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Edible mushroom polysaccharides demonstrate a range of bioactivities and have been investigated as potential
adjuvant therapies for cancer treatment. Our prior research found Lactariks hatsudake Tanaka polysaccharide
(LHP) effective against hepatocellular carcinoma, but the mechanisms remain unclear. This study aims to clarify
the anti-cancer molecular mechanisms by examining the effects on specific signaling pathways through in vivo
and in vitro analyses. Animal studies showed that LHP significantly inhibited the growth of transplanted liver
cancer without toxicity. Histological and immunohistochemical analyses revealed that LHP increased nuclear
cohesion in tumor cells and altered the expression of key regulatory proteins such as protein kinase B (Akt),
nuclear factor kB (NF-«B), caspase-3, p21, and p53. These findings suggest that LHP’s anticancer effects
involve promoting apoptosis and disrupting the cell cycle. At the cellular level, assays such as 3-(4,5-
dimethylthiazol-2-yl) -5- (3-carboxymethoxyphenyl) -2- (4-sulfophenyl) -2 H-tetrazolium (MTS), flow cytometry,
and transwell invasion confirmed that LHP inhibited cancer cell proliferation and induced apoptosis. Polymerase
chain reaction and Western blot assays revealed that LHP intervention reduced cyclin-dependent kinase
4 activity by upregulating p53 and p21, leading to cell cycle arrest and inhibited cell proliferation. LHP also
promoted apoptosis by altering Bcl-2-associated X protein, B-cell lymphoma 2, and cleaved caspase-3 levels.
Moreover, LHP could affect the Akt, NF-kB, and mitogen-activated protein kinase signaling pathways to exert
anticancer effects. These findings underscore the potential of LHP as a novel and multifaceted therapeutic agent.
Furthermore, the elucidation of LHP-related mechanisms offers a crucial theoretical foundation for developing
innovative and effective treatments for hepatocellular carcinoma. Additionally, this supports its potential
development as a functional food or adjuvant therapy for cancer, which holds significant implications and
application prospects in both the food and medical fields.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1 Introduction

cancer cases were diagnosed, resulting in nearly 10 million deaths
worldwide. Projections indicated that this figure will soar to

Cancer incidence and mortality are escalating alarmingly on a
global scale, ranking as the leading cause of death across all nations.
Statistics revealed that in 2020, approximately 19.3 million new
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28.4 million by 2040, marking a startling 47% increase from the 2020
tally!l. Given this dire situation, there is an urgent necessity for
research aimed at identifying more efficacious cancer treatments with
reduced adverse effects.

Presently, the primary treatment for cancer methods includes
surgery and chemotherapy. However, one significant shortcoming is
the recurrence of cancer in some patients, often attributed to drug

resistance, tumor cell metastasis, and incomplete surgery®.
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Additionally, the toxicity of chemotherapeutic drugs poses another
significant challenge. These drugs lack specificity and can be highly
toxic, resulting in varying degrees of harm to both tumor cells and
healthy cells concurrently®. These results in patients experiencing
adverse reactions such as allergies, nausea, vomiting, and other side
effects. These side effects would severely compromise a patient’s
overall health. Consequently, this study is devoted to discovering an
effective and non-toxic agent for cancer therapy to alleviate patient
suffering and enhance therapeutic outcomes.

In recent years, naturally active polysaccharides have attracted
considerable attention within the biomedical field due to their diverse
biological activities™. Particularly as adjuvant therapeutic agents in
cancer treatment, these polysaccharides demonstrated reduced toxicity
and fewer adverse effects compared to synthetic chemotherapeutics'®”.
These characteristics improved the safety profile in treatment
protocols. Notably, polysaccharides derived from edible mushrooms,
recognized for unique biological functions and health-promoting
properties and have been extensively utilized in anticancer therapy'™.
Notable examples encompass polysaccharides derived from Lentinus
edodes”. These mushroom polysaccharides have demonstrated
efficacy as clinical adjuvants in anticancer drug regimens, thereby
offering a promising new avenue for research.

Lactarius hatsudake Tanaka, commonly known as the red milk
mushroom, possesses both culinary and medicinal properties. Previous
research has highlighted the remarkable ability of L. hatsudake Tanaka
to effectively inhibit the growth of sarcoma 180 and Ehrlich ascites
tumors by more than 90%. Laboratory studies have further
demonstrated that L. hatsudake Tanaka polysaccharide (LHP) exhibited
cytotoxicity against tumor cells in vitro. This is possibly due to the
presence of f-1,3-glucan and galactan structures''”. These findings
provided the potential of LHP as a natural anticancer compound.
However, the molecular mechanisms underlying its anticancer effects in
vivo remain elusive and require further investigation. Previous research
has established that polysaccharides possess anticancer properties by
specifically targeting critical signaling pathways, particularly the
nuclear factor kB (NF-kB) and p53 pathways!"". The NF-kB pathway is
intricately associated with tumor apoptosis, metastasis, and invasion!'”,
The p53 pathway is crucial for regulating cell proliferation and
apoptosis'. These pathways collectively influence the development
and progression of cancer cells. Consequently, this study investigated
the ability of LHP to exert its anti-hepatocellular carcinoma (HCC)
effects through NF-«B and p53 pathways.

Previous studies have demonstrated that LHP exhibits significant
cytotoxic effects on HepG2 cells"”. However, its in vivo anticancer
activity and wunderlying mechanisms remain poorly understood.
Consequently, the anticancer activity of LHP in vivo was evaluated using
the HepG2 xenograft model. The mechanisms associated with LHP
anticancer by NF-«B and p53 signaling pathways were evaluated through
in vitro cell experiments. This research laid the precise theoretical
foundation for the future application of LHP in anticancer strategies. This
study also revealed that LHP is promising for the treatment of HCC.

2 Materials and methods
2.1 Materials

The LHP was isolated from L. hatsudake Tanaka fruit bodies
referring to the previous method"'”. Briefly, the L. hatsudake powder

was pretreated with anhydrous ethanol, followed by hot water
extraction two times, and obtained the supernatant. The supernatant
was then purified by papain, savage method (chloroform: n-butanol
ratio of 4:1), dialysis, ethanol alcohol precipitation, and resin
adsorption, and finally lyophilized to obtain the LHP solution.

Previous research has purified and yielded LHP with an average
molecular weight of 573 kDa. The monosaccharide compositions of
LHP were 4.31% mannose, 55.27% glucose, 19.19% galactose, and
7.90% fucose. The chemical compositions of LHP were 79.72%
neutral sugar, 3.91% acidic sugar, 5.33% protein, 0.71% phenols, and
7.93% moisture. The LHP was mainly composed of two a-1,4-Glcp-
dominant glucans (LHP-1 and LHP-2), two a-1,6-Galp-dominant
galactans (LHP-3 and LHP-4) and one $-1,3-Glcp main chain glucan
(LHP-5) composition. The conformation was dominated by spherical
aggregates of amorphous flexible fiber chains'".

The HepG2 cell was obtained from the Cell Culture Center of the
Shanghai Institute for Biological Sciences (Shanghai, China). The
cultured condition was Dulbecco’s modified Eagle’s medium
(Gibco; NY, USA) with 10% (V/V) fetal bovine serum (FBS; NY,
USA), 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Gibco;
NY, USA) in an incubator (37 °C, 5% CO,). 3-(4,5-Dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium
(MTS) was purchased from Millipore (Shanghai, China). Annexin V
and propidium iodide (PI) kits were obtained from BD Pharmaingen
(CA, USA). Primary and secondary antibody sources are shown
in Table S1. All other chemicals used in this study were of
analytical grade.

2.2 Animal model
2.2.1 Design of animal experiment

BALB/c nude specific pathogen-free male mice (4 weeks old,
SCXK (Xiang) 2019-0004) were purchased from Hunan Silaikejingda
Experimental Animal Co., Ltd. (Changsha, China). All animal
procedures were approved by the Laboratory Animal Ethics
Committee of Hunan Drug Safety Evaluation and Research Center
(HNSE2023(5)031).

To detect the in vivo anticancer effects of LHP, the mice
were housed under specific pathogen-free conditions (25 °C, 60%
relative humidity, 12 h light/dark cycle), fed, and watered randomly.
After acclimatization for 1 week, 0.2 mL HepG2 cells (5 x 10° cells)
suspension was inoculated into the axillary subcutis of the right
forelimb of all mice!*. When the average value of the tumors reached
180 mm’, the mice were divided into 5 groups (n = 7). The following
treatments were performed: 1) negative control group: 0 mg/kg LHP
by gavage daily; 2) low-dose (LHP-L) group: 125 mg/kg LHP by
gavage daily; 3) medium-dose (LHP-M) group: 250 mg/kg LHP by
gavage daily; 4) high-dose (LHP-H) group: 500 mg/kg LHP by
gavage daily; 5) positive control group (cisplatin): 4 mg/kg cisplatin
by injection daily (Fig. 1A). The concentration and dosage of LHP
based on reference with minor modifications"*. During the process,
body weight and tumor volume (calculated as V' = (a x b*)/2, where a
and b are the long and short dimensions (mm?®), respectively) were
monitored every 3 days. After 9 days, all mice were sacrificed by
cervical dislocation, and samples were photographed and collected
for subsequent assays.
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Fig. 1

Inhibitory effects of LHP on tumors in vivo. (A) Schematic diagram of animal experiment process; (B) tumor volume, (C) body weight, (D) tumor weight,

and (E) tumor images of the mice. The tumor images of mice in each group (n = 7) are arranged in descending order of tumor volume (from left to right). Data are
presented as mean =+ standard error of mean (SEM) of three independent experiments. *** P <0.001, ** P <0.01,
* P <0.05, and ns was considered not significant (P > 0.05).

2.2.2  Hematoxylin and eosin (H&E) staining

The method of H&E staining was referred to in reference!”. The
tumor and liver tissues were fixed in 4% paraformaldehyde, and
treated with gradient ethanol and xylene, respectively, to keep the
samples dry and transparent. Then, the ultrathin slice (5 pm) obtained
with a slicer was stained with H&E reagent after dewaxed in xylene.
The stained samples were completed photographed by light
microscopy and displayed as color images.

2.2.3  Histological analysis

The immunohistochemical
references!"®.

assay referred to reported
Already prepared mouse wax block sections were
incubated with the corresponding primary antibody and secondary
antibody in sequence. Followed by sequentially staining with a
substrate-chromogen solution and hematoxylin. After washing away
the unconjugated antibody and with phosphate-buffered saline, the
amount of conjugated antibody conjugation was quantified by
fluorescence microscopy photographs.

2.3 Cell model
2.3.1 Cell viability and colony formation assay

MTS was used to detect the survival rates of HepG2 cells after
LHP treatment. HepG2 cells were inoculated in 96-well plates and
cultured with different concentrations (0, 0.1, 0.2, 0.4, 0.8, 1.6 mg/mL)
of LHP solution for 24 h. Subsequently, MTS solution (20 pL) was
added to each well at 37 °C for 1 h, followed by detecting the
absorbance at 490 nm using a microplate reader. All experiments
were carried out in triplicate.

To determine the formation of cell colonies, HepG2 cells were
incubated with LHP in 6-well plates for 10 days until visible cell
colonies appeared. Afterward, the colonies were fixed with 70% (V/V)

ethanol, stained with 0.1% crystal violet, and counted the colonies.

2.3.2 Cell cycle assay

The cell cycle was detected using PI staining. Briefly, HepG2
cells were even incubated in 6-well plates until the cell densities were
up to 70%. Then the medium was changed to one containing LHP
with various concentrations for 24 h. The treated cells were fixed in
refrigerated 70% ethanol overnight. Eventually, prepared cells were
reacted with PI in the dark for 10—15 min and then detected by flow
cytometry (FACSCanto II; BD, USA).

2.3.3  Cell apoptosis assay

PI-Annexin V-fluorescein isothiocyanate double staining assay was
used to detect apoptosis. The cells with a density of 70% were cultured
with different concentrations of LHP for 24 h. Then reacted with
annexin V-fluorescein isothiocyanate (5 pL) and PI (5 pL) for 15 min,
followed by detecting the degree of cellular regression using flow
cytometry (FACSCanto II; BD, Franklin Lakes, New Jersey, USA).

The apoptotic morphology of HepG2 cells was determined by
reference!'”. HepG2 cells were inoculated in 24-well plates and
co-cultured with a medium containing LHP for 24 h. Subsequently,
the cells were fixed with 70% (V/V) ethanol for 5 min at 4 °C, and
quickly stained using Hoechst 33342 or acridine orange/ethidium
bromide staining kit (Sangon Biotech (Shanghai) Co., Ltd., Shanghai,
China). After washing away the excess dye with phosphate-buffered
saline, the cell morphology was observed under a fluorescent inverted
microscope (Ti2-E; Nikon, Japan).

2.3.4 Cell migration assay

To detect the migratory capacity, HepG2 cells were inoculated
in 6-well plates and a line in the middle of each well when
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the density reached 90%. Then the HepG2 cells were cultured in an
LHP medium for 24 h, and washed with phosphate-buffered
saline. The cell density and gap distance were observed under
the microscope.

To detect the cell invasive capacity, the serum-starved HepG2
cells were seeded on 24-Transwell culture plates (pore size, 8§ um;
Corning Life Sciences, Acton, MA, USA). Further, the medium
containing LHP and not was added in the upper chamber and the
lower chamber, respectively. After cultured for 24 h, the migrating
cells were fixed in formaldehyde, stained with 0.1% crystal violet,
and photographed under a microscope to count the number of cells
passing through the filters.

2.3.5 Western blot (WB) assay

WB assays were based on previous laboratory procedures!®.

Total proteins were extracted from HepG2 cells treated with LHP (0,
0.1, 0.2, 0.4, 0.8, 1.6 mg/mL). The protein concentration was
determined by the BCA protein assay kit (Sangon Biotech, Shanghai,
China). The cellular proteins were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (120 V, 30—90 min) in equal
amounts, and transferred to polyvinylidene difluoride membranes
(60 V, 120 min). The membrane was closed with skimmed milk (5%),
incubated with primary antibody at 4 °C for 12 h, and incubated with
anti-rabbit secondary antibody for 1 h at 25 °C. After immersing in an
electrochemiluminescence luminescent solution, the corresponding
protein content was detected by the Bio-Rad imaging system
(Bio-Rad, Hercules, CA, USA). The raw data of 3 repetitions of WB
are shown in Fig. S1.

2.3.6  Reverse transcription-quantitative polymerase chain
reaction (PCR) analysis

The RNA extraction of HepG2 cells was according to the
instructions of the Transzol-Up kit (TransGen Biotech, Beijing,
China). The quality, purity, and concentration of RNA samples were
analyzed by nanodrop ultra microspectrophotometer. The cDNA was
synthesized by using a high-performance cDNA reverse transcription
kit (TransGen Biotech, Beijing, China) after reaching the standard.
The cycling conditions were the following: 94 °C, initial denaturation
for 3 min; 94 °C, denaturation for 30 s; 60 °C, annealing for 40 s;
72 °C, extension for 1 min, and 40 cycles. The relative expression
levels of the target genes were calculated by the 27" method, and
the PCR primers are shown in Table S2. The amplification and melt
curves are shown in Fig. S2.

2.3.7 Luciferase reporter activity assay

For luciferase reporter activity assay, the HepG2 cells presented
in 24-well plates grown by approximately 70%—80% were added to
serum-free medium, followed by 1.5 pL Lipo2000 and 1.0 pg
activator protein-1 (AP-1) or NF-kB plasmid. After being absorbed
for 3 h, the normal medium was replaced with LHP medium and
followed by culturing for 12 h, discarding the culture medium, adding
cell lysates for 5 min, and collecting the supernatants mixed with
luciferase for assay.

2.4 Statistical analyses

The data were from three independent experiments and expressed
as mean * standard deviation (unless otherwise stated). GraphPad
Prism 9.0 software was used to analyze the results and significance
was calculated by ordinary one-way ANOVA test, followed by
Duncan’s multiple tests, with P < 0.05 indicating a significant
difference.

3 Results and discussions

3.1  The inhibitory effect of LHP on the growth of
hepatocellular carcinoma in vivo

The anticancer effect of LHP was assayed in vivo using a
xenograft tumor nude mice mode. The tomor mice mode was
established with HepG2 cells. After gavaged of LHP or injection of
cisplatin, the tumor growth was inhibited by LHP in a dose-dependent
manner. As shown in Figs. 1B, D and E, there was a clear decrease in
tumor volume and weight with increasing concentrations of LHP.
Specifically, the inhibition rates of low-dose group (125 mg/kg),
medium-dose group (250 mg/kg), high-dose group (500 mg/kg), and
positive control group (cisplatin of 4 mg/kg) groups were 41.45%,
53.00%, 73.07%, and 74.69%, respectively, after treated for 9 days.
These results highlighted the superior anti-tumor effects of the
LHP-H group compared to the cisplatin group and glycyrrhiza
polysaccharide (56% inhibition at a dose of 500 mg/kg)"”. The level of
toxicity assessment for anticancer drugs is critical®. The body weight
growth curve, serving as a body health indicator, showed a significant
decrease only in the cisplatin group (Fig. 1C). These results indicated
that LHP exhibited minimal toxicity compared to the cisplatin group.
LHP was evidenced to a category of safe and non-toxic natural
products with anticancer activity. The tumor and liver tissue were
observed by H&E staining to gain insights into the structural and
morphological changes. Following LHP and cisplatin treatment,
apoptosis tumor cells presented shrinkage of nuclei. In contrast, the
negative control group revealed that the structures of tumor cells were
intact and orderly arranged. These results showed that LHP might
promote the apoptosis of tumor cells as well as cisplatin (Fig. 2A).
Notably, there were no significant morphological or structural changes
in the liver tissues across all groups (Fig. 2B), indicating that LHP
treatment did not cause systemic damage to liver tissues in mice.

To initially explore the potential molecular mechanisms of LHP
anticancer, an immunohistochemical analysis was conducted to assess
the expression of p53 and NF-kB pathway-related proteins. The results
showed that LHP and cisplatin upregulated the expression levels
(brown particles represent positive cells with corresponding
antibodies) of p53, p21, and cleaved caspase-3 while downregulated
the expression of phospho-protein kinase B (Akt) and phospho-NF-
kB compared to the control group (Fig. 2C). These results indicated
that LHP had the potential to modulate the p53 and NF-«B signaling
pathways, thereby inhibiting tumor growth in vivo. The p53 and
NF-kB pathways collectively regulate the proliferation, apoptosis, and
metastasis of cancer cells. For instance, previous reports indicated that
curcumin and hydrazinocurcumin could inhibit HCC growth by
phosphatidylinositol-3-kinase (PI3K)/Akt pathway!"**'. Lachnum sp.
polysaccharide also could exert anticancer efficiency resulting in p53
activation and NF-«B inhibition™. Based on these findings, further
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Fig.2 H&E staining images of (A) tumor and (B) liver tissues. (C) Immunohistochemistry experiment results of p53 and NF-xB pathway-related protein
expression. p-NF-«B, phospho-NF-kB; p-Akt, phospho-Akt.

investigation was warranted to determine the anticancer mechanism.
Specifically, whether LHP specifically targeted and interfered with
p53 and NF-kB pathways to exert its anti-HCC effects.

3.2 The inhibitory effect of LHP on the proliferation of
HepG?2 cell

Given the high complexities and limited controllability associated
with animal models, further and deeper investigation of the LHP
anticancer delved™>",
proliferation is one of the important developmental features of tumor
cells™?%. Therefore, the inhibitory effect of LHP on HepG2 cell
proliferation in vitro was examined using MTS. Our findings revealed
a dose-dependent suppressive effect of LHP on HepG2 proliferation,
with a cell survival rate was 61.94% at a concentration of 1.6 mg/mL,
as shown in Figs. 3A and B. The antiproliferative ability of LHP was
further explored by a colony assay. The results determined a reduction
in the number of colonies, with a relative colony formation rate of
53.77% at 1.6 mg/mL LHP (Figs. 3C and D). These findings suggested
that LHP could inhibit the proliferation of HepG2 cells.

The cancer cells with dysregulated proliferative states are closely
associated with the disruption of the cell cycle regulatory
network” . To gain a deeper understanding of the LHP inhibiting
cell proliferation mechanism, flow cytometry was used to analyze the
cycle of HepG2 cells after LHP treatment. As the concentration of

molecular mechanisms was Infinite

LHP increased, the number of cells in the G2 phase rose, while those
in the S-phase decreased (Figs. 3E and F). Cancer cells in the G2
phase are mainly preparing for the division phase. These results
suggested that the inhibitory effect of LHP on HepG2 cells is mainly
to prevent the division of cancer cells through the blockage of the G2
phase. The regulation of the cell cycle is mediated by the cyclin-
dependent kinases (CDK)/cyclin-dependent kinase inhibitors (CDKI)
complex system. In cancer cells, the inactivation or deletion of CDKI
factors (e.g., pl6, p21, etc.) fails to inhibit CDK activity, resulting in
the continuous activation of CDK and subsequent uncontrolled

proliferation of cancer cells™.

The genes of CDKI factors were
tested by reverse transcription-quantitative PCR. The results
demonstrated the expression of pl5, pl6, p2l, and p27 were
upregulated, and the expression of p/8 was downregulated (Fig. 3G).
Among all CDKIs, p2/ exhibited the most significant increase in
expression. Elevated levels of p21 can inhibit the activity of CDK4
complexes, thereby preventing cells from entering the S-phase and

inhibiting cancer cell proliferation®"3".

WB assay confirmed an
elevation in p21 expression and a decrease in the downstream gene
CDK4 expression at the protein level after LHP intervention (Figs. 3H
and I). Thus, these results indicated that LHP intervention modulated
the cell cycle by regulating the expression of CDKIs (p21 and
CDK4), inhibition of HepG2

cell proliferation.

ultimately leading to the
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3.3 The effect of LHP on HepG?2 cell apoptosis

In vivo animal models have demonstrated that LHP intervention
effectively induced the apoptosis of tumor cells. The quantitative
evaluation of apoptosis extent after LHP treatment was assayed using
membrane-associated protein V-fluorescein isothiocyanate/PI double
staining. The results revealed that the apoptosis rates of HepG2 cells
treated with increasing concentrations of LHP (0, 0.1, 0.2, 0.4, 0.8,
1.6 mg/mL) were 0.12%, 0.14%, 2.00%, and 3.40%, respectively
(Figs. 4A and B). As the concentration increased, there was a
concomitant decrease in the number of normal cells (lower left
quadrant), while the number of early apoptotic cells (lower right
quadrant), late apoptotic cells (upper right quadrant), and dead cells
(upper left quadrant) increased. LHP had the potential to promote
HepG?2 apoptosis although the initial increase in apoptosis rates may

not seem significant (P > 0.05). To gain a more visual understanding
of apoptosis, the morphology of LHP-treated HepG2 cells was
observed by fluorescence microscopy. These analyses revealed the
emergence of apoptotic vesicles (Fig. 4C), cytoplasmic swelling, and
chromatin condensation, all hallmarks of apoptosis after LHP
intervention (Fig. 4D).

The apoptosis in cancer cells primarily occurs through the
activation of intrinsic mitochondrial apoptotic pathways mediated by
exogenous caspase-8 and death receptors” . The regulation of
intracellular apoptosis is contingent upon the relative levels of anti-
apoptotic B-cell leukemia 2 (Bcl-2) and pro-apoptotic Bcl-2-
associated X protein (Bax)™*. Upon receiving apoptotic signals, Bax
proteins dimerize, compromising mitochondrial membrane integrity
and facilitating the release of pro-apoptotic factors such as
cytochrome ¢, Once in the cytoplasm, cytochrome ¢ binds to
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Fig. 4 Promotion of apoptosis in HepG2 cells by LHP in vitro. (A) Flow cytometry analysis and (B) the number of cells with different states. (C) Hoechst 33342
staining and (D) acridine orange/ethidium bromide staining were used to observe morphology under a fluorescent microscope. The arrows marked the obvious
nuclear shrinkage and the appearance of apoptotic vesicles. (E) The relative mRNA expression levels of Bax, Bcl-2, caspase-3, caspase-8, caspase-9, and p53
were determined by PCR. (F) Bax, Bcl-2, and cleaved caspase-3 proteins were measured by WB, and (G) the relative expression content normalized to f-actin
was counted. Data are presented as mean =+ standard error of mean (SEM) of three independent experiments. *** P < 0.001, ** P<0.01.

apoptotic protease activating factor-1 to form the apoptosome. The
apoptosome subsequently activates caspase-9. This activation leads to
the downstream activation of executor caspases-3, culminating in cell

apoptosis”*?’

1. The expression of key apoptosis-related genes was
detected using both PCR and WB techniques. The results shown in
Fig. 4E revealed a significant increase in the Bax/Bcl-2 ratio and
cleaved caspase-3, caspase-8, and caspase-9 at the gene level. These
findings suggested that LHP promoted the extrinsic apoptosis
pathway via caspase-8 and activated the intrinsic apoptosis pathway
in mitochondria through the Bcl-2 family, caspase-9, and caspase-3.
Consistent with these findings, at the protein level, elevations of the
Bax/Bcl-2 ratio and cleaved caspase-3 were also observed with
increasing LHP dosages (Figs. 4F and G). This result further
demonstrated that LHP can promote apoptosis in HepG2 cells by
activating the intracellular mitochondrial apoptotic pathway including
Bax and caspase family.

3.4 The effect of LHP on the invasion ability of HepG2 cell

Tumor metastasis leading to multiple organ failure is the primary

reason for death in cancer patients**"

. The metastatic ability of
tumor cells is closely related to the ability of tumors to invade
surrounding tissues**!. Transwell™ invasion assay was employed to
evaluate the invasion ability of cancer cells. A reduction in the
invasion rates of cancer cells was observed as the concentration of
LHP increased. Specifically, after treating the cancer cells with
1.6 mg/mL of LHP, the invasion rate was significantly reduced to
only 45.22% (Figs. 5A and B). These findings suggested that LHP
effectively suppresses the invasive capacity of HepG2 cells.
Complementing these findings, the scratching experiment further
demonstrated that LHP treatment increased the gaps between cell
populations in a dosage-dependent manner. Notably, treatment with
1.6 mg/mL of LHP resulted in a 68.02% increase in the gap compared
to the control group (Figs. SC and D). This increase in cell-to-cell spacing
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indicated that LHP also impairs the invasion ability of HepG2 cells.
NF-«B, AP-1, and matrix metalloproteinase-9 (MMP9) exhibit a
synergistic interaction in the regulation of cancer cell metastasis*?.
The activation of NF-«B is regulated by the phosphorylation process,
which is induced by the NF-«B inhibitor through the action of
inhibitory kB kinase. The key component of AP-1 activation is Fos.
AP-1 is mainly transcriptionally regulated by serum response factors
and ternary complex factors. Despite these different regulatory
mechanisms, NF-kB and AP-1 may regulate each other and act
synergistically. Specifically, NF-«B and AP-1 function as
transcription factors that can enhance the expression of the target
gene MMP9. Consequently, MMP9 facilitates the degradation of
the extracellular matrix, thereby creating a conducive environment
for cancer cell invasion and tumor angiogenesis'™!. The 4P-1 and
phospho-NF-kB gene expression after LHP intervention was
significantly reduced, as shown in Figs. 5E and F. Consistent with
this, LHP treatment could effectively suppress the migratory and
invasive abilities of HepG2 cells by inhibiting the transcriptional
activities of NF-«xB and AP-1. The inhibition of NF-kB and AP-1 in
turn downregulated the expression of MMP9 (Figs. 5G, H, and I).

This mechanism offered a promising approach for targeting
tumor metastasis and might hold significant therapeutic potential in
cancer treatment.

3.5 Anticancer function of LHP mediated by p53 and NF-«kB
pathway

p53, as a key tumor suppressor, is precisely activated in response
to a variety of stress signals including dysregulated expression of
oncogenes™™*. For instance, during tumor progression, tissue
hypoxia resulting from restricted blood supply could trigger the
activation of the p353 gene™. p53 orchestrates various biological
responses, such as regulating cell cycle progression, inducing
apoptosis, and inhibiting abnormal angiogenesis. Specifically, p53
induces apoptosis in cancer cells by upregulating the expression of
the Bax protein. The promotion of Bax subsequently enhances the
cleavage activity of caspase-3'"". Additionally, p53 promotes the
expression of the p21 protein. p21 is a crucial negative regulator of
the cell cycle by inhibiting the activity of CDK4. This inhibition
disrupts the cancer cell cycle, thereby impeding cellular proliferation
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(Fig. 6). The p53 pathway-related gene expression was detected using
the WB method (Fig. 7). The results revealed that the relative
expression of p53 was increased, compared to the control group,
which indicated that LHP treatment influenced HepG2 cell
proliferation and apoptosis through the p53 pathways.
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Fig. 6 Schematic diagram of the mechanism of hepatocellular carcinoma
inhibition by LHP through p53 and NF-kB signaling pathways. MAPK, mitogen-
activated protein kinase; ERK, extracellular regulated protein kinases; JNK, c-Jun

N-terminal kinase.

NF-«B is a critical transcription factor involved in the regulation
of genes associated with tumor growth, invasion, and metastasis***".
For instance, phosphorylated NF-«B facilitates the transcription and
expression of MMP-9 by binding to its promoter region, thereby
enhancing tumor cell invasion and metastasis®”. Additionally, NF-«xB
influences the apoptotic process by modulating the expression of
Bax"" (Fig. 6). WB analysis (Fig. 7) revealed a reduction in phospho-
NF-«kB expression, indicating that LHP intervention could inhibit NF-xB
activity, thereby exerting anti-cancer effects.

The aberrantly p53 and NF-«B signaling pathways in cancer cells
are regulated by the PI3K/Akt signaling pathway. The PI3K/Akt
pathway serves as a pivotal regulator of cellular metabolism. PI3K/
Akt pathway also is intricately linked to the initiation and progression
of various cancers™. Specifically, the phosphorylation of PI3K results
in the activation of Akt. The phospho-Akt in turn phosphorylates
inhibitory B kinase. This phosphorylation event promotes the
degradation of inhibitory kB, leading to the release and activation of
NF-«BP¥. Additionally, activated Akt can phosphorylate and activate
rapidly accelerated fibrosarcoma kinase (a critical upstream activator
in the MAPK signaling pathway), thereby indirectly modulating the
p53 signaling pathway™ (Fig. 6). The activation of MAPK family
members can regulate the proliferation, differentiation and death of
tumor cells, containing p38, extracellular regulated protein kinases
and c-Jun N-terminal kinase®. For example, extracellular regulated
protein kinase activation by MAPK can directly inhibit cell
proliferation. Moreover, p38 and c-Jun N-terminal kinase are also
involved in regulating the p53 pathway. As demonstrated by the WB
results in Fig. 7, LHP intervention decreased the expression of
phosphorylated PI3K, Akt, and extracellular regulated protein
kinases, and increased the expression of phosphorylated c-Jun N-
terminal kinase and p38 in a dose-dependent manner. These results
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suggested that LHP could suppress HCC cells by inhibiting the PI3K/
Akt signaling pathway.

In conclusion, LHP has exhibited a coordinated and extensive
impact on the anti-cancer process through its comprehensive
mechanism involving multi-pathway and multi-target actions. This
mechanism underscores both the complexity of polysaccharides and
potential advantages in anticancer therapy.

3.6 Structure-function relationship

The pharmacological activities of polysaccharides are closely
related to chemical structures, encompassing both primary and
advanced configurations**®!. Previous studies have demonstrated that
LHP predominantly consists of three glucans and two galactans!”.
According to existing literature, glucans with £-1,3-Glcp as the main
chain and f-1,6-Glcp as the branched chain exhibited an enhanced
affinity for binding to cell receptors, thereby exerting anticancer
effects”. Notably, LHP-5 aligned with these structural characteristics.
Galactans have demonstrated significant antitumor activity. This was
exemplified by the 10 sugar fragments in the synthesized Panax
notoginseng polysaccharide RN1 served as a crucial functional
structure for inhibiting cancer cells””. This finding indicated that both
LHP-3 and LHP-4 possess potential anticancer properties.
Conversely, LHP-1 and LHP-2 exhibited low anticancer activity with
a-1,4-Glcp as their main chain. However, the Radix ginseng Rubra
poly saccharide RGRP-1b with a similar structure has been
demonstrated to inhibit Huh7 HCC growth through immune
regulation®®. These findings postulated that LHP-1 and LHP-2 may
exert anticancer effects via immunomodulation. The results indicated
that the multiple structural features of LHP collaborate to produce
anticancer effects through various pathways. Investigation of the LHP
conformational relationship could elucidate the chemical basis of its
anticancer activity and offer a theoretical foundation for target
screening and molecular modification of LHP.

4 Conclusion

The anti-HCC effect of LHP extracted from L. hatsudake mushroom
was studied in vitro and in vivo, presuming that the mechanism possibly
refers to p53 and NF-«B signaling pathways. Furthermore, we found that
the anticancer effect of LHP in vivo is better than in vitro. These findings
indicated that whether LHP exerts
immunomodulation deserves to be further studied. Overall, these
findings provide a theoretical basis for the further development and
application of LHP in adjuvant anti-HCC drugs.

anticancer effects through
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