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Abstract

Background: Chemoresistance to oxaliplatin (OXA) in colorectal cancer (CRC) remains a major cause of treatment failure. This study
investigated whether Huaier polysaccharide (HP) could reverse OXA resistance and explored the underlying mechanisms. Methods:
Cell viability and proliferation were assessed using the Cell Counting Kit-8 (CCK-8) assay and colony formation assays, respectively.
Protein expression was analyzed by Western blotting. Ferroptosis was evaluated using a lipid peroxidation probe (BDP 581/591 C11),
FerroOrange, a reactive oxygen species (ROS) assay kit, and a total glutathione detection kit. Ultrastructural changes were observed
using transmission electron microscopy. Nuclear and cytoplasmic protein extraction and immunofluorescence were used to examine
nuclear factor erythroid 2-related factor 2 (Nrf2) expression. Results: Combined treatment with OXA and HP significantly suppressed
cell viability and proliferation by inhibiting the Nrf2/solute carrier family 7 member 11 (SLC7A11)/glutathione peroxidase 4 (GPX4)
pathway, thereby inducing ferroptosis. In addition, HP reduced P-glycoprotein expression and enhanced sensitivity to OXA. Conclu-
sions: These findings demonstrate that Huaier overcomes OXA resistance in CRC cells by promoting ferroptosis through suppression of

the Nrf2/SLC7A11/GPX4 signaling pathway in vitro.
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1. Introduction

According to the GLOBOCAN 2022 data, colorectal
cancer (CRC) represents a substantial global health bur-
den. It ranks as the third most common malignancy in
terms of incidence and the second leading cause of cancer-
related mortality, underscoring its persistent public health
impact [1]. Standard chemotherapeutic regimens for CRC
comprise irinotecan, 5-fluorouracil, and oxaliplatin (OXA)
[2]. As a third-generation platinum-based antitumor drug,
OXA is recommended as the first-line standard treatment
for metastatic CRC. Clinical recommendations are usually
OXA-containing regimens, such as FOLFOX/CAPOX [3].
However, OXA resistance markedly compromises its clin-
ical efficacy, with first-line response rates of only 20-24%,
declining to approximately 10% in the second-line setting
[4]. Therefore, overcoming OXA chemoresistance and
improving treatment outcomes remain urgent priorities in
CRC management.

Ferroptosis is an iron-dependent, non-apoptotic mech-
anism of cell death characterized by excessive lipid perox-
idation. Its distinctive morphological and biochemical fea-
tures include mitochondrial shrinkage, glutathione (GSH)
depletion, and accumulation of aberrant lipid peroxidation
products [5]. Accumulating evidence indicates that ferrop-
tosis plays a critical role in the development of OXA resis-

tance. Conversely, induction of ferroptosis has been shown
to reverse chemoresistance in tumors, a finding that has at-
tracted considerable attention in cancer research [6,7,8,9].

Nuclear factor erythroid 2-related factor 2 (Nrf2),
originally identified as a key regulator of oxidative stress
adaptation, is increasingly recognized as a critical driver
of cancer progression, metastasis, and therapeutic resis-
tance [10]. Emerging evidence suggests that Nrf2 promotes
radiation-induced DNA damage repair via a reactive oxy-
gen species (ROS)-independent homologous recombina-
tion pathway, thereby contributing to tumor cell resistance
to radiotherapy and chemotherapy [11]. These findings im-
ply that targeting Nrf2-mediated cellular defense pathways
may reverse chemoresistance in cancer cells. Dysregula-
tion of the solute carrier family 7 member 11-glutathione—
glutathione peroxidase (SLC7A11/GSH/GPX4) axis repre-
sents a central mechanism conferring OXA resistance in
multiple cancer types [9]. As one of the two subunits of Sys-
tem Xc, SLC7A11 is transcriptionally regulated by Nrf2
within the GSH metabolic pathway. Importantly, GPX4,
a key enzyme that suppresses lipid peroxidation and regu-
lates ferroptosis, is directly transcribed by Nrf2 [12]. Ac-
cordingly, we hypothesize that targeted inhibition of the
Nrf2/SLC7A11/GPX4 signaling axis may effectively alle-
viate OXA resistance in CRC.
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In recent years, natural medicines have attracted grow-
ing research interest, with traditional Chinese medicine
(TCM) gaining broader recognition. Huaier (Trametes
robiniophila Murr), a medicinal fungus that parasitizes the
trunks of Sophora japonica, has been used in clinical prac-
tice in China for more than 1,600 years. Its primary active
component is a proteoglycan composed of a heteropolysac-
charide composed of six monosaccharides conjugated to a
protein with a moiety of 18 amino acids [13]. Clinical evi-
dence indicates that Huaier granules exert antitumor effects
across multiple cancer types, including hepatocellular car-
cinoma [14], breast cancer [15], and CRC [16]. Moreover,
Huaier has been used as an adjunct to conventional oncol-
ogy to enhance chemosensitivity, reverse drug resistance,
and reduce chemotherapy-related adverse effects. For ex-
ample, Yang et al. [17] reported that Huaier extract en-
hances paclitaxel efficacy in breast cancer cells by regu-
lating the NF-kB/IxBa signaling pathway. Similarly, Jin et
al. [18] demonstrated that Huaier overcomes cisplatin re-
sistance in non-small cell lung cancer cells by blocking the
JNK/JUN/IL-8 signaling pathway. Despite these promising
results, most studies have used Huaier granules or crude ex-
tracts, which contain substantial impurities and exhibit low
polysaccharide purity, often requiring high concentrations
to achieve therapeutic effects. Therefore, investigating the
role of the primary active component, Huaier polysaccha-
ride (HP), in CRC chemoresistance is of considerable sci-
entific interest. This study aims to elucidate the mechanism
by which HP suppresses drug resistance in CRC.

In this study, we investigated the effects of HP
on OXA resistance in CRC and explored the underly-
ing mechanisms. Our in vitro findings demonstrated
that HP sensitizes CRC cells to OXA by suppressing the
Nrf2/SLC7A11/GPX4 signaling axis, thereby inducing fer-
roptosis. Collectively, these results provide experimental
evidence supporting the potential of combining Huaier with
OXA to overcome OXA chemoresistance in CRC cells.

2. Materials and Methods
2.1 Chemicals

HP was purchased from Yuanye Biotechnology Co.,
Ltd. (catalog no. S28138; LOT: C02J11Y106867), dis-
solved in RPMI-1640 medium (Procell Life Science &
Technology Co., Ltd., Wuhan, China), and sterilized using a
0.22-pm filter (Merck Millipore, Darmstadt, Germany). HP
with a purity of 60.7% was extracted using a water extrac-
tion and alcohol precipitation method. Chemical analysis
of HP has shown that it contains 60.7% total polysaccha-
rides, 1.85% flavonoids, 3.57% phenolic acids, and 0.12%
total protein. Gel Permeation Chromatography (GPC) re-
sults indicated that the average molecular weight (Mw) of
HP was 11.114 kDa [19]. Further studies have reported that
HP consists of 41.5% carbohydrates, 12.93% amino acids
(Asp, Thr, Ser, Glu, Pro, Gly, Ala, Cys, Val, Met, Ile, Leu,
Tyr, Phe, Lys, His, Trp, and Arg), and 8.72% moisture, as

well as six constituent monosaccharides: fucose, arabinose,
xylose, mannose, galactose, and glucose [20]. Wang et al.
[21] isolated a polysaccharide with a purity of 85.3 + 1.3%,
with the same six monosaccharides present at molar per-
centages of 5.82%, 13.11%, 16.88%, 15.85%, 11.40%, and
36.94%, respectively.

2.2 Cell Lines and Culture

HCT116 (cat. no. MXC151) and resistant HCT116/L
cells (cat. no. MXC469) were purchased from MEIX-
UAN Biological Science and Technology, Ltd. (Shanghai,
China). HCTS cells (cat. no. PC193) were obtained from
Procell Life Science & Technology Co., Ltd. Oxaliplatin-
resistant HCTS8/L cells were obtained from Shanghai Aolu
Biotechnology. HCT116/L and HCT8/L cells were gen-
erated by exposing parental cells to a protocol involving
gradually increasing concentrations of OXA with intermit-
tent high-dose drug pulses. All cell lines were cultured in
RPMI-1640 medium supplemented with 10% fetal bovine
serum (Procell Life Science & Technology Co., Ltd.). To
maintain the drug-resistant phenotype, HCTI116/L cells
were cultured in medium containing 2000 ng/mL OXA,
whereas HCTS8/L cells were maintained in medium contain-
ing 1000 ng/mL OXA. All cells were incubated at 37 °C ina
5% CO, incubator. All cell lines used in this study (includ-
ing HCT116, HCT116/L, HCT8, HCT8/L) were maintained
in culture for no more than 10 passages after thawing. The
cell lines were validated by short tandem repeat profiling
and tested negative for Mycoplasma species.

2.3 Cell Viability Assay

Cell viability was assessed using a Cell Counting Kit-
8 (CCK-8) assay (cat. no. K1018; APeXBIO Technology
LLC, Shanghai, China). Cells were seeded in a 96-well
plate at 2000—4000 cells/well and cultured overnight under
standard conditions (37 °C, 5% CO,). Next, they were ex-
posed to varying concentrations of OXA or HP for 48 h.
Subsequent cell viability was assessed using a CCK-8 as-
say, wherein a mixture of 10 uL. of CCK-8 reagent and 100
pL of RPMI-1640 medium was added to each well. Af-
ter a 2-h incubation in the dark at 37 °C, the absorbance at
450 nm was measured with a microplate reader. Cell vi-
ability was derived from the formula: [(As — Ab) / (Ac —
Ab)] x 100%, with As, Ac, and Ab representing the ab-
sorbance values of the sample, control, and blank groups,
respectively. The resistance index (RI) was calculated as:
RI=1Cs (resistant cells)/ICsq (parental cells).

2.4 Colony Formation Assays

To evaluate clonogenic ability, cells were seeded at
a density of 800 cells per dish in 3.5-cm culture dishes
and cultured under standard conditions (37 °C, 5% CO,)
for 4 days. The medium was then replaced with a drug-
containing medium for 48 h. After treatment, the cells were
washed with PBS and cultured in fresh drug-free medium
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until visible colonies formed. The supernatant was dis-
carded and the cells were washed once with PBS, fixed with
4% paraformaldehyde (Biosharp, Hefei, China) for 30 min,
and washed again with PBS. The colonies were stained with
crystal violet solution (Solarbio Life Sciences) for 15 min,
at which time excess dye was removed by gentle rinsing
with water. The dishes were air-dried and imaged, and the
number of colonies was quantified using ImagelJ software
(version 5.2.1; Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

2.5 Transmission Electron Microscopy

Image analysis of ferroptosis was performed by Ser-
vicebio (cat. no. GP2075; Wuhan Servicebio Technol-
ogy CO., Ltd., Wuhan, China). In brief, the experimental
procedure comprised the following steps: harvest samples
and fixation, agarose pre-embedding, post-fixation, dehy-
dration at room temperature, resin penetration and embed-
ding, polymerization, ultrathin sectioning, staining and ob-
servation, and image capture.

2.6 Lipid Peroxidation Assessment

A BODIPY 581/591 CI11 (cat. no. L267; Dojindo
Molecular Technologies, Inc., Japan) was used to mea-
sure intracellular lipid peroxidation. The assay was per-
formed according to the manufacturer’s instructions. The
cells were seeded in 24-well plates (4 x 10* cells/well). Af-
ter overnight cultivation at 37 °C and 5% CO,, both resis-
tant cell lines were treated with HP, OXA, or their com-
bination (with or without Fer-1 or TBHQ) for 48 h. The
supernatant was removed and the cells were washed twice
with PBS. BDP 581/591 C11 working solution was added,
followed by incubation at 37 °C under 5% CO; for 30 min.
The supernatant was removed, the cells washed twice with
PBS, PBS added, and fluorescence detected using an in-
verted fluorescence microscope (Olympus Corporation). A
quantitative analysis was performed using ImagelJ software
(version 5.2.1; Bio-Rad Laboratories, Inc.).

2.7 Intracellular Iron Assay

FerroOrange probes (cat. no. F374; Dojindo Molec-
ular Technologies, Inc.) were used to measure cellular fer-
rous iron levels. The assay was performed according to
the manufacturer’s instructions. Briefly, cells were seeded
in 24-well plates (4 x 10* cells/well) for 24 h, followed
by treatment with HP, OXA, or their combination (with or
without Fer-1 or TBHQ) for 48 h. Subsequently, after two
PBS washes, the cells were stained with 1 pmol/L FerroOr-
ange for 30 min and examined under an inverted fluorescent
microscope (Olympus Corporation). A quantitative anal-
ysis was performed using ImageJ software (version 5.2.1;
Bio-Rad Laboratories, Inc.).

&% IMR Press

2.8 ROS Assay

A ROS assay kit (cat. no. R252; Dojindo Molecular
Technologies, Inc.) was used to measure ROS levels. The
assay was performed according to manufacturer’s instruc-
tions. Cells were seeded in 24-well plates at a density of 3 x
10* cells per well and incubated for 24 h prior to treatment.
The cells were then treated with HP, OXA, or a combination
thereof (with or without Fer-1 or TBHQ) for 48 h. A work-
ing ROS solution was prepared by diluting the highly sen-
sitive 2',7'-dichlorodihydrofluorescein diacetate dye 1000-
fold in a loading buffer solution. After being washed twice
with PBS, the cells were incubated with the ROS working
solution at 37 °C under 5% CO, for 30 min. Fluorescence
signals were observed using an inverted fluorescence mi-
croscope (Olympus Corporation), and a quantitative anal-
ysis of fluorescence intensity was performed using ImageJ
software (version 5.2.1; Bio-Rad Laboratories, Inc.).

2.9 GSH Assay

A total GSH assay kit (cat. no. S0052; Beyotime
Biotechnology, Shanghai, China) was used to determine to-
tal GSH content according to the manufacturer’s instruc-
tions. At 48 h after the drug treatment, the cells were
processed according to the manufacturer’s instructions and
their absorbance measured at 412 nm using a microplate
reader.

2.10 Western Blot Analysis

The cells were lysed using RIPA lysis buffer (Re-
port Biotech) supplemented with phenylmethylsulfonyl flu-
oride (PMSF; Coolaber, Beijing, China). Protein con-
centrations were quantified using a bicinchoninic protein
assay kit (cat. no. KGB2101-500; KeyGEN, Jiangsu,
China). The proteins (30 pg) were separated on 10-12%
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis gels according to their molecular weights and transferred
onto polyvinylidene fluoride membranes. The membranes
were blocked with 5% skim milk (Solarbio Life Sciences)
for 2 h at room temperature and incubated overnight at 4
°C on a shaker with the following primary antibodies: p-
glycoprotein (P-gp; 1:1000; cat. no. 13978; Cell Signaling
Technology, Inc., Danvers, MA, USA) and Nrf2 (1:3000;
cat. no. 80593-1-RR; Proteintech Group, Inc., Shang-
hai, China), and GPX4 (1:1000; cat. no. A11243; AB-
clonal Biotech Co., Ltd., China) and SLC7A11 (1:1000;
cat. no. A2413; ABclonal Biotech Co., Ltd., China),
and H3 (1:2000; cat. no. bsm-33042R; BIOSS, China),
glyceraldehyde-3-phosphate dehydrogenase (1:10,000; cat.
no. bsm-52262R; BIOSS), and B-actin (1:50,000; cat. no.
ACO026; ABclonal Biotech Co., Ltd., China). After be-
ing washed, the membrane was incubated with goat anti-
rabbit IgG (H+L) secondary antibody (1:10,000; cat. no.
RGARO01; Proteintech Group, Inc.) for 1 h at room tem-
perature. Finally, the protein bands were visualized using
an enhanced chemiluminescence reagent (Biosharp) and
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imaged using a gel documentation system. The gray values
of the protein bands were analyzed using ImagelJ software
(version 5.2.1; Bio-Rad Laboratories, Inc.). Band gray val-
ues were normalized to GAPDH/B-actin, and quantitative
analysis was conducted using ImageJ software. Fluores-
cence intensity was quantified via ImageJ and normalized
to the control group.

2.11 Immunofluorescence

The treated cells were washed once with PBS and
fixed with 4% paraformaldehyde at room temperature for
15 min. After permeabilization with 0.1% Triton X-100
(Solarbio Life Sciences) at 4 °C for 15 min, the cells were
washed three times with PBS. Subsequently, the sections
were blocked with 2% bovine serum albumin (Solarbio Life
Sciences) at room temperature for 2 h and incubated with
an anti-Nrf2 antibody (1:300; cat. no. 80593-1-RR; Pro-
teintech Group, Inc.) overnight at 4 °C. After three washes
with PBS, the cells were incubated with goat anti-rabbit
IgG labeled with RGAR004 - Multi-rAb® CoraLite® Plus
594-Goat Anti-Rabbit Recombinant Secondary Antibody
(H+L) (1:600; cat. no. RGARO004; Proteintech Group,
Inc.) for 1 h at room temperature in the dark and washed
three times with PBS. The nuclei were stained with 4',6-
diamidino-2-phenylindole (Coolaber) for 5 min, followed
by three additional PBS washes. Imaging was performed
immediately using a fluorescence microscope (Olympus).
Finally, the mean fluorescence intensity was analyzed us-
ing ImagelJ software (version 5.2.1; Bio-Rad Laboratories,
Inc.).

2.12 Nuclear and Cytoplasmic Protein Extraction Kit

Nuclear and cytoplasmic proteins were extracted us-
ing nuclear and cytoplasmic protein extraction kits (cat.
no. P0028; Beyotime Biotechnology). The assay was per-
formed according to manufacturer’s instructions. Briefly,
the cells were washed once with PBS, scraped with a cell
scraper, and collected by centrifugation. The resulting cell
pellet was retained for the subsequent steps. To extract cy-
toplasmic proteins, 200 pL of Cytoplasmic Protein Extrac-
tion Reagent A, supplemented with PMSF, was added to the
pellet. The mixture was vortexed vigorously at the maxi-
mum speed for 5 s and incubated on ice for 15 min. Next,
10 pL of Cytoplasmic Protein Extraction Reagent B was
added, followed by vortexing at maximum speed for 5 s
and incubation on ice for 1 min. After another 5-s vortex
at maximum speed, the sample was centrifuged at 12,000—
16,000 xg for 5 min at 4 °C. The supernatant containing
the cytoplasmic protein fraction was immediately collected.
For nuclear protein extraction, 50 pL of Nuclear Protein Ex-
traction Reagent supplemented with PMSF was added to the
remaining pellet. The mixture was vortexed vigorously at
the maximum speed for 30 s to fully suspend and disperse
the pellet, followed by incubation on ice. The vortexing
step (30 s at maximum speed) was repeated every 2 min

for a total duration of 30 min. Finally, the sample was cen-
trifuged at 16,000 xg for 10 min at 4 °C, and the supernatant
containing the nuclear protein fraction was collected.

2.13 Statistical Analysis

All data are presented as mean + standard deviation.
Intergroup comparisons were performed using Student’s ¢-
test, whereas comparisons among multiple groups were per-
formed using one-way analysis of variance. Data analyses
were conducted using SPSS version 20 (SPSS, Cary, NC,
USA) and GraphPad Prism 8 (GraphPad, San Diego, CA,
USA). Values of p < 0.05 were considered statistically sig-
nificant, and ns denotes non-significance.

3. Results

3.1 HP Inhibited Cell Viability and Proliferation in
Resistant Cell Lines and Exhibited Synergistic Effects With
OXA

After 48 h of treatment with varying concentrations
of OXA, cell viability in parental and resistant cells was
assessed using the Cell Counting Kit-8 (CCK-8) assay,
and the half-maximal inhibitory concentration (ICsy) val-
ues were calculated. The ICso values for HCT116 and
HCT116/L cells were 0.8021 pg/mL and 9.659 pg/mL, re-
spectively, yielding an RI of 12.04, indicating marked drug
resistance in HCT116/L cells (Fig. 1A). Similarly, the ICs
values of OXA in HCT8 and HCTS8/L cells were 4.234
pg/mL and 13.18 pg/mL, respectively, corresponding to an
RI of 3.11 (Fig. 1A). Treatment with different concentra-
tions of HP for 48 h reduced the viability of HCT116/L and
HCTS/L cells in a concentration-dependent manner (Fig.
1B). To evaluate the synergistic effects, HCT116/L and
HCTS/L cells were treated with combinations of OXA and
HP at various concentrations for 48 h. Cell viability was
assessed using the CCK-8 assay, and the combination in-
dex (CI) was calculated using Compusyn software. Most CI
values were <1 in both cell lines, indicating a synergistic ef-
fect between OXA and HP (Fig. 1C). Based on the cytotox-
icity profiles, subsequent experiments were performed us-
ing 8 ug/mL OXA (approximately ICsy) and 700 ng/mL HP
(approximately 1C,o) for HCT116/L cells, and 13 pg/mL
OXA and 700 pg/mL HP for HCT8/L cells, with all treat-
ments lasting 48 h. Colony formation assays further con-
firmed that HP suppressed the proliferation of HCT116/L
and HCT8/L and exhibited synergistic effects with OXA
(Fig. 1D). Collectively, these results indicate that HP en-
hances the inhibitory effects of OXA on the viability and
proliferation of drug-resistant CRC cells.

3.2 HP Enhances the Sensitivity of Colorectal Cancer
Drug-Resistant Cells to OXA and Suppresses P-gp
Expression

Comparison of the ICsy values between OXA alone
and OXA combined with HP (700 ug/mL) in HCT116/L
and HCTS/L cells revealed a significant decrease in 1Csq
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Fig. 1. Huaier polysaccharide (HP) inhibited the viability and proliferative capacity of colorectal cancer drug-resistant cells and
exhibited a synergistic effect with oxaliplatin (OXA). (A) Survival rates of HCT116, HCT116/L, HCT8, and HCTS8/L cells treated
with different concentrations of OXA for 48 h as measured by a Cell Counting Kit-8 (CCK-8) assay. (B) Survival rates of HCT116/L
and HCTB8/L cells treated with varying concentrations of HP for 48 h as determined by a CCK-8 assay. (C) The combination index (CI)
was calculated using Compusyn software. (D) Proliferative capacity of HCT116/L and HCTS8/L cells treated with OXA alone, HP alone,
or their combination was evaluated by a colony formation assay. Data are expressed as mean + standard deviation. All experiments were
performed with three independent biological replicates (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 2. Huaier polysaccharide (HP) enhanced the sensitivity of colorectal cancer drug-resistant cells to oxaliplatin (OXA) and

suppressed p-glycoprotein (P-gp) expression. (A) Comparison of the ICsy values of OXA alone versus the OXA—HP combination in
HCT116/L and HCTS8/L cells. (B) P-gp expression levels in HCT116/L and HCTS8/L cells treated with OXA alone, HP alone, or their

combination as detected by western blotting. Data are expressed as mean + standard deviation (n = 3). *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.

following co-treatment, indicating that HP sensitizes drug-
resistant CRC cells to OXA (Fig. 2A). Given that P-gp is
widely recognized as a marker of chemoresistance, its pro-
tein expression was evaluated by Western blotting. HP re-
duced P-gp expression in drug-resistant cells, with a more
pronounced effect when combined with OXA, suggesting
that HP suppresses CRC chemoresistance (Fig. 2B). Col-
lectively, these findings indicate that HP enhanced the sen-
sitivity of drug-resistant CRC cells to OXA.

3.3 Chemoresistance in CRC Cells Is Associated With
Ferroptosis

To further investigate whether chemoresistance in
CRC was associated with ferroptosis, lipid peroxidation in
HCT116, HCT8, HCT116/L, and HCT8/L cells was as-
sessed using the BODIPY 581/591 C11 fluorescent probe
(Fig. 3A). Intracellular Fe?* levels were measured using
FerroOrange (Fig. 3B), intracellular ROS levels were de-
tected using an ROS assay kit (Fig. 3C), and total GSH
content was quantified using a GSH assay kit (Fig. 3D).
Compared with parental cells, drug-resistant cells exhibited
reduced lipid peroxidation, lower Fe?" levels, decreased
ROS levels, and increased GSH content. These findings
demonstrated that chemoresistance in CRC cells is linked
to ferroptosis, with drug-resistant cells exhibiting relatively
lower levels of ferroptosis.

3.4 HP Induced Ferroptosis in Colorectal Cancer
Drug-Resistant Cells

Ultrastructural changes in drug-resistant cells follow-
ing treatment with HP and OXA were examined using
TEM. In the control group, mitochondria were predomi-
nantly oval in shape, with normal volume, intact cristae, and
continuous membranes. Cells in the OXA group showed
mild damage, with mitochondria largely retaining an oval
morphology, normal volume, and intact membranes, but
displaying slight matrix rarefaction. In the HP group, mod-
erate damage was observed, characterized by features con-
sistent with ferroptosis, including mitochondrial shrinkage,
reduced volume, increased electron density, elevated mem-
brane density, disrupted and diminished cristae, and the
presence of autolysosomes. The combination treatment
group exhibited more severe damage, with pronounced fer-
roptotic features such as marked mitochondrial shrinkage,
volume reduction, condensation, increased membrane den-
sity, expanded and reduced cristae, and abundant autolyso-
some formation. TEM provided direct morphological ev-
idence that HP induces ferroptosis in drug-resistant cells
(Fig. 4A).

Subsequently, ferroptosis in HP-treated resistant cells
was evaluated using the BODIPY 581/591 Cl11 fluorescent
probe, FerroOrange, a ROS assay kit, and a total GSH assay
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kit. HP increased lipid peroxidation (Fig. 4B), elevated in-
tracellular Fe?" levels (Fig. 4C), increased ROS levels (Fig.
4D), and reduced GSH content (Fig. 4E). Treatment with
Fer-1 partially reversed these effects. Collectively, these
findings demonstrate that HP induces ferroptosis in drug-
resistant colorectal cancer cells.

3.5 HP Enhances the Sensitivity of Colorectal Cancer
Drug-Resistant Cells to OXA by Inducing Ferroptosis

To confirm that HP mediates OXA chemosensitiza-
tion through the regulation of ferroptosis, rescue experi-
ments were performed using Fer-1. Following treatment
with the combination of OXA and HP, cell viability was
compared in the presence or absence of Fer-1. The in-
hibitory effects of OXA and HP on drug-resistant cells were
partially reversed by Fer-1 treatment (Fig. 5A). Similarly,
Western blot analysis demonstrated that the suppression of
p-glycoprotein expression was partially reversed by Fer-1
(Fig. 5B). Consistent results were obtained in the colony
formation assay (Fig. 5C). Collectively, these findings indi-
cate that HP enhances the sensitivity of oxaliplatin-resistant
colorectal cancer cells to OXA by inducing ferroptosis.

3.6 HP Inhibits Nrf2/SLC7A11/GPX4 Signaling Pathway

To  determine  whether HP  affected the
Nrf2/SLC7A11/GPX4 pathway, drug-resistant col-
orectal cancer cells were treated with OXA, HP, or
their combination. Western blot analysis showed that
the protein expression levels of Nrf2, SLC7All, and
GPX4 were downregulated under all treatment conditions,
with the greatest reduction observed in the combination
treatment group (Fig. 6A). To further assess whether
HP influences Nrf2 nuclear and cytoplasmic transloca-
tion, nuclear—cytoplasmic fractionation (Fig. 6B) and
immunofluorescence assays (Fig. 6C) were performed.
HP suppressed Nrf2 expression in the nucleus and cyto-
plasm, whereas the combination treatment exerted stronger
inhibitory effects than either agent alone. Collectively,
these findings indicated that HP effectively inhibited the
Nrf2/SLC7A11/GPX4 pathway.

3.7 HP Enhances OXA Sensitivity by Inducing Ferroptosis
via Inhibiting Nrf2/SLC7411/GPX4 Pathway

To confirm that HP specifically regulates ferropto-
sis and chemosensitivity via the Nrf2/SLC7A11/GPX4 sig-
naling axis, functional validation was performed using the
Nrf2 activator TBHQ. After treating drug-resistant colorec-
tal cancer cells with OXA and HP, pathway-related protein
expression levels were compared in the presence or absence
of TBHQ. Western blot analysis showed that HP-induced
suppression of Nrf2, SLC7A11, and GPX4 protein expres-
sion was partially reversed by TBHQ treatment (Fig. 7A).
Consistent results were observed in nuclear—cytoplasmic
fractionation and immunofluorescence assays, in which
TBHQ restored HP-inhibited Nrf2 protein expression (Fig.
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7B,C). To further determine whether HP modulates ferrop-
tosis via the Nrf2 pathway, lipid peroxidation, intracellular
Fe?" levels, ROS levels, and GSH content—key indicators
of ferroptosis—were evaluated in drug-resistant colorectal
cancer cells using the BODIPY 581/591 C11 probe, Fer-
roOrange, an ROS assay kit, and a total GSH assay Kkit, re-
spectively. HP increased lipid peroxidation (Fig. 7D), and
this effect was attenuated by TBHQ. Similar trends were
observed for Fe?" levels, ROS levels, and total GSH con-
tent (Fig. 7E—G), supporting the role of the Nrf2 pathway
in ferroptosis. Next, we investigated whether HP affected
OXA sensitivity in colorectal cancer drug-resistant cells via
the Nrf2/SLC7A11/GPX4 axis. The CCK-8 assay revealed
that TBHQ partially reversed HP-mediated suppression of
cell viability (Fig. 7H). The colony formation assay yielded
consistent results, and Western blot analysis showed that
the combination of OXA and HP with TBHQ increased P-
gp expression (Fig. 71,J). Collectively, these findings indi-
cate that HP increases OXA sensitivity by suppressing the
Nrf2/SLC7A11/GPX4 signaling pathway and inducing fer-
roptosis.

4. Discussion

CRC is among the most common malignancies world-
wide [22]. Over the past decade, OXA resistance has be-
come a major obstacle in the clinical treatment of CRC,
thereby limiting its therapeutic efficacy [23]. Therefore,
improving the sensitivity of CRC to OXA chemotherapy
is essential for enhancing treatment outcomes.

A growing body of research indicates that modula-
tion of ferroptosis can significantly enhance chemosensi-
tivity in CRC. For example, Li et al. [7] reported that
Fusobacterium nucleatum suppresses ferroptosis via the
E-cadherin/B-catenin/GPX4 axis, thereby promoting OXA
resistance in CRC. Similarly, Yang et al. [24] demon-
strated that the circadian rhythm gene, ARNTL2, upregu-
lates SLC7A11 and inhibits ferroptosis, leading to CRC re-
sistance to 5-fluorouracil in CRC cells. In the present study,
ferroptosis in parental and resistant cell lines was evaluated
using the BODIPY 581/591 C11 fluorescent probe, Fer-
roOrange fluorescent probe, an ROS assay kit, and a to-
tal GSH assay kit. These results are consistent with previ-
ous findings, indicating that the drug-resistant phenotype of
CRC cells is closely associated with ferroptosis, with resis-
tant cells exhibiting lower levels of ferroptotic activity.

In recent years, TCM has attracted increasing atten-
tion because of its multi-target properties, potential to re-
duce adverse effects, and ability to act synergistically with
conventional chemotherapy. For instance, curcumin in-
hibits tumor progression by targeting colorectal adenomas
and cancer stem cells [25], whereas Gegen Qinlian Decoc-
tion improves OXA resistance by suppressing YTHDF1-
mediated m6A modification of GLS1 [26]. Huaier (Tram-
etes robiniophila Murr), a medicinal fungus that grows on
aged Sophora japonica trees, has demonstrated therapeu-
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tic efficacy against various malignancies, including liver, and metastasis through multiple pathways [27]. Recent
lung, breast, and gastric cancers, and inhibits tumor growth  studies have shown that Huaier enhances the sensitivity of
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triple-negative breast cancer to immunotherapy by inhibit-
ing cancer-associated fibroblasts [28], suppresses gastroin-
testinal stromal tumor proliferation and migration by mod-
ulating the JAK2/STAT3 pathway [29], and increases the
chemosensitivity of hepatocellular carcinoma cells to OXA
by downregulating YAP [30]. Despite its recognized anti-
tumor, immunomodulatory, and chemosensitizing proper-
ties, the effects and molecular mechanisms of its key com-
ponent (HP) on OXA chemosensitivity remain poorly un-
derstood. To our knowledge, this study is the first to inves-
tigate the role of HP in regulating the chemosensitivity of
CRC cells to OXA in vitro and to elucidate the underlying
molecular mechanisms. Our findings showed that HP in-
hibited the viability and proliferation of drug-resistant CRC
cells and downregulated P-gp expression. These findings
suggest that Huaier effectively enhances the sensitivity of
drug-resistant CRC cells to OXA in vitro and that the com-
bination of Huaier and OXA exerts a more pronounced syn-
ergistic effect.

Previous studies have reported that Huaier modulates
ferroptosis in Panc-1 and MiaPaCa-2 pancreatic cancer
cells by inducing autophagy-dependent ferroptosis, thereby
inhibiting pancreatic cancer progression [31]. HP has also
been shown to induce ferroptosis in MDA-MB-231 triple-
negative breast cancer cells [32]. Based on these findings,
we hypothesized that HP regulates ferroptosis in HCT116/L
and HCTS8/L cells. To test this hypothesis, ferroptosis in
resistant cells was evaluated using transmission electron
microscopy (TEM), the BODIPY 581/591 C11 fluorescent
probe, the FerroOrange probe, a ROS assay, and a total
GSH assay. HP treatment induced characteristic changes
in ferroptosis, including mitochondrial shrinkage, increased
lipid peroxidation, increased Fe*" accumulation, increased
ROS levels, and decreased total GSH levels, demonstrating
that HP induces ferroptosis in HCT116/L cells.

To further determine whether HP overcomes OXA re-
sistance by inducing ferroptosis, we performed the Fer-1
ferroptosis inhibitor test. Fer-1 significantly attenuated HP-
induced ferroptosis, restored P-gp expression, and partially
reversed cell viability suppression caused by HP. Collec-
tively, these findings indicate that HP enhances OXA sen-
sitivity by regulating ferroptosis.

We further investigated the mechanism by which HP
enhances CRC cell sensitivity to OXA by inducing fer-
roptosis. Previous studies have suggested that the mecha-
nism underlying HP-induced ferroptosis may involve Fe?"
accumulation, lipid peroxidation, and modulation of the
p53/SLC7A11/GPX4 signaling axis [32]. In the present
study, HP downregulated the protein expression of Nrf2,
SLC7AL1l, and GPX4, indicating that HP suppresses the
Nrf2/SLC7A11/GPX4 signaling pathway. Furthermore,
treatment with the specific Nrf2 activator TBHQ com-
bined with HP and OXA, TBHQ significantly reduced HP-
induced ferroptosis, partially reversed P-gp downregula-
tion, and restored cell viability. Collectively, these results
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indicate that HP enhanced the sensitivity of OXA-resistant
CRC cells, primarily by inhibiting the Nrf2 pathway and
activating ferroptosis.

The SLC7A11/GSH/GPX4 axis is a key cellular de-
fense mechanism against ferroptosis and is closely associ-
ated with OXA resistance in CRC [9]. Nrf2, a master tran-
scription factor that regulates redox homeostasis, is also im-
plicated in this resistant phenotype [33]. Previous studies
have shown that OXA promotes ferroptosis and oxidative
stress in CRC cells by suppressing the Nrf2 signaling path-
way [34].

To our knowledge, this study is the first to demon-
strate that HP enhances the sensitivity of drug-resistant
CRC cells to OXA in vitro by targeting and inhibiting the
Nrf2/SLC7A11/GPX4 signaling pathway and inducing fer-
roptosis. This finding provides mechanistic evidence sup-
porting the potential of HP to sensitize CRC cells to OXA
and identifies a candidate target for natural product-based
ferroptosis-inducing strategies. However, this study has
several limitations. First, owing to the complexity of the
multicomponent system in TCM, the synergistic mecha-
nisms of other active components in Huaier warrant fur-
ther investigation. The HP preparation used in this study
contained flavonoids, phenolic acids, trace amounts of pro-
teins/amino acids, and total polysaccharides, as described in
the Materials and Methods section. Because further purifi-
cation was not performed, these components may have in-
fluenced the experimental outcomes. Flavonoids and phe-
nolic acids are known modulators of the Nrf2 signaling
pathway and possess antioxidant activities that can syner-
gize with or interfere with the regulatory effects of HP on
the Nrf2/SLC7A11/GPX4 axis. In addition, amino acids
such as cysteine may influence glutathione synthesis and
consequently alter ferroptosis sensitivity. Therefore, the
observed effects of HP on P-glycoprotein downregulation
and ferroptosis induction cannot be attributed exclusively
to the polysaccharide fraction. Further studies using highly
purified polysaccharide fractions are needed to confirm the
specificity of these findings. Second, the scope of experi-
mental models should be expanded. Although the current
study was performed only in cell-line models, future studies
should include validation in animal models. Moreover, po-
tential off-target effects and long-term safety of HP should
be carefully evaluated. Although the literature suggests that
HP exhibits minimal toxicity as evidenced by in vitro, in
vivo, and clinical studies [20], providing preliminary sup-
port for its relatively safe biological profile, further sys-
tematic toxicological experiments and target screening are
needed for any translational applications.

5. Conclusions

In summary, Huaier enhanced the sensitivity of
chemoresistant CRC cells to OXA in vitro by suppressing
the Nrf2/SLC7A11/GPX4 signaling axis, inducing ferrop-
tosis, and downregulating P-gp expression. These findings
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provide evidence supporting the role of Huaier in potenti-
ating the efficacy of OXA-based chemotherapy.
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