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Introduction: In recent years, natural compounds have attracted wide attention
for the treatment of liver cancer due to their therapeutic potential and reduced
toxicity. Among these, Schisandrin B (Sch B), a primary bioactive component
derived from Schisandra chinensis, has shown notable antitumor activity;
however, its specific mechanism remains unclear.

Methods: The effect of Sch B on the growth of hepatocellular carcinoma(HCC)
cells were assessed using CCK-8 assay, colony formation assay and EdU assay,
and apoptosis was detected by flow cytometry. The co-culture system of
macrophages and HCC cells was established to detect the effect of Sch B on
the cell viability and cell cycle changes of HCC cells in the co-culture system.
Then, the migration of HCC cells in the co-culture system was studied using a
subtoxic concentration of Sch B. Exosomes of the co-culture system with or
without Sch B effect were collected for identification and protein spectrum
analysis. The differential protein was analyzed by KEGG enrichment analysis
and protein interaction network, which was verified by western blotting.
Meanwhile, the expression changes of macrophage polarization markers were
detected. Finally, the inhibitory effect of Sch B on HCC and the changes of FN1
were verified by in vivo experiments.

Results: Sch B inhibited HCC cell growth; moreover, it significantly suppressed
HCC cell proliferation in the co-culture system and induced S-phase cell cycle
arrest by downregulating CDK4, CDK2, and cyclin A2 while upregulating p27 Kip1.
Additionally, Sch B inhibited the migration of HCC cells in the co-culture
system.The differentially expressed protein fibronectin 1(FN1) in liver cancer
patients was higher than that in healthy people. Moreover, after SchB
treatment, the expression of FN1 protein in exosomes decreased and the
macrophages exhibited M1 polarization. In vivo experiments also verified that
Sch B inhibited HCC growth and downregulated the expression of FN1 protein in
tumor tissues.
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Conclusion: Sch Bmay inhibit the development of HCCby inhibiting the expression
of exosomal FN1during interactions between macrophages and HCC cells.
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Introduction

Cancer incidence and mortality rates continue to increase,
exacerbating the global healthcare burden (Sun et al., 2020).
Primary liver cancer is one of the most common malignant
tumors of the digestive system worldwide and is the third leading
cause of cancer-related deaths in 2022 (Bray et al., 2024).
Hepatocellular carcinoma (HCC) is the primary type of primary
liver cancer, accounting for 90% of all cases. It is highly aggressive
and has a low survival rate (Llovet et al., 2021). Patients with liver
cancer are typically diagnosed in the middle and late stages of the
disease, and few treatment options are available. Sorafenib has been
shown to be effective in patients with severe cirrhosis who are not
eligible for liver-directed treatment and in patients with metastatic
HCC with slow disease progression. However, some patients are still
insensitive to sorafenib (Saffo and Taddei, 2019). Advanced HCC
can be treated with chemotherapy, immunotherapy, and oncolytic
viruses. The combined use of chemotherapy and immunotherapy
can further improve treatment effect (Alawyia and Constantinou,
2023). Despite this, the high mortality rate of liver cancer indicates
that the current treatment options for HCC have not achieved the
expected treatment goals. The tumor microenvironment (TME) is a
key pathological environment in the development of HCC. Multiple
components coexist and interact with the TME. In addition to tumor
cells, macrophages are important components of the TME and are
involved in cancer progression (Tian et al., 2019). Macrophages are
the most abundant immune cells in the liver and play a key role in
maintaining liver homeostasis and understanding the underlying
mechanisms of liver disease (Wen et al., 2021). They are also the
most abundant immune cells that infiltrate liver cancer cells and
actively participate in tumor-specific inflammation and
immunosuppression. In addition to direct contact between cells,
cell interactions and communication can also promote signal
transduction between cells by secreting factors. Exosomes play an
important role in mediating the secretion of these factors. As an
emerging component of tumor-host interactions, exosomes are
increasingly recognized as information transfer vectors in the
TME and as key molecular entities involved in the construction
of tumorigenic microenvironments (Wu et al., 2019).

Exosomes are extracellular vesicles with diameter of
30–150 nm that can be secreted and released by all living
cells and are loaded with a variety of bioactive molecules,
including nucleic acids, proteins, lipids, and metabolites
(Yokoi and Ochiya, 2021). They can transport bioactive
molecules from near to far, or into body fluids to bridge the
communication of signals between cells. For example, tumor-
derived exosomes can promote the metastasis of colorectal
cancer to the liver by regulating the interaction between
colorectal cancer cells and tumor-associated macrophages
(TAMs) (Zhao et al., 2020). They also deliver tumor

suppressor factors that induce M2 macrophage polarization,
thereby promoting glioma progression (Li et al., 2022).
Therefore, exploring the mechanism of action of exosomes in
the liver cancer microenvironment could provide a new
therapeutic strategy for the treatment of liver cancer.

Current specific drugs for HCC are often accompanied by
side effects (such as nausea and vomiting), whereas natural
compounds exhibit structural similarity to chemical
compounds and show similar anti-cancer potential, low
toxicity and no adverse reactions. Schisandrin B (Sch B) is the
most active dibenzocyclooctadiene derivative extracted from the
Chinese herbal medicine Schisandra chinensis and is the primary
chemical component of S. chinensis lignans (Li S. et al., 2021; Li Z.
et al., 2021). An increasing number of studies have shown that
Sch B has multiple effects, including anti-asthma, antioxidant,
anti-inflammatory, and anticancer effects (Chen et al., 2021;
Nasser et al., 2019). In the liver, Sch B can improve liver
damage by inducing autophagy (Li et al., 2023) and reduce
liver fibrosis by attenuating hepatic stellate cell activation and
promoting cell apoptosis (Li Z. et al., 2021). In addition, Sch B
can promote the pyrodeath of HCC cells by activating NK
cells, thus playing an anti-tumor role (Song et al., 2023).
Macrophages are important components of the TME, and
exosomes are important signaling molecules for intercellular
communication. Therefore, whether Sch B can affect the
interaction between liver cancer cells and macrophages in the
TME to affect the occurrence and development of liver cancer
remains unclear. This study explored from the mechanism from
the perspective of exosomes, finding that Sch B can inhibit the
growth of HCC cells in the interaction system, which may be
mediated through regulating FN1 expression in the TME.

STAR methods

Cell culture and drug treatment

HCC cell lines HepG2 and HCCLM3, and THP-1 were
purchased from ATCC. HCC cells were cultured in high-glucose
Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS), whereas THP-1 cells were cultured in
RPMI-1640 medium containing 10% FBS. THP-1 cells were treated
with 100 ng/mL PMA (ACMEC) for 48 h to induce macrophages
differentiation. These cells were cultured in an incubator at 37°C
and 5% CO2.

Dimethylsulfoxide (DMSO) was used as a solvent to dissolve the
Sch B powder (Selleck, S3600). The Sch B stock solution was diluted
1,000 times for use. An equal volume of DMSO was added to the
control group. The final DMSO concentration did not exceed
1/1,000.
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Establishment of co-culture system

After thoroughly washing the PMA-treated THP-1
macrophages (upper chamber), they were co-cultured with HCC
cells (in a six-well plate) without direct contact. Sch B was added for
48 h, the upper chamber containing macrophages was discarded,
and the HCC cells were used for subsequent experiments.

Cell proliferation assay

The viability of cells treated with Sch B for 48 h was determined
using the Cell-Counting Kit (CCK)-8 kit (GLPBIO, CK04). Cell
proliferation was detected using an EdU cell proliferation detection
kit (RIBOBIO, Guangzhou, China, C10310). In the colony
formation laboratory, HCC cells were seeded into six-well plates
at a density of 800 cells/well. After adding different concentrations of
Sch B for 48 h, the culture medium was replaced with fresh medium,
and the cells were cultured for 14 d. Colonies were fixed with
formaldehyde, stained with 1% crystal violet, counted,
and quantified.

Western blotting assay to detect protein
expression

Cells and exosomes were lysed with RIPA lysis buffer (Solarbio,
Beijing, China, R0010) to extract total protein. Protein
concentration was determing using a bicinchoninic acid (BCA)
kit (Solarbio, Beijing, China, PC0020), and denatured protein
samples were separated using 10% sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a PVDF membrane. The membrane was blocked with 5% milk
for 1 h, incubated with the corresponding primary antibody
overnight, and then incubated with a horseradish peroxidase-
conjugated secondary antibody for 1 h. The intensity of protein
bands was determined using a Bio-Rad system (Bio-Rad
Laboratories, Hercules, CA, United States). GAPDH (1:1,000,
2,118), Alix (1:1,000, 2,171), β-actin (1:1,000, 4,970), CDK2 (1:
1,000, 18,048), CDK4 (1:1,000, 12,790), cyclin A2 (1:1,000,
67,955) and p27 Kip1 (1:1,000, 3,686) were purchased from Cell
Signaling Technology. Antibodies against CD9 (1:1,000, ab223052)
and fibronectin 1 (FN1) (1:1,000, ab268020) were purchased from
Abcam (Cambridge, United Kingdom).

Quantitative real-time PCR

Total RNA of M0 macrophages in co-culture system was
extracted using Trizol (Invitrogen) and reverse transcription was
performed with the HiScript III All-in-one RT SuperMix Perfect for
qPCR (Vazyme). Specific quantitative real-time PCR experiments
were performed using the Taq Pro Universal SYBR qPCR Master
Mix, according to the manufacturer’s instructions. Each sample was
run in triplicate with GAPDH as the endogenous control.

Primers used for quantitative real-time PCR were (5′-3′):
CCCTGGGGAACACTACATTTTG, GCCAATTCCTAGTCT

GTCCACTT for Arg-1; AAGCACACTGGTTTCCACACT, TGG

GTCCCTGCATATCCGTT for TNF-α; TGTGGGCATCAATGG
ATTTGG, ACACCATGTATTCCGGGTCAAT for
human GAPDH.

Traswell assay to detect cell migration

The induced M0 macrophages were inoculated into the lower
chamber of Transwell inserts (Corning, 3,422), and HCC cells were
inoculated into the upper insert chamber. The lower chamber
contained DMEM supplemented with 10% FBS to induce cell
migration, whereas the upper chamber did not contain FBS. The
same concentrations of Sch B were added to the upper and lower
chambers. After 24 h of incubation, the cells were fixed with 4%
paraformaldehyde and stained with 1% crystal violet for 20 min. The
cells remaining on the upper side of the Transwell inserts were wiped
off. The cells that passed through the membrane were observed
under a microscope, and representative images were obtained.

Flow cytometry to detect cell apoptosis and
cell cycle

HCC cells were seeded at 2 × 105 cells/dish in 6 cm dishes and
cultured overnight in complete culture medium. Medium (4 mL)
containing different concentrations of Sch B (0, 20, and 40 μg/mL)
was added for 48 h. Centrifuge at 2000 rpm for 5 min and remove
the supernatant. Annexin V-FITC and propidium iodide (Llovet
et al., 2021) reagents were added according to the Annexin V-FITC/
PI Apoptosis Kit (Elabscience, E-CK-A211). After gentle vortexing,
the cells were incubated at room temperature in the dark for
15–20 min, and flow cytometry detection was performed within 1 h.

The treated HCC cells were collected by centrifugation, washed
with phosphate-buffered saline (PBS), centrifuged to remove the
PBS, resuspended in pre-cooled PBS, and slowly dripped into pre-
cooled anhydrous ethanol to obtain a final concentration of 70%.
Fixed at 4°C overnight, centrifuge to remove 70% anhydrous
ethanol, add PBS to clean once, remove PBS.PI staining was
performed with Cell Cycle Detection Kit (Keygen, Jiangsu, China,
KGA512), and the fluorescence expression of PA channel was
detected after incubation for 20 min in the dark.

Exosome extraction and identification

THP-1 cells were treated with PMA for 48 h and HCCLM3 cells
were co-culture for 12 h.The culture base was replaced with DMEM
complete medium containing 20 μg/mL Sch B (10% exosome-free
FBS was added, which was obtained by centrifugation at 100,000 g at
4°C for 18 h) for 48 h. The supernatant was collected, and the
exosomal precipitate was extracted by differential centrifugation.
The exosome precipitate was extracted using differential
centrifugation. Briefly, cell culture supernatants were centrifuged
at 300 g for 10 min to pellet the cells, centrifuged at 2, 000 × g for
10 min to remove dead cells, and centrifuged at 10, 000 × g for
30 min to remove cell debris. The final supernatants were
ultracentrifuged at 120, 000 × g for 90 min to obtain exosomes.
The exosomes were stored at −80°C prior to use. All procedures were
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FIGURE 1
Sch B inhibits HCC cell growth. (A) HCC cells were treated with various concentrations of Sch B, and cell viability was measured using the CCK-8
assay. (B–F) HCC cells were treated with Sch B (0, 20 and 40 μg/mL), and their proliferation abilities were measured using plate cloning experiment (BC)
and a EdU assay (DE). HCC cell apoptosis was detected using flow cytometry (F). There sults are presented as the mean ± SD (n = 3). ns, not significant;
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Frontiers in Pharmacology frontiersin.org04

Jiang et al. 10.3389/fphar.2025.1547685

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1547685


performed at 4°C. Alix and CD9 proteins were detected by western
blottingting, and GAPDH was used as a negative control. The
morphology of the exosomes was observed by transmission
electron microscopy (TEM). The size of the exosomes was
measured using a ZETASIZER Nano Series Nano- ZS (Malvern
Instruments, Malvern, United Kingdom).

Proteomic analysis

Sch B (20 μg/mL) was used to treat the macrophage and
HCCLM3 cell co-culture system, and the exosome precipitates
from the Sch B treatment group and the control group were
collected and sent to Guangzhou Spectrum Biotechnology Co.,
Ltd. for protein spectrum analysis.

Animal experiment

All animal experiments were performed in strict accordance with
the guidelines and were approved by the Animal Care Committee of
Qingyuan Hospital Affiliated to Guangzhou Medical University
(LAEC-2024-025). Male BALB/c nude mice were obtained from
GemPharmatech (Guangzhou, China) for the establishment of the
animal model. A subcutaneous injection of HCCLM3 cell
suspension (100 µL) containing 2 × 106 cells was administered into
the left axilla of each mouse. On the third day after the subcutaneous
inoculation of tumor cells, the mice were divided into two groups: a
control group and a treatment group, with six mice in each group. Mice
in the treatment group were intragastrically administered 100 mg/kg
Sch B, whereas the control group was administered the same volume of
the control solvent. After administering the drugs daily, the mice were
euthanized samples were collected on day 30, and the subcutaneous
tumors were removed to measure tumor volume and weight.

Immunohistochemistry and
immunofluorescence

The tumor samples were fixed with formaldehyde, embedded
in paraffin, and sectioned (3.5 μm). Dewaxing was performed in
xylene and graded from ethanol to water. The slides were
immersed in EDTA solution (pH 9.0) and heated. After
heating, the samples were kept at room temperature until they
cooled to room temperature. A peroxidase scavenger was added
and incubated to remove endogenous peroxidase from the tissue.
After washing with PBS, an appropriate amount of primary
antibody (Ki67: ZSGB-BIO, Beijing, China, TA800648) was
added to the slides and incubated at 4°C overnight. After
washing with PBS, the secondary antibody was added and
DAB was used for color development. Finally, hematoxylin
was used for counterstaining.

After the tumor samples were dewaxed to water as in the
immunohistochemistry step, an appropriate amount of primary
antibody (FN1: abcam, ab268020) was added to the slides,
incubated overnight at 4°C, washed with PBS. Added fluorescent
secondary antibody to react in the dark for 1 h, washed with PBS,
and DAPI was added for sealing.

Statistical analysis

Graphpad prism 8.0 software was used for data analysis. One-
way ANOVA was used to analyze the experimental data between
multiple groups, and the t-test was used to compare the
experimental data between two groups. Each experimental group
was repeated three times independently, and the quantitative data
were expressed as mean standard deviation. Statistical differences
were considered when p < 0.05.

Results

Sch B inhibits the growth of HCC cells

The CCK-8 method was used to assess the effect of Sch B on
HCC cell lines. As the concentration of Sch B increased, the
proliferation ability of HepG2 and HCCLM3 cells decreased, and
their EC50 values were 26.22 μg/mL and 14.21 μg/mL, respectively
(Figure 1A), indicating that Sch B inhibited the proliferation of
HepG2 and HCCLM3 cells in a dose-dependent manner. EdU or 5-
ethyl-2′-deoxyuracil is an analog of uracil, which can be
incorporated into newly synthesized DNA to detect cell
proliferation. With the increase in Sch B concentration, numbers
of EdU-positive cells were significantly reduced and the difference
was statistically significant (Figures 1D, E). In addition, Sch B
inhibited the colony-forming ability of HepG2 and
HCCLM3 cells (Figures 1B, C). To further assess the effect of
Sch B on HCC cells, we showed that after Sch B acted on HCC
cells, the apoptosis level of HCC cells increased in a dose-dependent
manner compared to that of the control group (Figure 1F). These
results indicate that Sch B inhibits HCC cell growth by promoting
apoptosis and inhibiting proliferation.

Sch B inhibits the growth of HCC cells in co-
culture system

In the TME, macrophages account for approximately 50% of the
immune cells and play an important role in tumor development (Lu
et al., 2019). The interaction between macrophages and tumor cells
may affect the antitumor effects of drugs (Lim et al., 2023).
Therefore, we established a system of interaction between tumor
cells and macrophages to explore the effects of Sch B on HCC cells.
First, we established a co-culture system for HCC cells and
macrophages. PMA-treated THP-1 or HCC cells were inoculated
into the upper chamber of the Transwell inserts, and HCC cells or
PMA-treated THP-1 cells were inoculated into the lower chamber
for interaction (Figure 2A). During the interaction, the cells in the
upper and lower chambers did not directly contact each other and
communicated between cells through fluid exchange. The effect of
Sch B on the viability of HCC cells in a co-culture system was
investigated. As shown in the results of Figure 2B, Sch B inhibited
the proliferation of HCC cells in the co-culture system. The same
trend was observed in the EdU assay (Figures 2C, D). Moreover, Sch
B inhibited the colony-forming ability of HCC cells in the co-culture
system (Figure 2E). In addition, cell cycle analysis of HepG2 and
HCCLM3 cells in the co-culture system showed that Sch B
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FIGURE 2
Sch B inhibits HCC cell growth in the co-culture systemofmacrophages and liver cancer cells. (A) Schematic diagram of the co-culture of HCC cells
andmacrophages. Sch B (0, 20, or 40 μg/mL) acted on the co-culture system, andHCC cell proliferation in the co-culture systemwas detected using cell
counting (B), the EdU assay (C and D) and the colony formation assay (E). (F) Flow cytometry was used to assess the cell cycle and perform quantitative
analysis of HCC cells in the co-culture system. (G) Western blotting was performed to measure CDK4, CDK2, cyclin A2, and p27 Kip1 protein
expressions in HCC cells in the co-culture system. The results are presented as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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significantly arrested cells in S phase (Figure 2F). To further
understand the regulatory proteins involved in cell cycle arrest,
we analyzed the proteins of cell cycle checkpoints, including CDK4,
CDK2, cyclin A2, and p27 Kip1, using Western blotting. The results
showed that Sch B inhibited the protein expression of CDK4, CDK2,
and cyclin A2 and upregulated the protein expression level of
p27 Kip1 (Figure 2G). This suggests that Sch B affects the
growth of HCC cells by regulating the cell cycle and inhibiting
cell proliferation in a co-culture system.

Sch B inhibits the migration of HCC cells in
co-culture system

From the previous results, it was concluded that Sch B could
affect the proliferative ability of HepG2 and HCCLM3 cells in the
co-culture system, and whether Sch B could affect their migration
ability was investigated. Therefore, the migratory ability of HCC
cells in the co-culture system was tested. The viability of Sch

B-treated M0 macrophages was detected using the CCK-8 assay
(Figure 3A). To exclude the influence of Sch B on the proliferation
ability of HCC cells and macrophages on the migration experiment,
the Sch B-treated co-culture system with little effect on the cell
viability of HCC cells and M0 macrophages was selected according
to the results of Figures 1A, 3A, which were 0, 2.5, 5, and 10 μg/mL.
Next, the Transwell migration assay was performed, and the results
showed that with the increase of Sch B concentration, the number of
HCC cells in the co-culture system migrating and perforating
gradually decreased, with a statistically significant difference (p <
0.05) (Figures 3B,C). This indicated that Sch B inhibited the
migration of HCC cells in the co-culture system.

Extraction and identification of exosomes in
Sch B-treated co-culture system

Exosomes promote information exchange during cell
interactions and are important mediators of celluar interactions

FIGURE 3
Sch B inhibits HCC cell migration in the co-culture system of macrophages and HCC cells. (A) M0 macrophages were treated with various
concentrations of Sch B, and their cell viability was assessed using the CCK-8 assay. Sch B at concentrations of 0, 20, and 40 μg/mL was selected to treat
the co-culture system, and the migration ability of HCC cells in the co-culture system was detected using the Transwell migration assay (B) and
quantitative analysis (C).
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in the TME. Therefore, we extracted exosomes using an interactive
system for experimental identification. Macrophages were obtained
after inducing THP-1 with PMA for 48 h. HCCLM3 cells were
inoculated for interaction. After 12 h, Sch B (20 μg/mL) was added
for 48 h. The supernatant was collected, and precipitated particles
were obtained by ultra-high-speed gradient centrifugation
(Figure 4A). The expression of the exosome markers Alix and
CD9 proteins in the collected precipitated particles was detected,
and GAPDH protein was used as a negative control. As shown in the
Figure 4B, compared to the cell group, the collected pellet group
highly expressed Alix and CD9 proteins. Particle size analysis
revealed precipitate particles ranging in diameter of 50–120 nm
(Figure 4C), which is within the particle size range of the exosomes.
Compared with the control group, the concentration of exosomes in
the Sch B-treated group decreased significantly (Figure 4C). The

morphology observed using a TEM was round and vesicle-like
(Figure 4D). These results suggest that the collected precipitated
particles were exosome precipitates.

SchB affects the regulation of
M1 polarization by exosome FN1

Previous studies have shown that Sch B affects HCC cells in a co-
culture system, but it is still unclear whether exosomes, an important
communication tool in the TME, are affected by Sch B to regulate the
proliferation and migration of HCC cells. Protein spectrum analysis
was performed on exosomes in the co-culture system with no-Sch B
treatment (N group) and Sch B treatment (20 μg/mL) (S group). The
correlation between the N and S groups was high (Figure 5A), and

FIGURE 4
Identification of exosomes in the co-culture system with Sch B. (A) Sch B-treated (0 and 20 μg/mL) co-culture system with experimental flow
diagram for collecting exosomes. (B) Western blotting was performed to detect the expression of exosome surface marker proteins CD9 and Alix, and
GAPDH was used as a negative control. (C) Particle size analysis of exosome diameters and concentrations. (D) TEM analysis of exosome morphology.
N-exo represents the exosome of the control group and S-exo represents the exosome of the Sch B-treated group.
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5,019 proteins were identified. Protein differential analysis was
performed on the identified proteins, and the absolute fold change
cutoff value (FC) was ≥1.5 and the p < 0.05. The results showed that
2,756 proteins were differentially expressed in the S and N groups, of
which 555 proteins were lower in the S group than in the N group, and
2,201 proteins were significantly higher in those in the N group
(Figure 5B). Previous studies have shown that Sch B affects the
proliferation and migration of HCC cells in co-culture systems.
Therefore, we focused on the signaling pathways that were more
strongly correlated with cell proliferation and migration. Among the

signaling pathways enriched by downregulated differentially
expressed proteins, the PI3K-Akt signaling pathway and the ECM-
receptor interaction pathway were related to cell proliferation and
migration (Figure 5C). The differentially expressed proteins in these
two pathways were subjected to protein-protein interaction networks
(PPI) analysis. As shown in Figure 5D, the FN1 protein had the
strongest interaction among the differential proteins involved in the
PI3K-Akt signaling pathway and the ECM-receptor interaction
pathway. Thus, FN1 plays an important role in liver cancer.
Differential expression analysis of FN1 in patients with liver cancer

FIGURE 5
Proteomic analysis of exosomes in the Sch B-treated co-culture system. Exosome protein correlation analysis (A) and differential protein volcano
map (B) of the control (N) and Sch B-treated (S) groups. (C) Bubble map of KEGG pathway enrichment analysis of downregulated differential proteins. (D)
PPI analysis network map of differential proteins: the size and color depth of each circle represent the degrees. (E) Box plot of differential expression
analysis of FN1 in patients with LIHC and healthy individuals. ****p < 0.0001. (F) Western blotting was performed to detect the expression of
FN1 protein in exosomes. N-exo represents the exosome of the control group and S-exo represents the exosome of the Sch B-treated group (Sch B
treatment concentration, 20 μg/mL). (G) Expression levels of TNF-α and Arg-1 in M0 macrophages in co-culture system. *p < 0.01.
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and healthy individuals on the GEPIA 2 website showed that
compared with normal people, FN1 expression was increased in
patients with liver hepatocellular carcinoma (LIHC), p < 0.0001
(Figure 5E). Western blotting confirmed that the expression of
exosomal FN1 in the Sch B-treated group was lower than that in
the control group (Figure 5F). Macrophage-derived FN1 promotes the
migration of liver cancer cells via the JUN pathway (Zhang et al.,
2022). Moreover, the expression of FN1 was correlated with the
polarization of M2 macrophages (Zhou et al., 2022). The levels of
TNF-α and Arg-1 in M0 macrophages in the co-culture system were
detected, and the results showed that the expression level of TNF-α
was increased in the Sch B-treated group (Figure 5G). These results
suggest that Sch B inhibits the proliferation and migration of HCC

cells by regulating FN1 expression in cell-interacting exosomes, which
may be related to M1 polarization.

Sch B inhibits the expression of FN1 in HCC

To further explore the effect of Sch B on HCC, HCCLM3 cells
were subcutaneously injected into the armpits of nude mice and Sch
B was administered by gavage at a concentration of 100 mg/kg. The
control group was administered the same volume of control solvent.
The body weight remained unchanged between the control group
and the Sch B-treated group (Figure 6A). Compared with the control
group, the tumors in the Sch B-treated group were smaller than

FIGURE 6
Sch B inhibits FN1 expression in HCC cells. Subcutaneous tumor formation in nudemice. (A) Body weights of mice in different treatment groups. (B)
Tumor images of the different treatment groups. (C) Tumor volumes and tumor weight. (D) Immunohistochemistry was performed to assess
Ki67 expression. Immunofluorescence (E) andWestern blotting (F)were used to detect FN1 expression in tumors. **p < 0.01, ****p < 0.0001. N represents
the control group and S represents the Sch B-treated group.
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those in the control group (Figure 6B). Tumor volume and weight
(Figure 6C) decreased. The tumors were subjected to
immunohistochemistry experiments, and the results showed that
compared to the control group, the expression of Ki67 in the Sch
B-treated group was reduced (Figure 6D), suggesting that Sch B can
inhibit the growth of HCC tumors. Immunofluorescence analysis
revealed that the expression of FN1 in the Sch B-treated group was
lower than that in the control group (Figure 6E), and the same
results were obtained in the Western blotting test (Figure 6F),
suggesting that Sch B may inhibit the growth of HCC by
inhibiting the expression of FN1.

Discussion

Liver cancer is the most common fatal malignant tumor with a
poor prognosis. Long-term use of chemotherapeutic drugs such as
sorafenib can cause side effects such as hypertension, leukopenia,
nausea, vomiting, and dyspnea. Therefore, further research into
effective methods for the treatment of liver cancer are required.
Natural compounds extracted from herbs, animals, or natural
materials have structures similar to those of chemical compounds
and can enhance the efficacy of current drug treatment regimens
without increasing host toxicity, rendering them more attractive
than synthetic compounds. In recent years, herbal extracts and
natural compounds isolated from traditional Chinese medicine
(TCM) have been used to treat patients with liver cancer. For
example, the polyphenol curcumin extracted from turmeric
rhizomes has antitumor, antioxidant, and anti-inflammatory
effects, as well as various pharmacological effects on HCC cells
(Darvesh et al., 2012). The active ingredient Sch B, extracted from
the Chinese herbal medicine Schisandra chinensis, has been shown
to have significant anti-inflammatory, antioxidant and cancer-
inhibiting effects. Moreover, no notable effect on the cell viability
of LO2 cells has been observed, and inhibits the occurrence and
development of liver cancer in vivo and in vitro (Song et al., 2023;
Yang and Wu, 2023). We verified that Sch B has an inhibitory effect
on the proliferation of liver cancer cells through CCK-8, EdU, and
colony formation experiments and showed that Sch B can promote
the apoptosis of liver cancer cells. Therefore, Sch B may be an
effective drug for the treatment of liver cancer.

The TME is an environment in which tumors survive, and is a
complex system in which immune and stromal cells interact with
cancer cells. The TME interacts with tumor cells to affect their
growth (Sas et al., 2022). In addition to tumor cells, other
immune cells can be found in the TME. Macrophages, which
account for approximately half of all cells other than tumor cells,
play a vital role in the occurrence and development of HCC (Lu
et al., 2019). Under normal physiological conditions,
macrophages act as “scavengers,” which regulate immune
responses against pathogens and maintain tissue homeostasis.
However, during the evolution of cancer, the TME affects tumor
metabolism by directly exchanging metabolites and actively
reprograms the metabolic processes of macrophages through
cytokines and other signal transduction mediators (Mehla and
Singh, 2019), thus promoting or inhibiting the occurrence and
development of tumors. During treatment, it is important to
understand whether the drug affects tumor cells in the

macrophage-tumor cell interaction system. Exploring the
mechanism of interaction between macrophages and cancer
cells in the TME can help in tumor treatment. Previous
studies have shown that Sch B can inhibit the growth of liver
cancer cells; however, the effect of Sch B on the interaction
between macrophages and liver cancer cells remain unknown.
Therefore, an in-depth exploration of its role and mechanism of
action is of great significance for the treatment of liver cancer.
Therefore, the present study simulated the TME in which liver
cancer cells and macrophages interact, and established a co-
culture system between macrophages and HCC cells in vitro to
explore whether Sch B has an effect on liver cancer cells in the co-
culture system and its mechanism of action. Therefore, the
purpose of this study was to provide novel insights into the
use of the natural compound Sch B in liver cancer treatment.

We treated the interaction system of macrophages and HCC
cells with Sch B and determined that Sch B inhibited the viability,
DNA synthesis, and colony formation ability of HCC cells in a
dose-dependent manner. Cell cycle dysregulation is the primary
cause of liver cancer cell proliferation. Our results showed that
Sch B primarily blocked HCC cells in the S phase in the co-
culture system. The cell cycle process is primarily mediated by
cyclin-dependent kinases (Bisteau et al., 2014). Analysis of cell
cycle checkpoint proteins in HCC cells in the co-culture system
showed that the expression of CDK4, CDK2, and cyclin A2 was
reduced, whereas the expression of the cyclin-dependent kinase
inhibitor p27 Kip1 was increased, indicating that Sch B may
inhibit the growth of liver cancer by regulating the cell cycle of
HCC cells in the co-culture system. In addition, at concentrations
that had little effect on the viability of macrophages or HCC cells,
Sch B inhibited the migration of HCC cells in the co-culture
system in a dose-dependent manner. This indicates that Sch B
inhibits the proliferation and migration of HCC cells in a co-
culture system.

In the TME, exosomes carry various proteins, growth factors,
RNA, and DNA that promote cell communication. For example,
the HCC cell-derived exosome pyruvate kinase M2 (PKM2)
promotes HCC progression by inducing macrophage
polarization, thereby reprogramming the TME and promoting
HCC (Hou et al., 2020). Previous experimental results have
shown that Sch B can inhibit the proliferation and migration
of HCC cells during the interaction between macrophages and
HCC cells; however, whether it affects the production of
exosomes during this interaction is still unclear. Therefore, the
extracellular vesicles from the co-culture system were collected in
this study. The collected extracellular vesicles were identified as
exosomes by detecting the expression of the exosome marker
proteins Alix and CD9, particle size analysis, and morphology
analysis using TEM. The concentration of collected exosomes
decreased after the addition of Sch B. Proteomics was used to
analyze protein changes in exosomes in the co-culture system
with or without Sch B intervention. The results showed that after
the addition of Sch B, 555 proteins were downregulated and
2,201 proteins were upregulated. Previous studies have shown
that Sch B inhibited the proliferation and migration of HCC cells
in a co-culture system. To this end, we performed KEGG
signaling pathway enrichment analysis on significantly
downregulated differentially expressed proteins, among which
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the enriched pathways were significantly related to cell
proliferation and migration, including the PI3K-Akt signaling
pathway and the ECM-receptor interaction pathway. Previous
studies have shown that the PI3K-Akt signaling pathway can
promote the proliferation of tumor cells, and thus promote tumor
(He et al., 2021). The ECM is a key component of the TME that
supports tumorigenesis, and its disorder is a prominent feature of
cancer. Increased ECM cross-linking in the TME increases the
stiffness of the pathological microenvironment, and the
hardening of the ECM stimulates tumor growth and migration
(Jiang et al., 2022). Therefore, the inhibition of HCC cell
proliferation and migration in the co-culture system by Sch B
may be related to the downregulation of the PI3K-Akt signaling
and ECM-receptor interaction pathways. Further PPI analysis of
the differentially expressed proteins enriched in the PI3K-Akt
signaling and ECM-receptor interaction pathways showed that
FN1 had the strongest interaction among all the differentially
expressed proteins. FN1 promotes the proliferation of tumor cells
and tumor metastasis by regulating the EMT (Li et al., 2019;
Wang et al., 2021; Tan et al., 2021). In addition, FN1 deposition
creates a favorable microenvironment that promotes HCC
metastasis (Liu et al., 2024; Lopez-Canovas et al., 2023).
Differential expression analysis of FN1 showed that FN1 was
highly expressed in patients with liver cancer compared to
normal individuals. Furthermore, we verified the expression of
exosomal FN1 in a co-culture system with and without Sch B
intervention. The results showed that after Sch B treatment, the
expression of FN1 protein in exosomes decreased. Studies have
shown that overexpression of FN1 can promote the polarization
of M2 macrophages (Zhou et al., 2022). We examined the
expression of macrophage markers in the co-culture system.
The results showed that the expression of TNF-α
(M1 macrophage marker) was significantly upregulated in the
Sch B treatment group, while the expression of Arg-1
(M2 macrophage markerr) was not significantly changed. It is
worth noting that this phenomenon is apparently inconsistent
with the anti-inflammatory properties of Sch B itself, suggesting
that Sch B may induce the polarization of macrophages towards
pro-inflammatory M1 phenotype by reprogramming the immune
microenvironment under the specific regulation of the TME. This
suggests that Sch B may inhibit the proliferation and migration of
HCC cells by inhibiting FN1 protein in the exosomes of the co-
culture system, which may be related to the polarization of
M1 macrophages. To further verify the effect of Sch B on
HCC, we conducted an in vivo experiment and showed that
Sch B inhibited the growth of HCC tumors, and the expression of
FN1 in the Sch B-treated group was lower than that in the control
group. In addition, in vivo experimental results also verified the
conclusion that Sch B inhibits the growth of liver cancer by
inhibiting the expression of FN1.

Overall, the present study verified that Sch B could inhibit the
proliferation and migration of HCC cells in the macrophage-
HCC cell interaction system. This process may be the result of
Sch B inhibiting the production of exosomes in the macrophage-
HCC cell interaction system and downregulating exosomal
FN1 protein expression. In addition, Sch B inhibit the
expression FN1 thereby inhibit HCC growth. However, the
molecular mechanism though which Sch B downregulates

FN1 to exert its anti-HCC effects remains unclear and
requires further exploration and verification.

Limitations of the study

Although our study provides new insights into the anti-tumor
effects of natural compounds Sch B in the HCC microenvironment,
there are still many limitations. Firstly, in our study, the exosomal
FN1 protein was derived from the co-culture system of macrophages
and HCC cells, while the source of FN1 protein was not
distinguished. Additionally, we detected that Sch B may play an
anti-tumor role by down-regulating FN1 protein, but the specific
regulatory mechanism is not yet clear. Moreover, our study relied on
xenograft mouse models to explore the inhibitory effect of Sch B on
HCC, but clinical sample verification was lacking. Future studies
should focus on the specific regulatory mechanism of FN1 by Sch B
and the detection of clinical models.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional
requirements because only commercially available established
cell lines were used. The animal study was approved by the
Animal Care Committee of Qingyuan Hospital Affiliated to
Guangzhou Medical University (LAEC-2024-025). The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

BJ: Investigation, Methodology, Validation, Writing–original
draft. JY: Investigation, Methodology, Validation,
Writing–original draft. QH: Data curation, Resources, Software,
Writing–original draft. WL: Data curation, Software,
Writing–original draft. QP: Resources, Writing–original draft.
HG: Resources, Writing–original draft. TP: Conceptualization,
Project administration, Writing–review and editing. LY:
Conceptualization, Project administration, Writing–review and
editing. LQ: Conceptualization, Project administration,
Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The study is supported in
part by the Foundation of Guangdong Basic and Applied Basic

Frontiers in Pharmacology frontiersin.org12

Jiang et al. 10.3389/fphar.2025.1547685

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1547685


Research (2024A1515220029, 2021A1515010716), the Foundation
of Traditional Chinese Medicine Bureau of Guangdong Province
(20211458), the National Natural Science Foundation of
China(82403170), the Foundation of Innovation Ability
Promotion Plan of Guangzhou Medical University (2022108,
GMUCR2024-02003).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Alawyia, B., and Constantinou, C. (2023). Hepatocellular carcinoma: a narrative
review on current knowledge and future prospects. Curr. Treat. Options Oncol. 24 (7),
711–724. doi:10.1007/s11864-023-01098-9

Bisteau, X., Caldez, M. J., and Kaldis, P. (2014). The complex relationship between
liver cancer and the cell cycle: a story of multiple regulations. Cancers (Basel) 6 (1),
79–111. doi:10.3390/cancers6010079

Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, I., et al. (2024).
Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J. Clin. 74 (3), 229–263. doi:10.3322/caac.21834

Chen, X., Xiao, Z., Jiang, Z., Jiang, Y., Li, W., and Wang, M. (2021). Schisandrin B
attenuates airway inflammation and airway remodeling in asthma by inhibiting
NLRP3 inflammasome activation and reducing pyroptosis. Inflammation 44 (6),
2217–2231. doi:10.1007/s10753-021-01494-z

Darvesh, A. S., Aggarwal, B. B., and Bishayee, A. (2012). Curcumin and liver cancer: a
review. Curr. Pharm. Biotechnol. 13 (1), 218–228. doi:10.2174/138920112798868791

He, Y., Sun, M. M., Zhang, G. G., Yang, J., Chen, K. S., Xu, W. W., et al. (2021).
Targeting PI3K/Akt signal transduction for cancer therapy. Signal Transduct. Target
Ther. 6 (1), 425. doi:10.1038/s41392-021-00828-5

Hou, P. P., Luo, L. J., Chen,H. Z., Chen, Q. T., Bian, X. L.,Wu, S. F., et al. (2020). Ectosomal
PKM2 promotes HCC by inducing macrophage differentiation and remodeling the tumor
microenvironment. Mol. Cell 78 (6), 1192–1206. doi:10.1016/j.molcel.2020.05.004

Jiang, Y., Zhang, H., Wang, J., Liu, Y., Luo, T., and Hua, H. (2022). Targeting
extracellular matrix stiffness and mechanotransducers to improve cancer therapy.
J. Hematol. Oncol. 15 (1), 34. doi:10.1186/s13045-022-01252-0

Li, B., Shen, W., Peng, H., Li, Y., Chen, F., Zheng, L., et al. (2019). Fibronectin
1 promotes melanoma proliferation and metastasis by inhibiting apoptosis and
regulating EMT. Onco Targets Ther. 12, 3207–3221. doi:10.2147/OTT.S195703

Li, M., Xu, H., Qi, Y., Pan, Z., Li, B., Gao, Z., et al. (2022). Tumor-derived exosomes deliver
the tumor suppressor miR-3591-3p to induce M2 macrophage polarization and promote
glioma progression. Oncogene 41 (41), 4618–4632. doi:10.1038/s41388-022-02457-w

Li, S., Wang, H., Ma, R., and Wang, L. (2021a). Schisandrin B inhibits
epithelial‑mesenchymal transition and stemness of large‑cell lung cancer cells and
tumorigenesis in xenografts via inhibiting the NF‑κB and p38 MAPK signaling
pathways. Oncol. Rep. 45 (6), 115. doi:10.3892/or.2021.8066

Li, X., Zhao, Y., Gong, S., Song, T., Ge, J., Li, J., et al. (2023). Schisandrin B ameliorates
acute liver injury by regulating EGFR-mediated activation of autophagy. Bioorg Chem.
130, 106272. doi:10.1016/j.bioorg.2022.106272

Li, Z., Zhao, L., Xia, Y., Chen, J., Hua, M., and Sun, Y. (2021b). Schisandrin B
attenuates hepatic stellate cell activation and promotes apoptosis to protect against liver
fibrosis. Molecules 26 (22), 6882. doi:10.3390/molecules26226882

Lim, G. H., An, J. H., Park, S. M., Youn, G. H., Oh, Y. I., Seo, K. W., et al. (2023).
Macrophage induces anti-cancer drug resistance in canine mammary gland tumor
spheroid. Sci. Rep. 13 (1), 10394. doi:10.1038/s41598-023-37311-w

Liu, Q., Wang, J., Sun, H., Zhang, Z., Wang, H., Ma, S., et al. (2024). Targeting RORγ
inhibits the growth and metastasis of hepatocellular carcinoma. Mol. Ther. 32 (3),
749–765. doi:10.1016/j.ymthe.2024.01.032

Llovet, J.M., Kelley, R. K., Villanueva, A., Singal, A. G., Pikarsky, E., Roayaie, S., et al. (2021).
Hepatocellular carcinoma. Nat. Rev. Dis. Prim. 7 (1), 6. doi:10.1038/s41572-020-00240-3

Lopez-Canovas, J. L., Herman-Sanchez, N., Del Rio-Moreno, M., Fuentes-Fayos, A.
C., Lara-Lopez, A., Sanchez-Frias, M. E., et al. (2023). PRPF8 increases the
aggressiveness of hepatocellular carcinoma by regulating FAK/AKT pathway via
fibronectin 1 splicing. Exp. Mol. Med. 55 (1), 132–142. doi:10.1038/s12276-022-
00917-7

Lu, C., Rong,D., Zhang, B., Zheng,W.,Wang, X., Chen, Z., et al. (2019). Current perspectives
on the immunosuppressive tumor microenvironment in hepatocellular carcinoma: challenges
and opportunities. Mol. Cancer 18 (1), 130. doi:10.1186/s12943-019-1047-6

Mehla, K., and Singh, P. K. (2019). Metabolic regulation of macrophage polarization
in cancer. Trends Cancer 5 (12), 822–834. doi:10.1016/j.trecan.2019.10.007

Nasser, M. I., Han, T., Adlat, S., Tian, Y., and Jiang, N. (2019). Inhibitory effects of
Schisandrin B on human prostate cancer cells. Oncol. Rep. 41 (1), 677–685. doi:10.3892/
or.2018.6791

Saffo, S., and Taddei, T. H. (2019). Systemic management for advanced hepatocellular
carcinoma: a review of the molecular pathways of carcinogenesis, current and emerging
therapies, and novel treatment strategies. Dig. Dis. Sci. 64 (4), 1016–1029. doi:10.1007/
s10620-019-05582-x

Sas, Z., Cendrowicz, E., Weinhauser, I., and Rygiel, T. P. (2022). Tumor
microenvironment of hepatocellular carcinoma: challenges and opportunities for
new treatment options. Int. J. Mol. Sci. 23 (7), 3778. doi:10.3390/ijms23073778

Song, A., Ding, T., Wei, N., Yang, J., Ma, M., Zheng, S., et al. (2023). Schisandrin B
induces HepG2 cells pyroptosis by activating NK cells mediated anti-tumor immunity.
Toxicol. Appl. Pharmacol. 472, 116574. doi:10.1016/j.taap.2023.116574

Sun, D., Li, H., Cao, M., He, S., Lei, L., Peng, J., et al. (2020). Cancer burden in China:
trends, risk factors and prevention. Cancer Biol. Med. 17 (4), 879–895. doi:10.20892/j.
issn.2095-3941.2020.0387

Tan, X., Gong, W., Chen, B., Gong, B., Hua, Z., Zhang, S., et al. (2021).
Downregulation of fibronectin 1 attenuates ATRA-induced inhibition of cell
migration and invasion in neuroblastoma cells. Mol. Cell Biochem. 476 (10),
3601–3612. doi:10.1007/s11010-021-04113-5

Tian, Z., Hou, X., Liu, W., Han, Z., and Wei, L. (2019). Macrophages and
hepatocellular carcinoma. Cell Biosci. 9, 79. doi:10.1186/s13578-019-0342-7

Wang, H., Guo, S., Kim, S. J., Shao, F., Ho, J. W. K., Wong, K. U., et al. (2021). Cisplatin
prevents breast cancer metastasis through blocking early EMT and retards cancer growth
together with paclitaxel. Theranostics 11 (5), 2442–2459. doi:10.7150/thno.46460

Wen, Y., Lambrecht, J., Ju, C., and Tacke, F. (2021). Hepatic macrophages in liver
homeostasis and diseases-diversity, plasticity and therapeutic opportunities. Cell Mol.
Immunol. 18 (1), 45–56. doi:10.1038/s41423-020-00558-8

Wu,Q., Zhou, L., Lv, D., Zhu, X., and Tang, H. (2019). Exosome-mediated communication
in the tumor microenvironment contributes to hepatocellular carcinoma development and
progression. J. Hematol. Oncol. 12 (1), 53. doi:10.1186/s13045-019-0739-0

Yang, H., and Wu, T. (2023). Schisandrin B inhibits tumor progression of
hepatocellular carcinoma by targeting the RhoA/ROCK1 pathway. J. Gastrointest.
Oncol. 14 (2), 533–543. doi:10.21037/jgo-23-87

Yokoi, A., and Ochiya, T. (2021). Exosomes and extracellular vesicles: rethinking the
essential values in cancer biology. Semin. Cancer Biol. 74, 79–91. doi:10.1016/j.
semcancer.2021.03.032

Zhang, L., Zhang, C., Xing, Z., Lou, C., Fang, J., Wang, Z., et al. (2022). Fibronectin
1 derived from tumor-associated macrophages and fibroblasts promotes metastasis
through the JUN pathway in hepatocellular carcinoma. Int. Immunopharmacol. 113 (Pt
A), 109420. doi:10.1016/j.intimp.2022.109420

Zhao, S., Mi, Y., Guan, B., Zheng, B., Wei, P., Gu, Y., et al. (2020). Tumor-derived
exosomal miR-934 induces macrophage M2 polarization to promote liver metastasis of
colorectal cancer. J. Hematol. Oncol. 13 (1), 156. doi:10.1186/s13045-020-00991-2

Zhou, W.-H., Du, W.-D., Li, Y.-F., Al-Aroomi, M. A., Yan, C., Wang, Y., et al. (2022).
The overexpression of fibronectin 1 promotes cancer progression and associated with
M2 macrophages polarization in head and neck squamous cell carcinoma patients. Int.
J. Gen. Med. 15, 5027–5042. doi:10.2147/IJGM.S364708

Frontiers in Pharmacology frontiersin.org13

Jiang et al. 10.3389/fphar.2025.1547685

https://doi.org/10.1007/s11864-023-01098-9
https://doi.org/10.3390/cancers6010079
https://doi.org/10.3322/caac.21834
https://doi.org/10.1007/s10753-021-01494-z
https://doi.org/10.2174/138920112798868791
https://doi.org/10.1038/s41392-021-00828-5
https://doi.org/10.1016/j.molcel.2020.05.004
https://doi.org/10.1186/s13045-022-01252-0
https://doi.org/10.2147/OTT.S195703
https://doi.org/10.1038/s41388-022-02457-w
https://doi.org/10.3892/or.2021.8066
https://doi.org/10.1016/j.bioorg.2022.106272
https://doi.org/10.3390/molecules26226882
https://doi.org/10.1038/s41598-023-37311-w
https://doi.org/10.1016/j.ymthe.2024.01.032
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s12276-022-00917-7
https://doi.org/10.1038/s12276-022-00917-7
https://doi.org/10.1186/s12943-019-1047-6
https://doi.org/10.1016/j.trecan.2019.10.007
https://doi.org/10.3892/or.2018.6791
https://doi.org/10.3892/or.2018.6791
https://doi.org/10.1007/s10620-019-05582-x
https://doi.org/10.1007/s10620-019-05582-x
https://doi.org/10.3390/ijms23073778
https://doi.org/10.1016/j.taap.2023.116574
https://doi.org/10.20892/j.issn.2095-3941.2020.0387
https://doi.org/10.20892/j.issn.2095-3941.2020.0387
https://doi.org/10.1007/s11010-021-04113-5
https://doi.org/10.1186/s13578-019-0342-7
https://doi.org/10.7150/thno.46460
https://doi.org/10.1038/s41423-020-00558-8
https://doi.org/10.1186/s13045-019-0739-0
https://doi.org/10.21037/jgo-23-87
https://doi.org/10.1016/j.semcancer.2021.03.032
https://doi.org/10.1016/j.semcancer.2021.03.032
https://doi.org/10.1016/j.intimp.2022.109420
https://doi.org/10.1186/s13045-020-00991-2
https://doi.org/10.2147/IJGM.S364708
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1547685

	Schisandrin B downregulates exosomal fibronectin 1 expression to inhibit hepatocellular carcinoma growth
	Introduction
	STAR methods
	Cell culture and drug treatment
	Establishment of co-culture system
	Cell proliferation assay
	Western blotting assay to detect protein expression
	Quantitative real-time PCR
	Traswell assay to detect cell migration
	Flow cytometry to detect cell apoptosis and cell cycle
	Exosome extraction and identification
	Proteomic analysis
	Animal experiment
	Immunohistochemistry and immunofluorescence
	Statistical analysis

	Results
	Sch B inhibits the growth of HCC cells
	Sch B inhibits the growth of HCC cells in co-culture system
	Sch B inhibits the migration of HCC cells in co-culture system
	Extraction and identification of exosomes in Sch B-treated co-culture system
	SchB affects the regulation of M1 polarization by exosome FN1
	Sch B inhibits the expression of FN1 in HCC

	Discussion
	Limitations of the study

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


