumor growth by blocking the VEGF receptor
2 signaling pathway (16). Additionally, JUB inhibits intimal
hyperplasia and vascular smooth muscle cell dedifferentiation,
proliferation and migration through activating the adenosine
monophosphate-activated protein kinase/peroxisome prolifer-
ator-activated receptor vy signaling (17). Despite these findings,
the full antitumor potential and underlying mechanisms of
JUB remain unclear.

The mitogen-activated protein kinase (MAPK) signaling
pathway is closely related to several biological processes,
including cell proliferation, differentiation, apoptosis and
angiogenesis. Additionally, MAPK is a fundamental pathway
in mammalian cells (18). Previous studies have reported that
the abnormal activation of certain proteins within the MAPK
pathway is associated with the occurrence and development of
several cancers, such as liver cancer (19) and CRC (20). Hence,
targeting proteins associated with this pathway can serve as an
effective strategy for cancer treatment. However, whether JUB
regulates the MAPK pathway in CRC remains to be elucidated.
Therefore, the present study aimed to investigate the effects of
JUB on the proliferation and apoptosis of human CRC cells, as
well as its regulatory impact on the MAPK pathway.

Materials and methods

Cell culture. The CRC HCT116 cell line was purchased from
the National Collection of Authenticated Cell Cultures. The
cells were cultured in Roswell Park Memorial Institute 1640
medium (HyClone; Cytiva) containing 10% fetal bovine serum
(HyClone; Cytiva) and 100 U/ml penicillin (HyClone; Cytiva)
in an incubator at 37°C with 5% CO,.

Cell viability assay. An MTT assay was utilized to assess the
viability of HCT116 cells treated with varying concentrations
of JUB (Sigma-Aldrich; Merck KGaA). Cells in the loga-
rithmic growth phase were seeded into a 96-well culture plate
at a density of 5x10° cells/well, with a total volume of 100 pl.
The cells were then cultured at 37°C for 48 h in media (Gibco)
containing different concentrations of JUB (0, 5, 10, 20, 40
and 80 xM). Subsequently, the cells were incubated with MTT
(5 mg/ml; Sigma-Aldrich; Merck KGaA) in the dark at 37°C for
2 h. Subsequently, dimethyl sulfoxide (Sigma-Aldrich; Merck
KGaA) was added to dissolve the formazan crystals. Finally,
the optical density at 570 nm was measured using an ELx800
microplate reader (BioTek; Agilent Technologies, Inc.).

Cell colony formation assay. A colony formation assay was
used to assess cell proliferation under different experimental
treatments. Briefly, HCT116 cells in the logarithmic growth

phase were digested, centrifuged at 300 x g for 5 min at
4°C, resuspended and counted. Subsequently, HCT116 cells
(1,000 cells/well) treated with 0, 10, 20 and 40 xM JUB
were seeded in 6-well plates and cultured at 37°C for 1 week.
Once the colonies became visible to the naked eye, the plates
were taken out and the medium was discarded. After rinsing
with phosphate buffered saline (PBS), the cells were fixed
with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA)
at room temperature for 20 min. The paraformaldehyde was
then discarded and the cells were stained with 0.1% crystal
violet (Sigma-Aldrich; Merck KGaA) at room temperature for
3 min. Upon washing off the crystal violet, visible cell clusters
containing at least 50 cells were captured and counted using a
light microscope (Nikon Corporation) and manually counted.

Flow cytometry. HCT116 cells were seeded in 6-well plates at
a density of 4x10° cells/well and treated with varying concen-
trations of JUB (0, 10, 20 and 40 gM). After 48 h, the cells
were harvested using trypsin and washed twice with PBS
before being collected into Eppendorf tubes. The treated cells
were then resuspended using 195 ul Annexin V-Fluorescein
isothiocyanate binding solution (Beyotime Institute of
Biotechnology). Subsequently, 5 ul Annexin V-Fluorescein
isothiocyanate and 10 ul propidium iodide (Thermo Fisher
Scientific, Inc.) staining solution were added, followed by
gentle agitation of the mixture. The cells were then incubated
in the dark at room temperature (20-25°C) for 10-20 min. After
adding 400 ul binding buffer, the cells were analyzed using an
LSRFortessa™ flow cytometer (BD Biosciences).

Transmission electron microscopy (TEM). After exposing the
human CRC HCT116 cell line to different concentrations of
JUB (0, 10, 20 and 40 M) for 24 h, the samples were fixed
overnight at 4°C in 2.5% glutaraldehyde (v/v) in 0.1 M PBS
buffer, followed by post-fixation with 1% osmium tetroxide in
the same buffer at 4°C for 2 h. The samples were then dehy-
drated in graded ethanol series (30, 50, 70, 90, and 100%) at
room temperature for 15 min each, followed by dehydration
in ethanol/epoxy resin gradients (3:1, 1:1, 1:3 and 0:1) at room
temperature for 15 min each before embedding in epoxy resin
for 12 h. Ultrathin sections (60-80 nm) were prepared using
an ultramicrotome, stained with 3% uranyl acetate and lead
citrate and observed under a transmission electron microscope
to analyze the ultrastructural changes in the cells.

Western blot. Total proteins were extracted from the
cells using radioimmunoprecipitation assay lysis buffer
(cat. no. 89900; Thermo Fisher Scientific, Inc.) and protein
concentration was determined using a bicinchoninic acid assay.
Subsequently, 10 ug protein/lane and subjected to 10-12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis for
120 min, transferred to a polyvinylidene fluoride membrane
(cat. no. LC2005; Thermo Fisher Scientific, Inc.) using a wet
transfer method, and then blocked with 5% skimmed milk at
room temperature for 2 h. Primary antibodies were applied
overnight incubation at 4°C. The primary antibodies (all
Abcam) were as follows: Anti-B-cell lymphoma-2 (Bcl-2,
1:1,000, ab241548), anti-Bcl-2 associated X-protein (Bax,
1:1,000, ab3191), anti-cleaved caspase-3 (1:1,000, ab2302),
anti-caspase-3 (1:1,000, ab184787), anti-solute carrier family



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

7 member 11 (SLC7AL11, 1:1,000, ab307601), anti-glutathione
peroxidase 4 (GPX4, 1:1,000, ab252833), anti-acyl-CoA
synthetase long chain family member 4 (ACSL4, 1:1,000,
ab155282), anti-transferrin receptor 1 (TFR1, 1:1,000,
ab214039), anti-MAPK kinase (MEK, 1:1,000, ab265586),
anti-phosphorylated (p)-MEK (1:1,000; cat. no. ab307509),
anti-p-extracellular signal-regulated kinase (ERK, 1:1,000,
ab32537), anti-p-ERK (1:1,000, ab201015) and anti-GAPDH,
1:1,000, ab8245, Abcam). After washing three times with tris
buffered saline with 0.1% Tween 20 (TBST), the membrane
was incubated with HRP-conjugated goat anti-rabbit IgG
(1:1,000, ab181662, Abcam) or anti-mouse IgG (1:1,000;
cat. no. abl81662, Abcam) for 2 h. After three additional
washes with TBST, the protein bands were visualized using
electrochemiluminescence (MilliporeSigma; KGaA) and
recorded with a ChemiDoc EQ System (Bio-Rad Laboratories,
Inc.). The grayscale intensity of the bands was analyzed using
ImagelJ software (version 1.53t, National Institutes of Health).

Measurement of reactive oxygen species (ROS). Cell suspen-
sions were seeded into 6-well plates at a density of 2x10° cells
per well. After receiving O uM (control group) and 40 yM
JUB (JUB group) treatment for 48 h at 37°C, HCT116 cells
were pretreated with 1 yM ferrostatin-1 (Fer-1), a ferroptosis
inhibitor (Selleck Chemicals) at 37°C for 2 h. Subsequently, the
cells were treated with 40 M JUB for another at 37°C 48 h,
constituting the JUB + Fer-1 group. Intracellular ROS levels
were then measured using flow cytometry using the oxida-
tion-activated fluorescent dye DCHF-DA (Beyotime Institute
of Biotechnology). Briefly, cell samples were incubated with
PBS containing 10 uM DCHF-DA at 37°C for 20 min. The
cells were then washed three times with PBS, digested with
trypsin and washed twice with cold PBS. Lastly, the ROS
levels were detected using an LSRFortessa™ flow cytometer
(BD Biosciences). Flow cytometry data were analyzed using
FlowlJo software (version X.0.7, BD Biosciences).

Detection of malondialdehyde (MDA), glutathione (GSH),
total iron and ferrous iron (Fe**) levels. The levels of MDA,
glutathione GSH, total iron and Fe** in HCT116 cells of the
control, JUB and JUB + Fer-1 groups were determined using
the Lipid Peroxidation Assay Kit, GSH Colorimetric Assay
Kit (cat. no. A006-2), Total Iron Colorimetric Assay Kit
(A040) and Ferrous Iron Colorimetric Assay Kit (A039-2),
respectively (all Nanjing Jiancheng Bioengineering Institute).
The specific detection steps were followed according to the
manufacturer's protocols.

Statistical analysis. SPSS 19.0 (IBM Corp.) was used for data
analysis and data plotting was performed using GraphPad
Prism 9.0 (Dotmatics). All values are expressed as mean +
standard deviation. A one-way analysis of variance was
performed, followed by a Tukey's HSD post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results
Effect of JUB on the viability and proliferation of human

CRC cells. To assess the hypothesis that JUB may have
anticancer activity, the effect of JUB on the viability of human
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CRC HCT116 cells was assessed. The results of the MTT
assay demonstrated that, compared with the 0 M group, the
survival rate of HCT116 cells was significantly decreased in
the 5, 10, 20, 40 and 80 #M groups (all P<0.01), indicating that
JUB had an inhibitory effect on the viability of HCT116 cells
in a concentration-dependent manner (Fig. 1A). The colony
formation assay results demonstrated that the colony forma-
tion of HCT116 cells was significantly reduced in the 10, 20
and 40 uM groups (all P<0.01) in a concentration-dependent
manner compared with the 0 uM group (Fig. 1B and C). These
results suggested that JUB could inhibit the viability and
proliferation of human CRC cells.

Ultrastructural changes induced by JUB in promoting apoptosis
of HCT-116 cells. High-magnification TEM demonstrated that
different concentrations of JUB induced marked effects on
the endoplasmic reticulum (ER) and mitochondrial structures
in HCT-116 cells (Fig. 1D). In the 0 M JUB control group,
the ER in HCT-116 cells was neatly arranged with ribosomes
attached and the mitochondria were abundant and structurally
intact, with clearly visible cristae. As the concentration of JUB
increased, the 10 yM treatment group showed that the rough ER
exhibited degranulation, free ribosomes increased and certain
mitochondria became vacuolated. In the 20 uM treatment
group, the vacuolation of mitochondria increased, autophago-
somes formed and the ER expanded. In the 40 yM treatment
group, cells exhibited pronounced autophagic flux, notable
mitochondrial swelling, cristae fragmentation or loss and
chromatin condensation with evident marginalization. These
results indicate that JUB induces concentration-dependent
damage to the ER and mitochondrial structures in HCT-116
cells, with high concentrations of JUB promoting autophagy
and apoptosis-related ultrastructural changes.

Effects of JUB on the apoptosis of HCT116 cells. The results
of the MTT and colony formation assays suggested that JUB
had an antitumor effect, prompting further investigation into
the underlying mechanisms of JUB. It was uncertain whether
the decreased viability of tumor cells with JUB treatment was
primarily due to apoptosis mechanisms or cell-cycle dysregu-
lation. Therefore, the rate of apoptosis of HCT116 cells treated
with different concentrations of JUB was evaluated. The
apoptosis rate of HCT116 cells was significantly increased in
the 10, 20 and 40 yM groups compared with the 0 uM group
(all P<0.01), with higher concentrations associated with higher
apoptosis rates (Fig. 2A).

To further assess the effect of JUB on cell apoptosis, the
protein expression levels of three apoptotic biomarkers in
cells treated with different concentrations were evaluated by
western blotting. The protein expression level of Bcl-2 was
significantly decreased, whilst the protein expression levels of
Bax and the ratio of cleaved caspase-3/caspase-3 were signifi-
cantly increased in the 10, 20 and 40 uM groups compared
with the O uM group, in a concentration-dependent manner
(Fig. 2B; all P<0.01). These results indicate that JUB promotes
apoptosis in HCT116 cells.

JUB induces apoptosis and ferroptosis in CRC cells.
Subsequently, the role of JUB (40 xM) in the ferrop-
tosis process in HCT116 cells was assessed. The results
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Figure 1. JUB inhibits the proliferation of HCT116 cells. (A) MTT assay was used to assess the viability of HCT116 cells treated with 0, 5, 10, 20, 40
and 80 uM JUB. (B) Colony formation assay and (C) quantification was performed to evaluate the colony formation of HCT116 cells treated with JUB.
(D) Electron microscopy images showing the formation of apoptotic bodies in HCT116 cells treated with 0, 10, 20 and 40 xM JUB. “P<0.01 vs. 0 xuM JUB.
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Figure 2. JUB promotes apoptosis in HCT116 cells. (A) Flow cytometry was performed to assess apoptosis of HCT116 cells treated with 0, 10, 20 and 40 uM
JUB. (B) Western blotting was used to evaluate the protein expression levels of Bcl-2, Bax and cleaved caspase-3/caspase-3 in HCT116 cells treated with 0, 10,
20 and 40 uM JUB. “P<0.01 vs. 0 xM. JUB, Jujuboside B; Bcl-2, B-cell lymphoma-2; Bax, B-cell lymphoma-2 associated X-protein.

demonstrated that the ROS levels of HCT116 cells were
significantly increased in the JUB group compared with the
control group (Fig. 3A and B; P<0.01) and the JUB + Fer-1
group showed a significant reduction in ROS levels compared

with the JUB group (P<0.01). Additionally, the levels of MDA,
total iron and Fe?* were significantly increased in the JUB
group compared with the control group, whilst the GSH levels
were significantly decreased (Fig. 3C-F; all P<0.01). The JUB
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Figure 3. JUB induces ferroptosis in HCT116 cells. For the JUB + Fer-1 group, HCT116 cells were pre-treated with 1 #M Fer-1 (ferroptosis inhibitor) for
2 h, followed by treatment with 40 xM JUB for 48 h. (A) Levels of ROS in HCT116 cells of each group were assessed by flow cytometry and (B) subsequent
quantification. Detection of (C) MDA and (D) GSH levels was performed. (E) Total iron level in HCT116 cells was determined using an iron assay kit. (F) Fe**
level in HCT116 cells was assessed using a Fe?* assay kit. (G) Western blotting was performed to analyze the protein expression levels of SLC7A11, GPX4,
ACSL4 and TFR1. “P<0.01 vs. control; #/P<0.01 vs. JUB. JUB, Jujuboside B; Fer-1, ferrostatin-1; ROS, reactive oxygen species; MDA, malondialdehyde; GSH,
glutathione; SLC7AL11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long chain family member 4; TFR1,

transferrin receptor 1; Fe**, ferrous iron.

+ Fer-1 group showed a significant decrease in MDA, total iron
and Fe?* levels, coupled with a significant increase in GSH
levels compared with the JUB group (all P<0.01).

To further evaluate the role of JUB in the ferroptosis
process, the expression of four ferroptosis regulatory factors
(SLC7A11, GPX4, ACSL4 and TFR1) in different treat-
ment groups was assessed. The protein expression levels of
SLC7A11 and GPX4 were significantly downregulated in
the JUB group compared with the control group, whilst the
protein expression levels of ACSL4 and TFRI1 proteins were
significantly upregulated (Fig. 3G; all P<0.01). In comparison
with the JUB group, the JUB + Fer-1 group demonstrated a
significant increase in the protein expression of SLC7A11 and
GPX4, and a decrease in the expression of ACSL4 and TFR1
(Fig. 3G; all P<0.01). These results indicate that JUB could
induce ferroptosis in HCT116 cells.

Effect of JUB on the expression of MAPK pathway-related
proteins in HCT116 cells. Western blot analysis demonstrated
a marked reduction in the protein expression levels of p-MEK

and p-ERK in HCT116 cells treated with several concentra-
tions of JUB, compared with the 0 uM group (Fig. 4A).
There were no marked differences in the protein expression
levels of total MEK and ERK between the 0 pM group and
other treatment groups. JUB treatment at all concentrations
significantly decreased the ratios of p-MEK/MEK and
p-ERK/ERK compared with the 0 #M control group, in a
concentration-dependent manner (Fig. 4B; all P<0.01). These
results suggest JUB could inhibit the MAPK signaling pathway
in HCT116 cells.

Discussion

As reported in previous studies, Bcl-2 is a common anti-
apoptotic protein in cells, whilst Bax and cleaved caspase-3
are pro-apoptotic proteins. Such proteins are considered the
most important oncoproteins in apoptosis research (21,22).
In the present study, HCT116 cells were treated with
different concentrations of JUB. The results of the present
study demonstrated that cell viability and colony formation
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Figure 4. Effect of JUB on the expression of MAPK pathway-related proteins in HCT116 cells. (A) Western blotting was performed to assess the levels of MEK,
p-MEK, ERK and p-ERK proteins in HCT116 cells treated with 0, 10, 20 and 40 uM JUB. (B) Ratios of p-MEK/MEK and p-ERK/ERK were measured in
HCT116 cells after treatment with 0, 10, 20 and 40 xM JUB. “P<0.01 vs. control. JUB, Jujuboside B; MAPK, mitogen-activated protein kinase; MEK, MAPK
kinase; p-MEK, phosphorylated-MEK; ERK, extracellular signal-regulated kinase; p-ERK, phosphorylated-ERK.

were significantly decreased after JUB treatment, whilst
the apoptosis level was notably increased, both in a concen-
tration-dependent manner. Western blot analysis indicated
that JUB treatment significantly reduced the expression of
Bcl-2, whilst increasing the expression of Bax and the ratio
of cleaved caspase-3/caspase-3. Additionally, TEM revealed
marked ultrastructural changes in the treated cells, including
chromatin marginalization, cell membrane blebbing, apoptotic
body formation, as well as mitochondrial swelling and cristae
disruption or loss. Therefore, the results of the present study
suggest that JUB has anti-CRC effects.

Ferroptosis, a novel form of cell death, possesses a
unique mechanism and can be specifically identified by the
accumulation of Fe?* and the increase in lipid peroxidation,
particularly polyunsaturated fatty acids (23). Ferroptosis has
been reported to be associated with the occurrence and treat-
ment of several diseases such as Alzheimer's and Parkinson's,
ischemia-reperfusion injury, liver fibrosis (24). In addition,
a growing body of evidence indicates that ferroptosis is
involved in the occurrence, progression and suppression of
tumors. Ferroptosis suppresses tumors by inducing cell death

through lipid peroxidation and iron metabolism disruption,
regulated by factors like p53. However, in some cases, cancer
cells can resist ferroptosis, allowing them to evade oxidative
stress and promote tumor progression, especially in the tumor
microenvironment (25). In cancer therapy, many clinical
chemotherapeutic agents not only initiate apoptosis, but also
induce ferroptosis and prevent cancer growth (26,27). In the
present study, the inclusion of the Fer-1 treatment group aimed
to further assess the specificity of JUB-induced cell death.
Fer-1 is a well-known ferroptosis inhibitor that effectively
inhibits the ferroptosis process. By pre-treating cells with
Fer-1 followed by JUB treatment, significant decreases in the
protein expression levels of ferroptosis-related markers were
observed. These results indicated that the cell death induced
by JUB occurs through the ferroptosis pathway.

In the present study, the effect of JUB on the expression
levels of key ferroptosis markers was explored in HCT116 cells
by treatment with Fer-1. Iron metabolism in the ferroptosis
process can cause the accumulation of ROS. The increase in
intracellular ROS can lead to mitochondrial DNA strand breaks
and DNA degradation, thereby resulting in apoptosis (28). The
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changes in GSH synthesis and MDA levels are also indicators
of ferroptosis-associated lipid peroxidation (29,30). MDA, one
of the products of lipid peroxidation, is positively associated
with ferroptosis, whilst the association between GSH and
ferroptosis is negative (31). The change in iron content is a
notable characteristic of ferroptosis. The accumulation of Fe?*
can specifically elevate oxidative stress levels, demonstrating
a positive association with ferroptosis (32). The present
study demonstrated that, compared with the control group,
JUB treatment significantly increased the levels of ROS,
MDA, total iron and Fe** in HCT116 cells, whilst markedly
decreasing the GSH level. However, after the addition of the
ferroptosis inhibitor Fer-1, the levels of ROS, MDA, total iron
and Fe** were significantly reduced compared with the JUB
group, whilst the GSH level was markedly increased. These
results demonstrate that JUB could induce ferroptosis.

SLC7AL1L1 is a specific type of amino acid transporter,
particularly for glutamate and cystine (33). The primary
function of SLC7AI11 is inhibition of ferroptosis in cells (34).
GPX4 inhibits lipid peroxidation, thereby protecting cells
from oxidative damage and the upregulation of GPX4 can
inhibit ferroptosis (35). Decreased expression of ACSL4 can
reduce the accumulation of lipid peroxidation substrates in
cells, thereby inhibiting ferroptosis (36). TFR1 serves a crucial
role in regulating cellular iron metabolism and maintaining
iron balance, and acts as a specific marker of ferroptosis (37).
The results of the present study demonstrated JUB treatment
significantly downregulated the expression levels of SLC7A11
and GPX4 proteins, whilst markedly upregulating the levels
of ACSL4 and TFRI1. However, the combination of JUB and
Fer-1 significantly increased the expression of SLC7A11 and
GPX4 but inhibited the expression of ACSL4 and TFRI.
The aforementioned findings suggest that JUB may promote
ferroptosis in HCT116 cells by affecting the expression of
SLC7A11, GPX4, ACSL4 and TFR1. JUB treatment appears
to downregulate the expression of SLC7A11 and GPX4, both
of which are key regulators of cellular antioxidant defense,
thereby decreasing the ability to counteract oxidative stress. In
contrast, JUB treatment upregulates the expression of ACSL4
and TFR1, proteins involved in lipid peroxidation and iron
homeostasis, respectively. These changes in protein expression
may enhance lipid peroxidation and increase intracellular iron
levels, contributing to the induction of ferroptosis.

The MAPK pathway, consisting of ERK1/2, MEK1/2 and
p38 (38), is one of the most commonly mutated oncogenic
pathways in several cancers (39), including colorectal cancer,
lung cancer, and thyroid cancer. The abnormal activation
of proteins such as EGFR, RAS (including KRAS, HRAS,
NRAS), and RAF (such as BRAF) can lead to MAPK pathway
dysregulation, resulting in uncontrolled cellular proliferation
and dedifferentiation (40). In colorectal cancer, the MAPK
pathway is generally activated, contributing to the develop-
ment, progression, and resistance to therapy (41). In the present
study, JUB significantly reduced the levels of p-MEK and
p-ERK proteins, as well as the ratios of p-MEK/MEK and
p-ERK/ERK, in HCT116 cells, indicating that JUB inhibits
MAPK pathway activation. These findings suggest that the
inhibitory effect of JUB on the MAPK pathway may play a
role in reducing CRC cell proliferation, colony formation,
and survival, potentially contributing to its overall anticancer
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effects. Alternatively, the anticancer effects of JUB may be
primarily mediated through the induction of ferroptosis or cell
death, rather than solely through MAPK pathway inhibition.
Further studies are required to determine the relative contribu-
tions of ferroptosis induction and MAPK pathway inhibition to
the observed effects of JUB treatment in CRC cells.

Although the antitumor activity of JUB has been reported
in other types of cancer, the present study is the first to system-
atically investigate the mechanism of JUB in CRC, to the best
of our knowledge. Not only were the effects of JUB on the
proliferation and apoptosis of HCT116 cells evaluated, but also
its specific molecular mechanisms by regulating the MAPK
signaling pathway and inducing ferroptosis were explored. The
present study is also the first to reveal that the JUB inhibits
proliferation, colony formation, and induces apoptosis and
ferroptosis in CRC cells, to the best of our knowledge.

However, the present study has certain limitations, such as
the lack of animal experiments and the lack of experiments
demonstrating the expression changes of four ferroptosis
regulatory factors (SLC7A11, GPX4, ACSL4 and TFR1) under
normal ferroptotic conditions as a control. Future research
should evaluate of the impact of JUB on normal tissues,
and its dose toxicity and safety, through both in vitro cell
experiments on different cell lines and in vivo animal models.
Additionally, incorporating both MAPK inhibitors and acti-
vators would provide more insight into the mechanisms by
which JUB affects the MAPK pathway. Activating the MAPK
pathway during JUB treatment would help confirm whether
the effects of JUB on proliferation, apoptosis, and ferroptosis
are mediated through this pathway. Only detecting activa-
tion of the MAPK pathway does not provide evidence that
the mechanism of JUB is mediated by the MAPK pathway.
However, the present study demonstrate that JUB inhibits
the MAPK pathway by reducing the phosphorylation levels
of MEK and ERK in HCT116 cells. The antitumor effects of
JUB on different types of tumors should also be investigated,
validating its anticancer activity both in vitro and in vivo.
Given the varied role of the MAPK pathway, the impact of
JUB on other biological processes dependent on this pathway
should be studied to ensure its safety and specificity in cancer
treatment.

In summary, the results of the present study demonstrated
that JUB can inhibit the proliferation of CRC cells and promote
apoptosis and ferroptosis. The inhibition of the MAPK pathway
suggests that the effects of JUB on apoptosis and ferroptosis
may be related to the regulation of this pathway. However,
further studies are needed to confirm this association.
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