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NRF2-GPX4-related redox imbalance
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ABSTRACT: Colorectal cancer (CRC) is one of the most common malignancies worldwide and remains a major
cause of morbidity and mortality. Polysaccharides from edible boletes (BPs) have been reported to possess antitumor
activity, but their direct effects on CRC remain poorly understood. In this study, polysaccharides derived from Suillus
bovinus (SBP), a Boletus sp. closely related to B. recapitulatus (BP), Lanmaoa asiatica (LMP), and a Boletus sp.
closely related to B. edulis (BEP) were evaluated in an AOM/DSS-induced mouse model and CRC cell lines. All four
polysaccharides exhibited antitumor activity, with LMP showing the strongest effects. In vitro, LMP markedly
inhibited HT-29 cell proliferation by suppressing DNA synthesis and inducing Gl-phase cell cycle arrest.
Mechanistically, LMP treatment was associated with reduced NRF2 and GPX4 expression, accompanied by ROS
accumulation, oxidative stress, and DNA damage, while elevated HO-1 protein levels may reflect a redox-related
adaptive response. Our findings suggest that redox-related mechanisms are involved in the antitumor effects of
Boletus polysaccharides, and that LMP shows potential as a functional food ingredient for colorectal cancer
prevention.

Keywords: Colorectal cancer; Boletus polysaccharides; Lanmaoa asiatica polysaccharides; cell proliferation; cell
cycle arrest; oxidative stress; redox imbalance

1. Introduction

Colorectal cancer (CRC), as the third most commonly diagnosed cancer and the second leading cause of
cancer-related death worldwide, poses a significant global health burden. While traditionally considered a
disease of older adults, the incidence of CRC has been increasing among younger populations in recent
years!!2]. The World Health Organization has emphasized that maintaining a healthy lifestyle is an effective
primary prevention strategy for CRCP. Among lifestyle-related determinants, dietary patterns play a
particularly important role. High consumption of processed meats and low intake of fruits and vegetables
increase CRC risk[*, accumulating evidence indicates that dietary patterns rich in dietary fiber are associated
with a reduced risk of CRC!
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Non-starch polysaccharides (NSPs) are a class of natural active components abundant in the
Mediterranean diet. They are known for their excellent anti-inflammatory and immunomodulatory activities,
and have been shown to improve ulcerative colitis through multiple pathways/®. For example, ginger
polysaccharides can significantly inhibit the proliferation of HCT116 colon cancer cells!’!. Hericium
erinaceus polysaccharides are able to induce apoptosis in HCT116 and DLD1 colon cancer cells by triggering
the caspase-9-dependent intrinsic mitochondrial signaling cascade!®!. Additionally, Ganoderma lucidum
polysaccharides have been shown to alleviate tumor genesis in Azoxymethane/Dextran sulfate
sodium-induced micel®’. A key characteristic of NSPs is that they are generally not digested in the small
intestine but instead serve as an energy source for the gut microbiota in the large intestine. The byproducts of
this fermentation, such as short-chain fatty acids, modulate gut function and regulate systemic health via the
gut-organ axis!!%. Despite accumulating evidence of NSPs’ antitumor potential, most studies focus on their
indirect effects via modulation of the gut microbiota. However, polysaccharides are often not completely
degraded!'!. Direct effects of NSPs on tumor cells in vivo remain relatively unexplored. NSPs have been
shown to interact with macrophage surface receptors in the intestinal, modulating immune responses!'?!. This
suggests that NSPs could also contribute directly to antitumor activity.

Edible boletes are edible fungi primarily distributed in temperate and subtropical regions of the Northern
Hemisphere, including Europe, Asia, and North America. It is rich in various nutrients and bioactive
substances!!*). Boletus-derived polysaccharides (BPs) have been shown to possess antitumor activity. Acidic
polysaccharides from Boletus edulis can inhibit the proliferation of breast cancer cells MDA-MB-231 and
Ca761!'¥, BPs and their glycoproteins are able to modulate the cell cycle and specifically inhibit the growth of
the LS180 colon adenocarcinoma cell line!'>. Due to their potential health-promoting effects, BPs are
considered a promising source for functional foods and pharmaceuticals that warrant further investigation.
However, the antitumor activity and underlying mechanisms can vary among different types of BPs. It is
important to explore and compare them in order to identify BPs with superior antitumor potential. To provide
a more targeted comparison, four edible boletes with different levels of prior evidence were selected.
Lanmaoa asiatica was prioritized because our preliminary work suggested antioxidant activity. Suillus
bovinus was also included because its polysaccharides have been reported to possess antioxidant activity,
suggesting potential relevance to redox regulation''®. An edulis-related Boletus sample was also included
because polysaccharides from Boletus edulis have been reported to exhibit antitumor activity!'”). A Boletus
sample closely related to B. recapitulatus was selected as commonly consumed market mushrooms for which
direct evidence of anti-colorectal cancer activity remains limited.

In this study, we aimed to investigate the preventive potential of polysaccharides from four selected
edible boletes against CRC and to explore the underlying mechanisms. We compared the in vitro and in vivo
direct antitumor activities of different BPs and identified the most potent one, LMP. Our findings suggest that
LMP may help prevent CRC development through redox-related effects, providing a scientific basis for their

potential application as a functional food ingredient for CRC prevention.



Q. Huetal. / Food Science and Human Wellness 17 (2028)

2. Results
2.1 Comparative antitumor activities of different bolete polysaccharides in vitro

The effect of different BPs on the CRC cell lines HT-29 and CT26 viability was evaluated using the
CCK-8 assay (Fig. 1). The results showed that all four types of mushroom polysaccharides could inhibit the
proliferation of HT-29 cells in a concentration-dependent manner. Among them, LMP had the most
significant inhibitory effect, with an inhibition rate of 32.91% at a concentration of 800 pg/mL. BEP was the
second most effective, with an inhibition rate of 28.39% at the same concentration. The inhibition rate for BP
was 10.05%. In contrast, SBP showed the weakest antitumor activity, with a relatively weak inhibitory effect
only at 800 pg/mL and an inhibition rate of approximately 12.52% (Fig. 1A-D).

At the same concentration, SBP and BP had no significant inhibitory effect on the viability of CT26
mouse colon cancer cells. However, LMP and BEP showed some inhibitory effects, with inhibition rates of
18.87% and 24.22% respectively at a concentration of 800 pg/mL (Fig. 1E-H).

Furthermore, a toxicity evaluation on normal colon cells revealed that SBP, BP, and LMP were not toxic
to NCM460 cells within the experimental concentration range. However, BEP showed slight cytotoxicity at a

concentration of 800 ug/mL (Fig. 11I-L).
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Fig. 1 The impact of different bolete polysaccharides on cell viability. (A-D) HT-29 cells viability. (E-H) CT26 cells viability.
(I-L) NCM460 cells viability. Data are expressed as mean + SD (n =3). *P < 0.05, **P < 0.01, ***P < 0.001 by One-way
ANOVA.
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2. 2 The effects of four bolete polysaccharides on colon cancer

The AOM/DSS-induced colorectal cancer model typically involves the induction of DNA mutations in
colon epithelial cells by AOM, followed by DSS-induced chronic colitis to promote tumor formation.
DSS-induced colitis leads to colon fibrosis and tissue shrinkage, which manifests as colon shortening. In this
model, colon length is positively correlated with the severity of inflammation and/or tumor burden.

Representative images showed that the colons in the model group exhibited more obvious macroscopic
lesions than those in the control group, whereas these lesions appeared alleviated to different extents after
treatment with Boletus polysaccharides (Fig. 2A-B). Compared with the control group, the colon length of
mice in the model group was significantly reduced. Treatment with polysaccharides alleviated this
shortening to varying degrees. Among them, LMP showed the most pronounced restorative effect, while
BEP, GLP, and SBP also significantly increased colon length relative to the model group. BP showed only a
modest improvement (Fig. 2F). Analysis of tumor number revealed that polysaccharides significantly
inhibited AOM/DSS-induced colorectal tumor formation. The order of tumor burden was Mod > SBP >
BEP > BP > GLP > LMP, indicating that LMP exerted the strongest inhibitory effect on tumor development
(Fig. 2E).

Histopathological examination showed that the colonic mucosa in the model group exhibited obvious
erosion and ulceration, accompanied by fibrous granulation tissue proliferation, inflammatory necrosis,
glandular hyperplasia, goblet cell reduction, and inflammatory cell infiltration, whereas these pathological
alterations were alleviated to varying degrees in the polysaccharide-treated groups (Fig. 2C). In addition,
Ki67 immunohistochemical staining suggested increased proliferative activity in the model group, which
was attenuated after polysaccharide treatment, particularly in the LMP and GLP groups (Fig. 2D).

Myeloperoxidase (MPO) can generate reactive oxygen species and is commonly elevated in cancer
patients, making it a potential biomarker for colon cancer. The results showed that as colon cancer progressed,
oxidative stress levels increased, and the MPO activity in the blood of the model group was significantly
higher than that of the control group. However, SBP, BP, LMP, BEP, and GLP polysaccharides were all able
to significantly inhibit the increase in MPO activity caused by the colon cancer model (Fig. 2G).

Tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) synergistically facilitate the proliferation of
colon cancer cells, suppress cellular apoptosis, and potentiate their invasive and metastatic capacities, thereby
serving as pivotal drivers in the initiation and progression of colon cancer. The results demonstrated that, with
the exception of the SBP group, all other experimental groups exerted a downregulatory effect on TNF-a
expression in the colonic tissues of mice; notably, the SBP, LMP, and GLP groups were capable of reducing

IL-6 expression in the colonic mucosa (Fig. 2H-I).
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Fig. 2 Effect of BPs on AOM/DSS-induced colorectal cancer. (A) Representative images of colons and colon length in each
group. (B) Representative gross images of colon tissues. (C) Representative H&E staining images of colon tissues (upper, low
magnification; lower, high magnification). (D) Representative Ki67 immunohistochemical staining images of colon tissues
(upper, low magnification; lower, high magnification). (E) Tumor number. (F) Colon length. (G) Serum MPO activity. (H)
Relative mRNA expression of Tnf-a in colon tissues. (I) Relative mRNA expression of I1-6 in colon tissues. Data are
expressed as mean + SD. For qRT-PCR analysis of Tnf-a and 11-6, n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001 by
One-way ANOVA.

2.3 The mechanism of Lanmaoa asiatica polysaccharides in inhibiting colon cancer cells
2.3.1 Lanmaoa asiatica polysaccharides do not promote apoptosis in CRC Cells

Natural products can inhibit tumor cells through various pathways, commonly by inducing apoptosis or
suppressing proliferation to halt tumor development. Annexin V-FITC/PI flow cytometry is frequently used to
assess cellular apoptosis, where quadrant Q2 indicates late-stage apoptosis and quadrant Q4 represents
early-stage apoptosis.

Apoptosis analysis showed that LMP did not induce apoptosis in HT-29 cells. This suggests that LMP

may inhibit HT-29 colon cancer cells through other mechanisms (Fig. 3).
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Fig. 3 Effects of LMP on apoptosis in HT-29 cells. HT-29 cells were treated with different concentrations of LMP (200, 400,
and 800 pug/mL) for 24 h, and apoptosis was evaluated by Annexin V-FITC/PI double staining followed by flow cytometry.
(A) Representative flow cytometry dot plots of different concentrations of LMP (0, 200, 400, and 800 pg/mL) . (B) The
percentage of apoptotic cells (Q2 + Q4 quadrants). Data are expressed as mean £ SD (n =3). *P < 0.05, **P < 0.01, ***P <
0.001 by One-way ANOVA.

2.3.2 Inhibitory effect of Lanmaoa asiatica polysaccharides on CRC cell proliferation

The colony formation assay is commonly used to evaluate the proliferative capacity of cells, as only
viable cells with sustained proliferative ability can form colonies. The results showed that LMP markedly
inhibited colony formation in HT-29 cells, especially at concentrations of 400 and 800 ng/mL (Fig. 4A-B),
suggesting that LMP suppresses the long-term proliferative potential of CRC cells. EAU incorporation assay
further showed that LMP reduced DNA synthesis in HT-29 cells. The proportion of EdU-positive cells
decreased significantly after LMP treatment, particularly at concentrations of 200 pg/mL and above (Fig.
4C-D), indicating that LMP inhibits cell proliferation. In addition, scratch wound-healing assay showed that
LMP reduced the wound-healing rate of HT-29 cells, suggesting a suppressive effect on cell motility (Fig.
4E-F). Transwell assays further showed that LMP treatment decreased the numbers of migrated and invaded
cells, with more obvious inhibition observed at higher concentrations (Fig. 4G—I). These findings indicate
that, in addition to its antiproliferative activity, LMP also suppresses the migration- and invasion-related

properties of HT-29 cells under the present experimental conditions.
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Fig. 4 LMP inhibited the proliferation and motility-related properties of HT-29 cells. (A) Representative images of colony
formation in HT-29 cells treated with LMP (0, 200, 400, and 800 pg/mL). (B) Quantification of colony numbers. (C)
Quantification of EdU-positive cells. (D) Representative fluorescence images of EAU incorporation (green) with
Hoechst3342 nuclear staining (blue) in HT-29 cells treated with LMP (0, 50, 100, 200, 400, and 800 ug/mL) for 24 h. (E)
Representative images of scratch wound-healing assays at 0, 24, and 48 h in HT-29 cells treated with LMP (0, 200, 400, and
800 pg/mL). (F) Quantification of wound-healing rate. (G) Representative images of Transwell migration and invasion assays
in HT-29 cells treated with LMP (0, 200, 400, and 800 pg/mL). (H) Quantification of invaded cells. (I) Quantification of
migrated cells. *P < 0.05, **P < 0.01, ***P < (0.001 by One-way ANOVA.

2.3.3 Effect of LMP on cell cycle progression in HT-29 cells

To investigate the mechanism by which LMP inhibits the proliferation of HT-29 cells, we analyzed the
cell cycle distribution using flow cytometry. The results showed that, compared with the control group, LMP
treatment (200, 400, and 800 pg/mL) led to a marked increase in the proportion of cells in the G1 phase, with
a trend toward dose dependence. Correspondingly, the proportion of cells in the S phase decreased
progressively, whereas the G2 phase proportion remained largely unchanged (Fig. 5). These findings suggest
that LMP causes HT-29 cells to arrest in the G1 phase, thereby reducing their entry into the S phase for DNA

synthesis.
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Fig. 5 Effects of LMP on the cell cycle distribution of HT-29 cells. HT-29 cells were treated with different concentrations of
LMP (0, 200, 400, and 800 pg/mL) for 24 h, and cell cycle distribution was analyzed by flow cytometry with PI staining.
(A-D) Representative histograms of different concentrations of LMP treatment (0, 200, 400, and 800 pg/mL). (E) The
proportion of cells in G1, S, and G2/M phases. Data are expressed as mean + SD (n =3). *P < 0.05, **P < 0.01, ***P < (.001
by Two-way ANOVA.

2.3.4 Effects of LMP on cell cycle-related gene expression

To further investigate the molecular basis of the antiproliferative effect of LMP, we examined the
expression of cell cycle-related genes in vivo and in vitro. In colon tissues, the mRNA expression levels of
Cdk2 and Ccnel, which are involved in the G1/S transition, were significantly increased in the model group
compared with the control group, whereas LMP treatment reduced their expression (Fig. 6A—B).

In HT-29 cells, LMP treatment markedly downregulated the expression of CDK2, CCNE1, SKP2, and
PCNA (Fig. 6C-E, G), while increasing the expression of GADD45A and CDKN1A (Fig. 6F, H). In addition,
the expression levels of H2AX and CHEK1 were also decreased after LMP treatment (Fig. 61-J). These
transcriptional changes were generally consistent with the flow cytometry results and suggest that LMP

suppresses HT-29 cell proliferation at least in part by interfering with G1/S cell cycle progression.
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Fig. 6 Effects of LMP on cell cycle-related gene expression in vivo and in vitro. (A-B) Relative mRNA expression of Cdk2
and Ccnel in colon tissues from control (CON), model (MOD), and LMP-treated (LMP) mice. (C-J) Relative mRNA
expression of CDK2, CCNE1, SKP2, GADD45A, PCNA, CDKN1A, H2AX, and CHEK1 in HT-29 cells treated with LMP (0,

200, 400, and 800 pg/mL) for 24 h, determined by qRT-PCR. Data are expressed as mean = SD (n =3). *P < 0.05, **P < 0.01,
***P < (0.001 by One-way ANOVA.
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Catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) are key antioxidant
enzymes that protect cells from oxidative damage by scavenging reactive oxygen species (ROS) and limiting
lipid peroxidation, whereas malondialdehyde (MDA) is a major end product of lipid peroxidation and reflects
the extent of oxidative stress. After LMP treatment, the activities of CAT, SOD, and GSH-Px in HT-29 cells
were significantly decreased (Fig. 7A—C), while the levels of MDA and ROS were markedly increased (Fig.
7D-E). The mRNA expression of GPX4, a key enzyme involved in detoxifying lipid peroxides, was
significantly downregulated after LMP treatment (Fig. 7F). Western blot analysis further confirmed that
GPX4 protein expression was decreased in HT-29 cells following LMP exposure (Fig. 7G-H). Consistently,
immunofluorescence staining showed that GPX4 fluorescence intensity was markedly reduced in the
LMP-treated group compared with the control group (Fig. 71-J). These results indicate that LMP disrupts the
antioxidant defense system and suppresses GPX4 expression, thereby promoting oxidative stress in HT-29

cells.
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Fig. 7 Effects of LMP on oxidative stress and GPX4 expression in HT-29 cells. (A—C) Activities of CAT, SOD, and GSH-Px,
respectively. (D-E) Levels of MDA and ROS, respectively. (F) Relative mRNA expression of GPX4 determined by
gRT-PCR. (G) Representative western blot images of GPX4 and GAPDH. (H) Quantification of GPX4 protein expression
normalized to GAPDH. (I) Representative immunofluorescence images of GPX4 (green) with DAPI nuclear staining (blue) in
control and LMP-treated HT-29 cells. (J) Quantification of relative fluorescence intensity of GPX4. Data are expressed as
mean + SD (n =3). *P < 0.05, **P < 0.01, ***P < 0.001 by One-way ANOVA.
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We next examined the NRF2 signaling pathway. In colon tissues, Nrf2 expression was markedly elevated
in the model group, whereas LMP treatment reduced its expression in vivo (Fig. 8A). A similar trend was
observed in HT-29 cells, where LMP significantly decreased NRF2 mRNA levels in a dose-dependent manner
(Fig. 8B). Immunofluorescence staining showed lower NRF2 fluorescence intensity after LMP treatment (Fig.
8C-D). Western blot analysis further showed that NRF2 protein expression was reduced in LMP-treated
HT-29 cells (Fig. 8E-F).

As an important downstream target related to antioxidant responses, HO-1 was further examined.
qRT-PCR results showed that HO-1 mRNA expression was significantly decreased after LMP treatment (Fig.

8G). However, western blot analysis showed that HO-1 protein expression was increased (Fig. 8H-I). This
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discordance between HO-1 mRNA and HO-1 protein levels may reflect post-transcriptional or

post-translational regulation under oxidative stress conditions.
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Fig. 8 Effects of LMP on NRF2/HO-1-related antioxidant signaling in vivo and in vitro. (A) Relative mRNA expression of
Nrf2 in colon tissues from control (CON), model (MOD), and LMP-treated (LMP) mice, determined by qRT-PCR. (B)
Relative mRNA expression of NRF2 in HT-29 cells treated with LMP (200, 400, and 800 pg/mL) for 24 h. (C) Representative
immunofluorescence images of NRF2 (green) with DAPI nuclear staining (blue) in control and LMP-treated HT-29 cells. (D)
Quantification of relative fluorescence intensity of NRF2. (E) Representative western blot images of NRF2 and B-actin in
HT-29 cells. (F) Quantification of NRF2 protein expression normalized to f-actin. (G) Relative mRNA expression of HO-1 in
HT-29 cells treated with LMP (200, 400, and 800 pg/mL) for 24 h. (H) Representative western blot images of HO-1 and
B-actin in HT-29 cells. (I) Quantification of HO-1 protein expression normalized to B-actin. Data are expressed as mean + SD
(n=3). *P < 0.05, **P < 0.01, ***P < (0.001 by One-way ANOVA.

3. Discussion

Edible boletes are widely distributed in southwestern China and parts of the Americas, with several
species already used as edible fungi. Polysaccharides are the major bioactive constituents of Boletus, yet
comparative studies on the anti-colorectal cancer (CRC) activities of different Boletus polysaccharides (BPs)
remain limited. In this study, we evaluated and compared the antitumor effects of four bolete polysaccharides
using both in vitro colorectal cancer cell lines and an in vivo AOM/DSS-induced CRC mouse model. All four
polysaccharides exhibited varying degrees of antitumor activity, including suppression of tumor cell
proliferation, reduction of tumor burden and colon length reduction, and alleviation of inflammation. Among
them, Lanmaoa asiatica polysaccharide (LMP) exerted the most pronounced effects both in vitro and in vivo,
and was therefore selected for mechanistic investigation.

Numerous studies have demonstrated that polysaccharides can directly suppress tumor cell growth in
vitro. For example, Ganoderma lucidum polysaccharides inhibit proliferation and induce apoptosis in multiple
cancer cell lines!'®), and Anacardium occidentale polysaccharide suppresses HCT116 cell proliferation!'!.

Consistently, our results showed that all tested BPs significantly inhibited the viability of CRC cell lines
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HT-29 and CT26 without affecting normal colonic epithelial NCM460 cells, with LMP showing the strongest
antiproliferative effect. In vivo, different types of polysaccharide gavage also displayed antitumor activity in

CRC mouse models?%2!]

. However, as most polysaccharides cannot be digested by gastrointestinal
enzymes!??), the antitumor effects may involve gut microbiota—derived metabolites such as short-chain fatty
acids (SCFAs), which are associated with reduced CRC risk®!. To distinguish direct from
microbiota-mediated effects, we established pseudo-germ-free CRC mice by administering antibiotics>*. Our
findings confirmed that BPs reduced tumor numbers even in pseudo-germ-free CRC mouse, suggesting that
BPs may exert antitumor effects even under pseudo-germ-free conditions.

Chronic inflammation is a well-recognized driver of CRC initiation and progression!®*). Specifically,
LMP treatment reduced MPO activity and inflammatory cytokines in AOM/DSS mice, indicating moderate
anti-inflammatory effects. Nevertheless, further analyses suggested that the antiproliferative effect of LMP
was more closely associated with redox imbalance and cell-cycle arrest than with inflammation suppression
alone. Our findings suggest that LMP is associated with disturbed cellular redox homeostasis, accompanied by
ROS accumulation, oxidative damage, and G1-phase arrest.

Consistent with flow cytometry results, LMP primarily suppressed CRC cells proliferation rather than
inducing apoptosis, as confirmed by the reduced colony formation and DNA synthesis observed in EAU
assays. These findings are consistent with previous reports that other polysaccharides, such as hawthorn and
Hericium erinaceus polysaccharides, suppress CRC growth by inducing cell-cycle arrest!?¢?7, LMP
downregulated CCNE1, CDK2, SKP2, H2AX and CHEK1, while upregulating GADD45A, consistent with
reports that Cyclin E1/CDK2 and SKP2 are essential for S-phase entry!?], whereas GADD45A mediates DNA
damage responses and cell cycle arrest®],

NRF?2 is often aberrantly activated in tumors, promoting proliferation, survival, and chemoresistance!*”).
In contrast, LMP treatment markedly downregulated NRF2 expression at the mRNA level, accompanied by
decreased activities of downstream antioxidant enzymes (SOD, CAT, GSH-Px). Reduced NRF2 expression,
together with decreased antioxidant enzyme activities, was associated with impaired antioxidant defense and
ROS accumulation. The elevated ROS can activate ATM/Chk1/Chk?2 signaling and trigger cell cycle arrest,
thereby contributing to the inhibition of tumor cell proliferation!l. Increased oxidative stress may contribute
to DNA damage responses and cell-cycle arrest. GPX4, a key enzyme in lipid peroxide detoxification, was
also decreased. GPX4 depletion has been reported to cause GO/G1 arrest and inhibit tumor proliferation!*?.
GPX4 downregulation may also participate in this process by weakening lipid peroxide detoxification.

Interestingly, HO-1 protein expression was increased despite reduced mRNA levels, suggesting possible
post-transcriptional or post-translational regulation. Previous studies have shown that oxidative stress can
increase HO-1 protein abundance without a corresponding increase in mRNA, partly through
deubiquitination- and stabilization-related mechanisms!®**. Therefore, one possible explanation is that

LMP-induced oxidative stress may promote HO-1 protein stabilization, leading to discordant HO-1 mRNA

and protein expression. Because the present study did not directly investigate the regulatory mechanism or
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functional contribution of HO-1, the precise role of HO-1 in the antiproliferative effect of LMP remains to be
clarified. Nevertheless, previous studies have reported that HO-1 upregulation can be associated with
suppressed proliferation, cell-cycle arrest, and reduced tumor burden in colorectal or breast cancer
models*43],

Collectively, these findings suggest that LMP suppresses colorectal tumor cell growth in association with
NRF2-GPX4-related redox imbalance. These changes are accompanied by DNA damage responses and
G1-phase arrest, while elevated HO-1 levels may further enhance ROS accumulation and impair antioxidant
defenses, reinforcing cell-cycle blockade. These results provide new insight into the redox-related antitumor
mechanisms of bolete polysaccharides and support their potential as functional food ingredients for colorectal

cancer prevention.
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Fig. 9 Proposed redox-related mechanism of LMP in suppressing colorectal cancer cell proliferation. LMP may inhibit CRC
cell growth through redox imbalance associated with reduced NRF2 and GPX4 expression, ROS accumulation, oxidative
damage, and G1-phase cell-cycle arrest. Schematic diagram was created with BioGDP.com!®®,

4. Methods
4.1 Reagents and materials

Suillus bovinus (SBP), Boletus sp. closely related to B. recapitulatus (BP), Lanmaoa asiatica (LMP),
and Boletus sp. closely related to B. edulis (BEP) were purchased from Yunnan, China (Dianfeng Junye Wild
Mushroom). The mushroom materials were assigned based on ITS sequence analysis and comparison with
reference sequences in GenBank. NCM460, CT26, and HT-29 cell lines; McCoy's 5a medium; and fetal
bovine serum (FBS) were obtained from Pricella Biotechnology Co., Ltd. (Wuhan, China).RPMI-1640
medium, high-glucose Dulbecco's Modified Eagle Medium (DMEM), and penicillin-streptomycin were
purchased from Gibco™, Thermo Fisher Scientific, (Waltham, MA, USA).The Cell Counting Kit-8 (CCK-8)
was purchased from GLPBIO Technology Inc. (Montclair, CA, USA). TransZol Up kit was obtained from
TransGen Biotech (Beijing, China). The RNA extraction kit, HiScript IV All-in-one Ultra RT SuperMix, and
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ChamQ Universal SYBR qRT-PCR Master Mix were purchased from Vazyme Biotech Co., Ltd. (Nanjing,
China). Edu assay kit, Modified Giemsa Staining Solution and BCA protein assay kit were purchased from
Beyotime Biotechnology (Shanghai, China). The myeloperoxidase (MPO) assay kits were purchased from
Jiancheng Bioengineering Co., Ltd. (Nanjing, China). Annexin V-FITC/PI Apoptosis Detection Kit (Cat. No.
556547) and PI were purchased from Becton, Dickinson and Company (BD, Franklin Lakes, NJ, USA).
Azoxymethane was purchased from Sigma-Aldrich (Darmstadt, Germany).Dextran sulfate sodium (DSS) was
purchased from MP Biomedicals(Santa Ana, CA, USA). All other chemicals and reagents used in this study

were of analytical grade.
4.2 Preparation of polysaccharides

The dried fruiting bodies of the selected boletes were ground into powder and defatted by soaking in 90%
ethanol overnight. The defatted powder was then subjected to hot water extraction three times at a
solid-to-liquid ratio of 1:30 (w/v), with each extraction lasting 120 min. The combined extracts were treated
with 1% neutral protease (w/v) for 4 hours at 50 °C. Subsequently, proteins were removed from the
polysaccharide solution using the Sevag method. Residual organic solvents were then removed using a rotary
vacuum evaporator. Anhydrous ethanol was added to the solution at a ratio of 4:1 (v/v) to the polysaccharide
solution volume, and the mixture was left overnight at 4 °C to precipitate the crude polysaccharides. The
precipitate was redissolved in distilled water and dialyzed against a 3,500 Da molecular weight cut-off dialysis
bag for 48 hours. Finally, the crude polysaccharide samples from the corresponding bolete materials were

obtained by lyophilization.
4.3 Cell culture and assays
4.3.1 Cell viability assay

Resuscitated NCM460, CT26, and HT-29 cells were cultured in their respective basal media (DMEM
high glucose, RPMI-1640, or McCoy's 5a) supplemented with 10% FBS and 1% penicillin-streptomycin at
37 °C in a 5% CO:z incubator. Different BPs were diluted in culture medium and sterilized by filtration for
subsequent experiments. A cell suspension of 8,000 cells per well was seeded into 96-well plates. After 24 h,
the medium was removed and replaced with 100 uL of fresh medium containing BPs at various concentrations
(0, 25, 50, 100, 200, 400, 800, 1600 pg/mL). The cells were cultured for another 24 h. After the medium was
removed, 10% CCKS reagent was added to each well. The plates were incubated for 2 h, and the absorbance

was measured at 450 nm. Cell viability was calculated relative to the 0 pg/mL concentration group.
4.3.2 Cell colony formation assay

HT-29 cells were seeded into 6-well plates at a density of 1,000 cells per well. After 24 h, the medium
was replaced with fresh medium containing different concentrations of LMP (0, 200, 400, 800 pg/mL). The
cells were cultured for 10—14 days, with the medium being refreshed every 3 days. At the end of the incubation
period, the medium was discarded, and the colonies were gently washed with PBS. The cells were then fixed

with 4% paraformaldehyde, stained with modified Giemsa staining solution, and photographed.



Q. Huetal. / Food Science and Human Wellness 17 (2028)

4.3.3 EdU cell proliferation assay

HT-29 cells were seeded into 12-well plates at a density of 2 x 10" cells per well. After 24 h, the cells
were treated with different concentrations of LMP (0, 200, 400, 800 pg/mL) for 24 h. After treatment, EQU
was added to each well at a final concentration of 10 uM, and the cells were incubated for another 2 h. Cells
were then fixed with 4% paraformaldehyde. After fixation, the cells were washed with a washing buffer (PBS
containing 3% BSA) and permeabilized with 0.3% Triton X-100 in PBS. The Click reaction mixture was
added and incubated for 30 min, followed by three washes. The cell nuclei were stained with 1X Hoechst

33342. Images were captured using a cell imaging system at 488 nm and 495 nm channels.
4.3.4 Wound healing assay

Cells were seeded in 6-well plates at a density of 1.2x10° cells per well. Once the cell confluence reached
approximately 90%, a linear scratch was created using a sterile pipette tip. The cell debris was removed by
washing with PBS. Subsequently, the cells were incubated with serum-free medium containing various
concentrations of LMP (0, 200, 400, and 800 pg/mL). The initial wound areas were photographed
immediately after scratching (0 h). After 24 h and 48 h of incubation, the wound closure was observed and

captured using an inverted microscope.
4.3.5 Cell migration and invasion assays

Cell migration and invasion were evaluated using Transwell chambers. For the invasion assay, the upper
chamber was pre-coated with diluted Matrigel (1:9) and incubated until a gel layer formed. Treated cells
(1.0x10° cells/well) were resuspended in serum-free medium and added to the upper chamber, while medium
containing 20% FBS was added to the lower chamber as a chemoattractant. After an appropriate incubation
period, the cells that had successfully moved to the lower surface of the membrane were fixed with 4%
paraformaldehyde and stained with crystal violet. The migration and invasion capacities were quantified by
counting the stained cells in several randomly selected fields under a microscope. Each experiment was

conducted in triplicate.
4.3.6 Cell apoptosis assay

HT-29 cells were seeded into 6-well plates at a density of 5 x 105 cells per well. After 24 h, the cells
were treated with different concentrations of LMP (0, 200, 400, 800 ug/mL) for 24 h. After treatment, both
adherent and floating cells were collected using a cell scraper (without EDTA) and washed with PBS. After
centrifugation, the supernatant was discarded, and the cell pellet was resuspended in 100 pL of Binding
Buffer. After mixing, 2.5 uL Annexin V-FITC and 2.5 pLL PI were added. The cells were incubated in the dark
for 15 min. After adding 200 pL of Binding Buffer, apoptosis was detected using a flow cytometer. The flow
cytometer used a 488 nm excitation laser for detection. FlowJo software was used to analyze the data and
generate dot plots of FITC-A vs. PI-A, distinguishing between early apoptotic (ANNEXIN V*/PI"), late
apoptotic (ANNEXIN V*/PI*), necrotic (ANNEXIN V/PI*), and live (ANNEXIN V~/PI") cell populations.

4.3.7 Cell cycle assay
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Cell culture and LMP treatment methods were the same as those described in Section 2.3.4. After
collection, the cells were washed with PBS, the supernatant was discarded, and the cells were fixed in 70%
ethanol overnight at 4 °C. After centrifugation to remove the ethanol and a single wash with PBS, the cells
were stained with a PI solution containing RNase for 15 min. Cell cycle distribution was then analyzed using a
flow cytometer. The flow cytometer was set to an excitation wavelength of 488 nm and an emission

fluorescence detection filter range of 510-530 nm.
4.3.8 Determination of antioxidant enzyme activity and MDA levels

Cell culture and drug administration methods were the same as those described in Section 2.3.5. The
protein content of supernatants from each group was determined using a BCA kit, following the
manufacturer’s instructions. The the levels of relevant antioxidant enzymes (SOD, CAT, GSH-PX) and
oxidative stress marker (MDA) were determined using detection kits following the manufacturer’s

instructions. The final results were based on the total amount of protein measured in each group.
4.3.9 Determination of ROS level

Cell culture and drug administration methods were the same as those described in Section 2.3.1. After 24
h treatment, the culture medium was removed, and the cells were washed twice with serum-free medium.
DCFH-DA was added at a final concentration of 10 uM, followed by incubation at 37 °C in the dark for 30
min. After incubation, the DCFH-DA solution was discarded, and the cells were washed twice with PBS. The
fluorescence intensity of each well was immediately measured using a microplate reader at an excitation

wavelength of 488 nm and an emission wavelength of 525 nm.
4.4 Animal experiments
4.4.1 Animal housing

All animal experiments were performed with the approval of the Ethics Committee for Animal
Experimentation of Jinan University (Ethical Approval No.: 20240913-07) and strictly adhered to all
guidelines regarding the care and use of laboratory animals. The experimental design aimed to minimize the
number of animals and their suffering. A total of 84 male SPF-grade BALB/c mice (6-8 weeks old, 20 g) were
purchased from Vital River Laboratory Animal Technology Co., Ltd. The mice were housed at the
Experimental Animal Management Center of Jinan University School of Medicine under controlled
conditions (temperature 23 = 2 °C, humidity 55% = 5%, and a 12 h light/12 h dark cycle). Mice had free access
to food and water throughout the experiment and were fed an AIN-93M standard diet. After a 10-day
acclimation period, subsequent experiments were conducted. The experiment concluded 19 weeks after the
AOM injection, at which point the mice were euthanized with with 400 uL 1.25% 2,2,2-tribromoethanol per
mouse by intraperitoneal injection. The absence of reflexes (such as the pedal and corneal reflexes) confirmed
that the mice were fully anesthetized. Following deep anesthesia, blood was collected from the retro-orbital
plexus, centrifuged at 3000 % g for 10 minutes, and the resulting serum was separated and stored at —80 °C.

Subsequently, the mice were euthanized by cervical dislocation. The entire colon was carefully removed, and
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its length and the number of tumors were recorded. Mouse serum, colon tissue, heart, liver, kidneys, and
spleen were collected and stored at -80 °C for further analysis. All experimental procedures were conducted in
strict accordance with institutional ethical standards and were approved by the Institutional Animal Care and

Use Committee (IACUC).
4.4.2 Establishment of the AOM/DSS-induced CRC and pseudo-germ-free animal models

After the acclimation period, mice were randomly divided into groups of 12: Control (Con), Model
(Mod), Suillus bovinus polysaccharide (SBP), Boletus recapitulatus polysaccharide (B), Lanmaoa asiatica
polysaccharide (LMP), Boletus bainiugan polysaccharide (BEP) and Ganoderma lucidum polysaccharide
(GLP) groups. Except for the Control group, all mice received an intraperitoneal injection of AOM (10 mg/kg)
on Day 0 of the experiment. On Day 8 to Day 12, Day 29 to Day 33, Day 50 to Day 54, Day 70 to Day 74, the
drinking water was replaced with 2.5% DSS to establish the CRC model. On Day 1 to Day 7, Day 14 to Day
21, Day 40 to Day 47, Day 56 to Day 63, Day 76-83, the drinking water was replaced with a mixed antibiotic
solution (vancomycin 0.5 g/L, ampicillin 1 g/L, neomycin 1 g/L, and metronidazole 1 g/L). All groups drank
sterile water on the remaining days. Starting from Day 1, mice in the SBP, B, LMP, BEP, and GLP groups
received daily oral gavage of their respective polysaccharides at 300 mg/kg until the end of the experiment.
The other groups were gavaged with sterile water. The experiment lasted for 90 days. This broad-spectrum
antibiotic combination has been shown in multiple studies to significantly reduce the abundance of intestinal

37,38

flora in mic I This study used the same treatment regimen to minimize the interference of intestinal flora

on the effects of polysaccharides.
4.4.3 H&E staining

The collected colon tissues were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin.
Tissue sections were then stained with hematoxylin-eosin (H&E) to evaluate histological changes. For
immunohistochemistry (IHC), sections were subjected to heat-induced antigen retrieval and incubated with
anti-Ki67 primary antibody (1:1000; Cell Signaling Technology, #12202) overnight at 4°C. The signal was
detected using an HRP-conjugated secondary antibody and visualized with DAB, followed by hematoxylin

counterstaining.
4.4.4 Myeloperoxidase (MPO) activity

Serum MPO levels were measured according to the manufacturer's instructions.
4.5 Real-time Quantitative PCR (RT-gRT-PCR)

In the animal experiments, total RNA was extracted from mouse colon tissues using TRIzol reagent. For
HT-29 cells, total RNA was extracted using a commercial RNA extraction kit after being cultured in the same
manner as described in Section 4.3.3. The RNA concentration was determined using a NanoDrop 2000
spectrophotometer. Following the manufacturer's instructions, RNA was reverse-transcribed into cDNA using
the HiScript IV All-in-one Ultra RT SuperMix kit. RT-qRT-PCR was performed on the cDNA using the
ChamQ Universal SYBR qRT-PCR Master Mix. GAPDH was used as an internal reference gene for
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normalization, and relative gene expression was calculated using the 2" 24¢T method. The primers used in this

study are listed in Table S1-2 and were designed by Sangon Biotech Co., Ltd. (Shanghai, China).
4.6 Western blotting

Western blotting was performed to assess protein expression levels. Colon tissue and cell samples were
lysed in RIPA buffer and centrifuged at 15,000 % g for 15 min at 4 °C. The resulting supernatant was collected,
and protein concentrations were determined using a BCA assay. Equal amounts of protein were separated by
SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked with 5% skim milk in
TBST for 2h at room temperature and then incubated with primary antibodies overnight at 4 °C. The
following primary antibodies were used: anti-GPX4 (1:1,000; Abcam, Cambridge, UK, ab1250660),
anti-NRF2 (1:1000;Cell Signaling Technology, Danvers, MA, USA;,12721), anti-HO-1 (1:5000; Proteintech,
Wuhan, Hubei, China, 10701-1-AP), anti-B-actin (1:5000; Proteintech, Wuhan, Hubei, China, 81115-1-RR)
and anti-GAPDH (1:10,000; Proteintech, Wuhan, Hubei, China, 60004-1-Ig). After three washes with TBST
(10 min each), membranes were incubated with HRP-conjugated secondary antibody (1:10,000; APExBIO,
Houston, USA, K1223) for 2 h at room temperature. Protein signals were detected using ECL luminescent
reagent (3—5 min; P10100, NCM Biotech Co., Ltd., Suzhou, China), and band intensities were quantified

using grayscale analysis. Original blots is shown in Fig. S1.
4.7 Immunofluorescence Staining

The expression and subcellular localization of NRF2 and GPX4 were detected by immunofluorescence.
Briefly, HT-29 cells in the control and 800 pg/mL LMP-treated groups were fixed with 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100, followed by blocking with 5% BSA for 1 h. The cells were then
incubated with primary antibodies against NRF2 or GPX4 at 4°C overnight. After washing, the cells were
incubated with Alexa Fluor 488-conjugated secondary antibodies for 1 h in the dark. Nuclei were
counterstained with DAPI, and the fluorescent signals were observed and captured using a fluorescence

microscope.
4.8 Statistical analysis

All data are expressed as the mean + standard deviation (SD). Statistical analysis and graphing were
performed using GraphPad Prism 9.5 software. Differences between groups were analyzed using a one-way
analysis of variance (ANOVA) or an unpaired t-test. A p-value less than 0.05 was considered to be statistically

significant.

Conclusion

Against this background, Lanmaoa asiatica polysaccharide (LMP) exerts dual effects: alleviating
inflammation and downregulating antioxidant factors NRF2 and GPX4 in tumor cells, which may contribute
to cell cycle arrest and the subsequent suppression of CRC cell proliferation (Fig. 9). Compared with healthy

individuals, CRC patients typically present with dysbiosis, characterized by reduced probiotics and increased
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pathogenic bacteria®®!. These findings suggest that LMP may have potential clinical significance in CRC

patients during gut microbiota restoration.
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