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Chronic, unresolved inflammation correlates with persistent hepatic injury and fibrosis, ulti-
mately progressing to hepatocellular carcinoma (HCC). Bisdemethoxycurcumin (BDMC)
demonstrates therapeutic potential against HCC, yet its mechanism in preventing hepatic "in-
flammation-carcinoma transformation” remains incompletely understood. In the current re-
search, clinical HCC specimens underwent analysis using hematoxylin-eosin (H&E) staining
and immunohistochemistry (IHC) to evaluate the expression of fibrosis markers, M2 macro-
phage markers, and CXCL12. In vitro, transforming growth factor-p1 (TGF-B1)-induced LX-2
cells and a co-culture system of LX-2, THP-1, and HCC cells were established. Cell functions
underwent assessment through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brom-
ide (MTT), flow cytometry, and Transwell assays. Reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR), Western blotting and immunofluorescence evaluated the
differential expression of molecules. The interaction between fS-catenin/TCF4 and CXCL12
was examined using co-immunoprecipitation (Co-IP), dual luciferase, and chromatin immun-
oprecipitation (ChIP) assays. A DEN-induced rat model was developed to investigate BDMC's
role in liver fibrosis-associated HCC (LFAHCC) development in vivo. Our results showed that
clinical HCC tissues exhibited elevated fibrosis and enriched M2 macrophages. BDMC delayed
liver fibrosis progression to HCC in vivo. BDMC inhibited the inflammatory microenvironment
induced by activated hepatic stellate cells (HSCs). Furthermore, BDMC suppressed M2 macro-
phage-induced fibrosis and HCC cell proliferation and metastasis. Mechanistically, BDMC
repressed TCF4/B-catenin complex formation, thereby reducing CXCL12 transcription in LX-2
cells. Moreover, CXCL12 overexpression reversed BDMC'’s inhibitory effect on macrophage M2
polarization and its mediation of fibrosis, as well as HCC proliferation and metastasis. BDMC
significantly suppressed LFAHCC development through CXCL12 in rats. In conclusion, BDMC
inhibited LFAHCC progression by reducing M2 macrophage polarization through suppressing
B-catenin/TCF4-mediated CXCL12 transcription.

1. Introduction

Hepatocellular carcinoma (HCC) ranks as the sixth most pre-
valent cancer globally and represents the third leading cause of
cancer-related mortality . According to the National Cancer Insti-
tute’s SEER database, HCC patients in the United States (US)
demonstrate a five-year survival rate of 19.6%, which decreases
significantly to 2.5% in cases of metastatic HCC *. Research has es-
tablished a strong correlation between chronic inflammation and
tumorigenesis in human cancers . HCC demonstrates a particu-
lar association with chronic inflammation and fibrosis, character-
ized as the hepatic inflammation-fibrosis-cancer axis *. Notably,
80 to 90% of HCC cases present with underlying cirrhosis stem-
ming from chronic liver inflammation °. Furthermore, research
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confirms that hepatic stellate cells (HSCs) activation promotes
progression from hepatic fibrosis to cirrhosis and subsequent tu-
morigenesis, thereby accelerating cancer development °. Zhang R
et al. demonstrated that activated HSCs promote HCC cell malig-
nancy through periostin secretion ’. Consequently, understand-
ing the role of activated HSCs in promoting hepatic "inflammation-
fibrosis-carcinoma transformation” and its underlying mechan-
isms remains crucial.

The inflammatory microenvironment, modulated by macro-
phage polarization, serves as a critical factor in promoting
fibrosis and tumor progression *°. Within the tumor environ-
ment, macrophages interact with tumor cells to influence tumori-
genesis and metastasis '* ''. Macrophages typically manifest in
two distinct phenotypes: M1-like and M2-like macrophages. M1
macrophages exhibit proinflammatory and anti-tumor character-
istics, expressing tumor necrosis factor-a (TNF-a), interleukin
(IL)-1B, IL-12, C-C motif chemokine ligand 2 (CCL2), inducible
nitric oxide synthase (iNOS), and reactive oxygen species (ROS).

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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Conversely, M2 macrophages display anti-inflammatory and pro-
tumorigenic properties, promoting fibrosis and tumor progres-
sion through the secretion of cytokines such as IL-10 and trans-
forming growth factor-p1 (TGF-B1)"*. This M2 phenotype polariz-
ation significantly influences liver fibrosis progression and sub-
sequent HCC development "™,

Our previous research demonstrated that miR-126 downreg-
ulation inhibited tumorigenesis in a murine colitis-associated
colorectal cancer model by suppressing macrophage function and
modifying the inflammatory environment via CXCL12 °. CXCL12
facilitates cell recruitment, migration, activation, and homing in
liver diseases, with serum levels correlating to liver inflamma-
tion or fibrosis severity across various etiologies ' ', Research
indicates that activated HSCs promote M2 macrophage polariza-
tion through chemokine production "*. This evidence suggests CX-
CL12’s potential involvement in liver fibrosis-associated HCC
(LFAHCC) progression. LX-2 cells, a human HSC line, provide an
in vitro model for investigating HSCs activation and its impact on
liver fibrosis and tumor progression. Upon activation, LX-2 cells
generate fibrotic markers and chemokines, including CXCL12,
contributing to macrophage polarization and the liver disease tu-
mor microenvironment **,

Bisdemethoxycurcumin (BDMC), a curcumin derivative, ex-
hibits significant anti-tumor, anti-mutagenic, and anti-metastasis
properties . Notably, BDMC demonstrates ameliorating effects
on various stages of hepatic "inflammation-fibrosis-carcinoma
transformation”. Evidence shows that BDMC alleviates hepatitis
by reducing inflammatory responses through modulation of nuc-
lear factor kB (NF-«B) and TGF-p signaling pathways *’. Addition-
ally, BDMC prevents hepatic fibrosis by inducing apoptosis in ac-
tivated HSCs '. Furthermore, BDMC treatment inhibits HCC cell
proliferation through protein kinase B (Akt) signaling inactiva-
tion **. However, the precise mechanism through which BDMC in-
fluences hepatic "inflammation-fibrosis-carcinoma transforma-
tion" requires further elucidation.

Wnt/[S-catenin signaling activation plays a significant role in
the progression of liver cancer associated with hepatitis C virus
infection and liver fibrosis *’. Akcora B O, et al. demonstrated that
B-catenin/CBP inhibitor ICG-001 improved liver fibrosis in vivo
by deactivating the canonical Wnt signaling pathway through
suppression of stromal CXCL12 **. The Wnt/S-catenin signaling
pathway exhibits frequent activation in HCC and maintains tu-
mor initiation cells, drug resistance, tumor progression, and
metastasis *°. Research indicates that BDMC inactivates the
Wnt/fB-catenin pathway by reducing nuclear f-catenin expres-
sion “°. Additionally, Wnt/B-catenin activation facilitates the
formation of an inflammatory microenvironment during cancer
tumorigenesis *” *°. Therefore, investigating BDMC's influence on
the Wnt/B-catenin pathway and its therapeutic effects in liver
fibrosis and HCC progression remains essential.

Canonical Wnts facilitate S-catenin stabilization and promote
TCF4/pB-catenin transcriptional complex formation *’. Wnt lig-
ands inhibit S-catenin degradation by preventing its phos-
phorylation by GSK-3p *’. Nevertheless, the role of Wnt/fS-caten-
in signaling as a target of BDMC in regulating hepatic "inflamma-
tion-fibrosis-carcinoma transformation” remains inadequately
understood. Bioinformatics analysis revealed multiple TCF4 bind-
ing sites within the CXCL12 promoter region. This suggests that
BDMC might regulate hepatic "inflammation-fibrosis-carcinoma
transformation” through the Wnt/f-catenin signaling pathway by
inhibiting CXCL12.

This study examines the hypothesis that liver fibrosis pro-
gression to HCC may be modulated through M2 macrophage po-
larization regulation and the Wnt/S-catenin signaling pathway.
We suggest that BDMC may inhibit TCF4/S-catenin complex
formation, thereby reducing CXCL12 transcription, a crucial
factor in macrophage polarization and tumor progression.

1233

Chinese Journal of Natural Medicines 23 (2025) 1232-1247

2. Material and methods

2.1. Clinical sample collection

HCC tissues and adjacent normal tissues (n = 30) were ob-
tained from the First Hospital of Hunan University of Chinese
Medicine (Changsha, Hunan, China) and Hunan Provincial Peo-
ple’s Hospital (Changsha, Hunan, China). The HCC sample selec-
tion criteria included: (1) HCC diagnosis confirmation through
histopathological examination, (2) absence of prior chemother-
apy or radiotherapy treatment, and (3) age > 18 years. Exclusion
criteria comprised: (1) secondary liver tumors or other malignan-
cies, (2) liver diseases unrelated to HCC, and (3) pregnancy. Clin-
ical and pathological data collection proceeded with written in-
formed consent. Each tissue sample underwent formalin fixation.
The Ethics Committee of the First Hospital of Hunan University of
Chinese Medicine (Changsha, China) approved the study.

2.2. Cell culture and treatment

HSCs (LX-2), HCC cell lines (HepG2 and Huh-7), and human
monocytes (THP-1 cells) were obtained from American Type Cul-
ture Collection (ATCC, VA, USA). LX-2 and HCC cells were cul-
tured in DMEM (Thermo Fisher Scientific, MA, USA) containing
10% FBS (Thermo Fisher Scientific), 1% penicillin, and 1% strep-
tomycin. In addition, THP-1 cells were cultured in RPMI-1640
medium (Thermo Fisher Scientific) containing 10% fetal bovine
serum (FBS, Thermo Fisher Scientific), 1% penicillin, and 1%
streptomycin. All cells were cultured in condition with 5% CO,
and 37 °C. To induce fibrosis in vitro, LX-2 cells were exposed to 5
ng'-mL™" TGF-B1 (Sigma-Aldrich, MO, USA) for 48 h. THP-1 cells
were incubated with phorbol 12-myristate 13-acetate (PMA, 100
ng'mL™"; Peprotech, MA, USA) for 48 h to induce macrophage
formation. To clarify the role of BDMC, LX-2 cells were exposed to
30 pmol-L™" BDMC (Sigma-Aldrich) for 24 h. To overexpress or
block CXCL12, LX-2 cells were treated with 20 nmol-L™* recom-
binant CXCL12 (Sigma-Aldrich) or 5 nmol-L™* AMD3100 (Sigma-
Aldrich) for 24 h.

2.3. Cell transfection

The complete complementary deoxyribonucleic acid (cDNA)
encoding TCF4 or f-catenin was amplified by polymerase chain
reaction (PCR) and subcloned into a modified pcDNA3.1 vector
(Genepharma, Shanghai, China). LX-2 cells underwent transfec-
tion with the aforementioned plasmids or their corresponding
controls using Lipofectamine 3000 (Invitrogen, CA, USA) follow-
ing the manufacturer’s protocol. After 48 h, cells were collected
for subsequent analysis.

2.4. Cell co-culture

THP-1 cells were differentiated into macrophages using 150
nmol-L™" PMA (Peprotech), followed by co-culture with differ-
ently treated LX-2 cells. Subsequently, THP-1 cells were harves-
ted to evaluate the M1/M2 macrophage phenotype. These THP-1
cells were then collected and co-cultured with LX-2 cells or HCC
cells. Co-cultured LX-2 cells were isolated for fibrosis investiga-
tion, while HCC cells were collected for migration and invasion
assays.

2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

Cell viability after various treatments was assessed using an
MTT kit (Beyotime, Shanghai, China). Cells were seeded into 96-
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well plates at a density of 1 x 10* cells/well and cultured
overnight. The cells were then incubated with 10 pL of MTT solu-
tion for 2 h. Subsequently, the supernatants were removed, and
DMSO was added to each well. Absorbance measurements were
taken at 490 nm.

2.6. Cell apoptosis detection

LX-2 cells (2 x 10%) were centrifuged and resuspended in 500
uL of 1 x Annexin-binding buffer (BD, NJ, USA). Cells underwent
treatment with 5 pL Annexin V-FITC (BD) and propidium iodide
(P1, BD) for 15 min. Apoptosis analysis was performed using a
flow cytometer (BD).

2.7. Western blotting

Nucleocytoplasmic separation was performed using the nuc-
lear and cytoplasmic extraction kit (Beyotime). Treated cells
were centrifuged at 500 g for 3 min after washing with cold phos-
phate-buffered saline (PBS). The cell pellet was incubated with
ice-cold cytosol extraction buffer on ice for 1 min, followed by
centrifugation at 12 000 g for 5 min at 4 °C. The supernatant con-
taining cytoplasmic components was collected, and the insoluble
nuclear fraction was resuspended. Proteins were extracted using
RIPA lysis buffer (Beyotime) and quantified using a BCA kit
(Beyotime). The proteins were separated by 10% SDS-PAGE (30
ug/lane) and transferred onto PVDF membranes. The mem-
branes were incubated with primary antibodies at 4 °C overnight.
The antibodies used were: anti-a-SMA (ab124964, 1:5000, anti-
body (Abcam), Shanghai, China), anti-TCF4 (ab217668, 1:10000,
Abcam), anti-f-catenin (ab32572, 1:5000, Abcam), anti-E-cad-
herin (ab40772, 1:1000, Abcam), anti-N-cadherin (ab76011,
1:5000, Abcam), anti-CXCL12 (ab155090,1:10000, Abcam), anti-
fibronectin (ab2413, 1:1000, Abcam), anti-collagen I (ab138492,
1:1000, Abcam), Lamin B1 (ab16048, 1:1000, Abcam) and anti-
GAPDH (ab8245, 1:10000, Abcam). Subsequently, the mem-
branes were incubated with secondary antibodies (horse radish
peroxidase (HRP)-conjugated, ab288151 and ab6789, 1:5000,
Abcam) at room temperature for 1 h. Protein bands were visual-
ized using the ECL kit (Beyotime).

2.8. Immunofluorescence

Cells were fixed with methanol and permeabilized. The cells
were incubated overnight at 4 °C with anti-CD206 (ab64693,
1:100, Abcam) or anti-CD86 (ab239075, 1:100, Abcam). Sub-
sequently, cells were incubated with the corresponding second-
ary Abcam in darkness for 1 h. The cells were then examined un-
der a fluorescence microscope (Olympus, Tokyo, Japan).

2.9. Reverse transcription-quantitative PCR (RT-qPCR)

Total ribonucleic acid (RNA) extraction was performed using
TRIzol® reagent (Invitrogen). cDNA synthesis was conducted us-
ing the iScript cDNA Synthesis kit (Bio-Rad, CA, USA) and ana-
lyzed through RT-qPCR using SYBR Green (ELK, CO, USA). The
protocol consisted of: 94 °C for 2 min, followed by 40 cycles
(94 °C for 30 s and 45 s at 55 °C). The primer sequences are
presented in Supplementary Table 1.

2.10. Dual luciferase assay

The sequences (sitel: CGCCACCTGCCCG; site2: TCCAGCT-
GCC) of the CXCL12 promoter containing TCF4 and f-catenin
binding sites were incorporated into the pGL3 vector. LX-2 cells
underwent co-transfection with the constructed luciferase re-
porter vector and pcDNA3.1-control (NC) or TCF4 and S-catenin.
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Data analysis was performed using the Dual-Glo Luciferase Assay
System (Promega, Shanghai, China) after 48 h of transfection.

2.11. Transwell assay

HCC cell migration and invasion were evaluated using a
Transwell system (24-wells, 8 pm pore size with poly-carbonate
membrane; BD). Cells underwent trypsinization and were seeded
in the upper chamber with serum-free media at a density of 1 x
10° cells/chamber. The lower chamber contained 800 pL medi-
um with 10% FBS as a chemoattractant. After 48 h, cells on the
lower filter side were fixed in 3.8% formaldehyde for 20 min and
stained with 0.1% crystal violet solution. For invasion assess-
ment, the upper chamber received a coating of extracellular mat-
rix (BD), a soluble basement membrane matrix. The remaining
procedure followed the migration assay protocol.

2.12. Co-Immunoprecipitation (Co-1P) assay

LX-2 cells underwent lysis in IP lysis buffer, and the cell lys-
ates were incubated with primary antibody (anti-TCF4, #2569,
Cell Signaling Technology, MA, USA) or negative control IgG at
4 °C for 2 h, followed by protein-A/G agarose treatment overnight
at 4 °C. The complex was rinsed and boiled after bead mixing.
Western blotting was subsequently employed for sample examin-
ation.

2.13. Chromatin immunoprecipitation (ChIP) assay

LX-2 cells were cross-linked using 1% formaldehyde for 10
min at room temperature, with the reaction terminated by gly-
cine for 5 min. The cell pellet underwent resuspension in lysis
buffer, and DNA was fragmented into 100-300 bp segments
through sonication. The samples were incubated with TCF4 anti-
body (anti-TCF4, ab217668, Abcam), §-catenin antibody (anti-g-
catenin, ab32572, Abcam), or control IgG antibody overnight, fol-
lowed by protein-A/G agarose bead incubation for 2 h at 4 °C. The
binding complexes underwent Proteinase K digestion after wash-
ing. Precipitated DNA was analyzed using RT-qPCR.

2.14. In vivo experiments

Hepatic "inflammation-fibrosis-carcinoma transformation”
was induced using DEN treatment as previously described . SD
rats (n = 150; aged 6-8 weeks) were obtained from Hunan SJA
Laboratory Animal Co., Ltd. (Hunan, China). The ethical commit-
tee of the First Hospital of Hunan University of Chinese Medicine
(Changsha, Hunan, China) approved this study. After one week of
acclimatization, rats were randomly assigned to control, DEN,
DEN + DMSO, DEN + BDMC, DEN + CXCL12 and DEN + BDMC +
CXCL12 groups (n =25 each). The control group received in-
traperitoneal saline solution (0.9%) twice weekly. The DEN group
received 30 mgkg" DEN (Sigma-Aldrich) twice weekly for 11
weeks. Following the 11-week DEN administration, DEN was dis-
continued, and the animals were monitored until 20 weeks. Con-
currently, rats in DEN + BDMC and DEN + BDMC + CXCL12
groups received 25 mg-kg" BDMC intraperitoneally admin-
istered every other day after 4 weeks of DEN administration as
previously reported *'. Additionally, rats in DEN + CXCL12 and
DEN + BDMC + CXCL12 groups received recombinant rat CXCL12
at 4 ug-kg'1~d'l. At 0, 6, 12 and 20 weeks, serum was collected for
biochemical analysis (alanine aminotransferase (ALT), aspartate
transaminase (AST), hyaluronidase (HA), laminin (LN), precolla-
gen III N-terminal peptide (p-III-NP), IV collagenase (IV-C), IL-10,
Arg-1 and TGF-f1) and liver tissues were collected for histologic-
al (hematoxylin-eosin (H&E) and Masson) and immunohisto-
chemistry (IHC) detection (a-SMA, collagen I, CXCL12, and
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CD206). The liver/body weight ratio was measured. Liver tissues
were sectioned and fixed in 10% formalin for histopathology and
immunohistochemical examinations. The remaining portions
were frozen and stored at -80 °C until analysis. All experiments
were conducted in accordance with NIH guidelines and received
approval from the Animal Ethics Committee of the First Hospital
of Hunan University ofChinese Medicine (Ethical code:
EYFY20231113-110).

2.15. Enzyme linked immunosorbent assay (ELISA)

Serum levels of IV-C (E-EL-R3009, Eelabscience, Wuhan,
China), AST (ab263883, Abcam), ALT (ab234579, Abcam), HA
(ab304945, Abcam), LN (ab119573, Abcam), and p-III-NP (E-EL-
R3024, Eelabscience) were measured using the corresponding
ELISA kits following the manufacturer’s protocols.

2.16. Morphometric evaluation

Hepatic tissues from experimental groups of rats were ex-
amined morphologically for visible neoplastic nodules at the time
of sacrifice at the study’s conclusion, as previously reported **.

2.17. H&E and Masson staining

Tissues were fixed in formaldehyde neutral buffer and em-
bedded in paraffin blocks. The sections (4 um-thick) were stained
with collagen-specific Masson’s trichrome for fibrosis detection
or with H&E for cell morphometry. The Ishak scoring system was
applied to grade hepatic fibrosis: grade 0, no fibrosis; grade 1,
slight fibrous expansion of portal areas; grade 2, serious fibrous
expansion; grade 3, serious fibrous expansion with occasional
portal-to-portal bridging; grade 4, fibrous expansion of portal
areas with marked portal to portal and/or portal to central
bridging; grade 5, marked portal to portal and/or portal to cent-

ral bridging with occasional nodules; grade 6, cirrhosis **.

2.18. IHC staining

Tissue sections (4 um thickness) were fixed and processed.
Following deparaffinization and rehydration, antigen retrieval
was performed using microwave treatment with sodium citrate
buffer. Subsequently, samples underwent PBS washing for 5 min.
The samples were then incubated in 3% H,0, for 25 min, fol-
lowed by washing and serum incubation for 30 min. Overnight in-
cubation was performed with primary antibodies: anti-collagen I
(ab279711 1:500, Abcam), anti-CXCL12 (ab25117 or ab9797,
1:500, Abcam), anti-a-SMA (ab124964, 1:1000, Abcam), anti-
CD206 (ab64693, 1:100, Abcam), CD86 (ab220188, 1:200, Ab-
cam), Arg-1 (ab315110, 1:5000, Abcam), IL-10 (ab34843,
1:1000, Abcam) and TGF-f1 (ab215715, 1:500, Abcam). The
samples were then incubated with secondary antibody (HRP-
labeled; 1:200, Abcam) at 37 °C for 30 min. The tissues were sub-
sequently incubated with diaminobenzidine (DAB) and analyzed
under microscopic examination. The proportion of positively-
stained cells was determined by counting 500 cells at 100 x mag-
nification as previously described **.

2.19. Statistical analysis

Each experiment was conducted with a minimum of three re-
petitions. Data are expressed as mean * standard deviation. Stat-
istical analyses were performed using GraphPad Prism 8.0 soft-
ware. Differences between two groups were analyzed using un-
paired student’s t-test. For multiple group comparisons, one-way
analysis of variance followed by Tukey's post hoc tests was em-
ployed. Statistical significance was established at P values < 0.05.
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3. Results

3.1. HSCs-mediated liver fibrosis and macrophage M2 polarization
were associated with HCC

Previous research indicates that HSCs-mediated liver fibrosis
and macrophage polarization play crucial roles in LFAHCC pro-
gression '~ ¥, Histological changes in HCC were evaluated using
H&E and IHC staining. Fig. 1A demonstrates that HCC tissues dis-
played disrupted liver tissue architecture, significant tumor cell
infiltration, and fibrosis. Analysis of macrophage polarization and
fibrosis indicators in HCC and adjacent normal tissues revealed
significantly elevated levels of a-SMA (a fibrosis marker) in HCC
tissues compared to adjacent normal tissues (Fig. 1B). Addition-
ally, HCC tissues showed decreased expression of the M1-type
marker CD86 and increased expression of the M2-type marker
CD206 (Figs. 1C and 1D). The protein levels of M2 macrophage-
secreted cytokines, including Arg-1, IL-10, and TGF-B1, were
markedly elevated in HCC tissues relative to adjacent normal tis-
sues (Figs. 1E-1G). CXCL12 is a chemokine associated with liver
inflammation and fibrosis severity across various etiologies "/,
and known to be produced by HSCs to induce M2 polarization of
macrophages '*, showed significantly higher levels in HCC tissues
compared to adjacent normal tissues (Fig. 1H). These findings
demonstrate that HSCs-mediated liver fibrosis and macrophage
M2 polarization correlate with HCC progression.

3.2. BDMC alleviated the progression of liver fibrosis to HCC

To investigate the biological role of BDMC in the transition
from liver fibrosis to HCC, an animal study was conducted (Fig.
2A). Serum biochemical analyses were performed to evaluate
hepatic function and fibrosis severity. As shown in Figs. 2B and
2C, serum levels of ALT, AST, HA, LN, P-III-NP, and IV-C in-
creased significantly in the DEN-treated group, while BDMC ad-
ministration prevented these elevations from the inflammation
stage (week 6) through the fibrosis stage (week 12) to the HCC
stage (week 20). DEN significantly elevated the liver/body weight
ratio, whereas BDMC partially reversed this change at week 20
(Fig. 2D). Furthermore, pro-inflammatory factors such as IL-6, IL-
1B, and TNF-a (M1-type markers) were dynamically upregulated
in the model group during inflammation and liver fibrosis, while
these changes were partially inhibited by pre-administration of
BDMC at week 6 and week 12 (Fig. 2E). Serum levels of IL-10, Arg-
1, and TGF-B1 (M2-type markers) gradually increased in the HCC
stages in the model group compared to the control group from
week 6 to week 20. The BDMC-treated group exhibited de-
creased levels of these markers compared to the model group
(Fig. 2F). The increase in M2-type markers induced by DEN was
more pronounced and sustained than that of M1-type markers,
suggesting that the increase in M1-type markers might represent
a transient response caused by compensatory stress in rats. The
histopathological changes in the livers of different groups at dif-
ferent stages were shown in Figs. 2G-2H. Livers from the control
group displayed normal histology, while DEN treatment resulted
in progressive lesions, evolving from inflammation (6™ week),
fibrosis (12" week), to HCC (20™ week). At 6 weeks post-DEN in-
jection (inflammation stage), chronic inflammatory infiltrates
with diffuse ballooning degeneration, dilated lymph vessels, and
proliferating bile ducts were observed in the portal area. Liver
from rats pretreated with BDMC showed minimal hepatic injury,
with only slight vascular congestion and focal lymphoplasmacyt-
ic infiltrates. After 12 weeks of DEN injury (fibrosis stage), the liv-
er lobules in the model group showed disordered hepatocyte ar-
rangement and extensive fibrous tissue deposition. Lipid
droplets, hydropic degeneration, necrosis, and hepatocyte regen-
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CD86, CD206, Arg-1, IL-10, TGF-B1 and CXCL12 were detected in HCC tissues by IHC staining. Data were expressed as mean + SD (n = 30). P < 0.05, "P < 0.01,

Norma; Original magnification: 200 x .

eration were evident. BDMC pre-administration reduced the ex-
tent of DEN-induced liver fibrosis. After 20 weeks of DEN injec-
tion (HCC stage), the model group exhibited architectural loss,
hepatic parenchyma with granular cytoplasm, and cancerous fo-
cus with patchy necrosis. Liver nodules contained relatively large
hepatocytes with enlarged nuclei and eosinophilic cytoplasm sur-
rounded by fibrotic stroma. DEN-bearing BDMC-treated groups
showed moderate malignancy with focal necrosis and reduced
mitotic count. Morphological changes were observed in the livers
of different groups at week 20. As shown in Fig. 21, control group
livers appeared normal, brown, smooth and soft in texture, while
DEN group livers were rough and nodular, with multiple white
nodules, indicating HCC development. Pretreatment with BDMC
significantly improved the recovery from DEN-induced liver
structural damage. Lung metastasis nodules increased signific-
antly after DEN treatment, while these pathological changes were
ameliorated by BDMC treatment (Fig. 2]). Collectively, BDMC
demonstrated the ability to alleviate the progression of liver
fibrosis to HCC.

3.3. BDMC reduced M2 polarization induced by activated HSCs

To examine the effects of BDMC on LX-2 cells, TGF-f1 was
utilized to induce HSC activation and fibrosis in LX-2 cells. The
cells were subsequently treated with varying concentrations of
BDMC. As shown in Figs. 3A and 3B, both BDMC and TGF-$1 had
limited effects on LX-2 cell viability. TGF-f1 at concentrations of 5
and 10 ng-mL™ significantly enhanced the expression of pro-
fibrotic molecules, including a-SMA, collagen I and fibronectin, in
LX-2 cells (Fig. 3C). BDMC at concentrations of 30 and 50
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umol-L™" significantly suppressed the TGF-B1-induced elevation
in these pro-fibrotic molecules (Fig. 3D). These results led to the
selection of 5 ng'-mL™" of TGF-B1 and 30 pmol-L™ of BDMC for
subsequent experiments. Furthermore, while TGF-f1 stimulation
decreased LX-2 cell apoptosis, BDMC treatment partially re-
versed this effect (Fig. 3E). LX-2 cells were co-cultured with PMA-
differentiated THP-1 cells, after which THP-1 cells were collected
for further analysis (Fig. 3F). A two-step co-culture system of
macrophages and HSCs was established (Fig. 3F) to investigate
BDMC’s effect on macrophages. In this system, macrophages were
first removed from the initial co-culture, where PMA-differenti-
ated THP-1 cells in the upper chamber were co-cultured with LX-
2 cells in the lower chamber for 2 days. These 'educated’ macro-
phages were subsequently transferred to a second co-culture sys-
tem with untreated HCC cell lines (HepG2 and Huh-7) for an addi-
tional 2 days. The findings demonstrated that activated LX-2 cells
significantly decreased CD86 (M1-type markers) expression
while increasing CD206 (M2-type markers) expression in co-cul-
tured macrophages, effects that were neutralized by BDMC (Fig.
3G). Additionally, macrophages co-cultured with activated LX-2
cells showed significantly reduced levels of IL-6 and IL-18 (M1-
type markers), while IL-10 and Arg-1 (M2-type markers) expres-
sions were significantly increased; BDMC partially reversed these
effects (Fig. 3H). These results indicate that BDMC reduced M2
polarization induced by activated HSCs.

3.4. BDMC inhibited liver fibrosis and HCC induced by M2-like mac-
rophages

To evaluate the impact of BDMC on liver fibrosis and HCC de-
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velopment, PMA-differentiated THP-1 cells were co-cultured with

LX-2 cells under various treatment conditions, followed by co-
culture with HCC cells (HepG2 and Huh-7). LX-2 cells and HCC
cells were subsequently collected for analysis (Figs. 4A and 4E).
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The results indicated that macrophages exhibited no significant
influence on LX-2 cell activity (Fig. 4B). Furthermore, TGF-B1 sig-
nificantly increased fibrotic messenger RNA (mRNA) and protein
levels (collagen I, a-SMA and fibronectin) in LX-2 cells, an effect
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partially reversed by BDMC treatment (Figs. 4C-4D). Addition-
ally, PMA-differentiated THP-1 cells co-cultured with TGF-B1-in-
duced LX-2 cells enhanced HCC cell viability and proliferation,

A
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which was partially suppressed by BDMC (Figs. 4F-4G).
Moreover, PMA-differentiated THP-1 cells co-cultured with TGF-
B1-induced LX-2 cells promoted HCC cell invasion and migration
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through E-cadherin downregulation and N-cadherin upregula-
tion, effects substantially mitigated by BDMC (Figs. 4H-4]). These
findings demonstrate that BDMC attenuated liver fibrosis and M2-
like macrophages-mediated HCC.

3.5. BDMC prevented the formation of f-catenin/TCF4 complex

The Wnt/f-catenin signaling pathway demonstrates activa-
tion in HCC and serves a critical function in the progression of
HCC associated with liver fibrosis *°. As shown in Fig. 5A, TGF-B1
elevated TCF4 and f-catenin levels in LX-2 cells, an effect neutral-
ized by BDMC treatment. Previous research has demonstrated
that curcumin positively influences cancer prevention and tumor
therapy through regulation of the Wnt/g-catenin pathway *°. The
present study revealed that TGF-B1 induced elevated levels of
TCF4 and f-catenin in the nucleus of LX-2 cells, which was
markedly reduced by BDMC (Fig. 5B). Furthermore, TGF-f1 sub-
stantially increased f-catenin/TCF4 complex expression, which
was normalized by BDMC (Fig. 5C). These results indicate that
BDMC prevented f-catenin/TCF4 complex formation in TGF-B1-
induced HSC cells.

3.6. BDMC inhibited CXCL12 transcription via suppressing fS-caten-
in/TCF4

A bioinformatics analysis revealed potential binding sites
(sitel and site2, Fig. 6A) between TCF4 and the CXCL12 pro-
moter region. Following TCF4/f-catenin overexpression in LX-2
cells, a significant elevation in TCF4/f-catenin levels was ob-
served (Fig. 6B). Furthermore, overexpression of either TCF4 or -
catenin substantially increased CXCL12 levels in LX-2 cells (Fig.
6C). The overexpression of TCF4 or fS-catenin significantly en-
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hanced the luciferase activity of the CXCL12 promoter (Fig. 6D),
while TCF4 and S-catenin antibodies successfully enriched the
CXCL12 promoter region in LX-2 cells (Fig. 6E), demonstrating
direct binding between TCF4/f-catenin and the CXCL12 pro-
moter. Additionally, BDMC significantly reduced TGF-B1-induced
elevation of CXCL12 levels in LX-2 cells, though this effect was
notably reversed by TCF4 or -catenin overexpression (Figs. 6F
and 6G). These findings indicate that BDMC reduced CXCL12
transcription via suppression of f-catenin/TCF4.

3.7. CXCL12 reversed BDMC'’s inhibition of M2 polarization caused
by activated HSCs

Previous research has established CXCL12 as a chemokine
that attracts macrophages through CXCR4 binding. To examine
the interaction between BDMC and CXCL12 in activated HSCs-me-
diated macrophage polarization, recombinant CXCL12 was ad-
ministered to LX-2 cells. The results demonstrated that BDMC re-
duced CXCL12 levels in TGF-B1-treated LX-2 cells, with this ef-
fect significantly reversed by recombinant CXCL12 and enhanced
by AMD3100 (CXCL12 inhibitor) (Fig. 7A). Cell viability studies
revealed that while BDMC did not affect LX-2 cell viability,
CXCL12 significantly enhanced it, and AMD3100 reduced it (Fig.
7B). Additionally, BDMC enhanced LX-2 cell apoptosis, but this ef-
fect was counteracted by recombinant CXCL12 and amplified by
AMD3100 (Fig. 7C). Furthermore, recombinant CXCL12 reversed
BDMC’s stimulatory effect on M1-type markers and its inhibitory
effect on M2-type markers, while AMD3100 demonstrated oppos-
ing effects (Figs. 7D-7E). These findings indicate that BDMC in-
hibited M2 polarization caused by activated HSCs via CXCL12
suppression.
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CXCL12 was tested by RT-qPCR. (D) The luciferase activity in CXCL12 promoter was tested by luciferase assay. (E) The binding between TCF4/S-catenin and the promoter
region of CXCL12 was detected by ChIP in LX-2 cells. LX-2 cells were exposed to TGF-B1, TGF-B1 + DMSO, TGF-B1 + BDMC, TGF-B1 + BDMCs + pcDNA3.1-TCF4 or TGF-p1 +
BDMCs + pcDNA3.1-S-catenin. (F & G) The level of CXCL12 was examined by RT-qPCR and western blot. Data were expressed as mean * SD. All data were obtained from

three independent experiments. P < 0.05, "P < 0.01, P < 0.001.

3.8. CXCL12 reversed the inhibitory effect of BDMC on liver fibrosis
and HCC cell function mediated by M2-like macrophages

Neither recombinant CXCL12 nor AMD3100 demonstrated
significant impact on LX-2 cell viability (Fig. 8A). BDMC signific-
antly decreased a-SMA, collagen I, and fibronectin expression in
LX-2 cells; this effect was partially reversed by CXCL12 upregula-
tion but enhanced by AMD3100 (Fig. 8B-8C). Moreover, BDMC
suppressed HCC cell viability, migration, proliferation, and inva-
sion induced by PMA-differentiated THP-1 cells co-cultured with
TGF-B1-induced LX-2 cells. This effect was reversed by recombin-
ant CXCL12 but enhanced by AMD3100 (Fig. 8D-8G). BDMC elev-
decreased N-cadherin levels in co-cultured HCC cells; this effect
was inhibited by recombinant CXCL12, while AMD3100 ampli-
fied BDMC'’s effects (Fig. 8H). These findings demonstrate that
BDMC attenuated liver fibrosis and PMA-differentiated THP-1
cells-mediated HCC cell function via CXCL12.
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3.9. BDMC attenuated DEN-induced liver fibrosis progression to
HCC via downregulating CXCL12

To investigate the role of BDMC and CXCL12 in the progres-
sion from liver fibrosis to HCC, an animal study was conducted
(Fig. 9A). As shown in Fig. 9B, DEN significantly reduced rat body
weight from the inflammation stage (week 6) through the fibrosis
stage (week 12) to the HCC stage (week 20). This effect was re-
versed by BDMC but further enhanced by recombinant CXCL12.
Similarly, serum levels of ALT, AST, HA, LN, P-III-NP, and IV-C
were significantly elevated by DEN, which was mitigated by BD-
MC but further increased by recombinant CXCL12 from the in-
flammation stage (week 6) through the fibrosis stage (week 12)
to the HCC stage (week 20) (Figs. 9C-9D). Additionally, CXCL12
partially reversed the BDMC-induced reduction in these factors
(Figs. 9C-9D). In the DEN rat model, BDMC treatment decreased
the expression of M2-type markers TGF-f1, IL-10 and Arg-1,
while recombinant CXCL12 counteracted the effect of BDMC
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Fig. 7 CXCL12 reversed BDMC's inhibition of M2 polarization of macrophages caused by activated HSCs. LX-2 cells were exposed to TGF-B1, TGF-B1 + DMSO, TGF-B1 + BD-
MC, TGF-B1 + BDMC + recombinant CXCL12, TGF-f1 + BDMC + AMD3100 (5 nM). (A) The level of CXCL12 in LX-2 cells was tested by western blot. (B) The viability of LX-2
cells was tested by immunofluorescence staining. (C) The apoptosis of LX-2 cells was tested by flow cytometry. LX-2 cells with different treatment were then co-cultured th
THP-1 cells. After that, THP-1 cells were collected. (D) The levels of CD86 and CD206 were detected by immunofluorescence staining. (E) The levels of IL-6, IL-1f, L-10 and

Arg-1 in co-cultured THP-1 cells were measured by RT-qPCR. Data were expressed as mean * SD. All data were obtained from three independent experiments. *P < 0.05,
**P<0.01, ***P < 0.001.

(Fig. 9E). DEN-induced elevation of liver/body weight ratio was infiltrates (6™ week), fibrosis and cirrhosis (12" week), and high
significantly reduced by BDMC, an effect that was negated by re- or middle differentiation of HCC (20" week) (Figs. 9G-9H). These
combinant CXCL12 (Fig. 9F). Moreover, DEN accelerated the pro- changes were significantly suppressed by BDMC but exacerbated
gression of hepatic "inflammation-fibrosis-carcinoma transform- by recombinant CXCL12 (Figs. 9G-9H). Recombinant CXCL12 re-
ation", and the liver of DEN group rats displayed distinct patholo- versed BDMC'’s inhibitory effect on hepatic "inflammation-fibrosis-
gical features at various stages, including chronic inflammatory carcinoma transformation” (Figs. 9G-9H). As illustrated in Fig. 91,
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Fig. 8 CXCL12 reversed the inhibitory effect of BDMC on liver fibrosis and HCC cell function mediated by M2 macrophages. THP-1 cells were co-cultured with different
treatment of LX-2 cells before being co-cultured with LX-2 cells and HCC cells separately, and then LX-2 cells and HCC cells were isolated for further analysis. (A) The viabil-
ity of co-cultured LX-2 cells was assessed by MTT assay. (B & C) The levels of a-SMA, collagen I and fibronectin in co-cultured LX-2 cells were tested by RT-qPCR and west-
ern blot. (D-G) The viability, proliferation, migration and invasion of co-cultured HCC cells were tested by MTT, colony formation and transwell assay, respectively. (H) The
levels of N-cadherin in co-cultured HCC cells were tested by western blot. Data were expressed as mean * SD. All data were obtained from three independent experiments.
'P<0.05,"P<0.01, "P<0.001.

the DEN group progressed from normal morphology to substan- (Fig. S1). Moreover, the inhibitory effect of BDMC was substan-
tial structural alterations, including multiple white nodules and tially diminished by recombinant CXCL12 (Fig. S1). Thus, BDMC
balloon-like structures on the liver surface (20" week). These ef- mitigated DEN-induced liver fibrosis progression to HCC through
fects were diminished by BDMC but amplified by recombinant CXCL12 inhibition.

CXCL12 (Fig. 91). Furthermore, recombinant CXCL12 partially

counteracted the BDMC-induced reduction of liver surface nod- 4. Discussion

ules (Fig. 91). IHC staining revealed that BDMC significantly re-

duced the expressions of a-SMA, collagen I, CXCL12 and CD206 in Chronic liver inflammation and the resulting cirrhosis mi-
DEN-induced rats, while CXCL12 demonstrated opposing effects croenvironment are established factors that promote the occur-
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rence and development of HCC *’. Therefore, preventing the pro-
gression of hepatic "inflammation-fibrosis-carcinoma transform-
ation" is crucial for HCC prevention.

Macrophages constitute fundamental components of innate
immunity and serve a crucial role in the tumor microenviron-
ment. The dynamics of macrophage phenotypes are influenced by

A
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the duration and intensity of inflammation, fibrosis, and cancer e
Macrophage phenotypic alterations are also determined by the
liver’s microenvironment during hepatic injury *. Research sug-
gests that M1 polarization may contribute to fibrosis-cirrhosis
progression ‘> *'. Furthermore, M1 polarized cells derived from
bone marrow macrophages can suppress liver fibrosis progres-
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Fig. 9 BDMC attenuated DEN-induced liver fibrosis progression to HCC via downregulating CXCL12. (A) Animal experiments and sampling flowchart was presented. The
DEN group was administrated 30 mg-kg™" DEN (Sigma-Aldrich) twice a week for 11 weeks. BDMC was administered intraperitoneally at 25 mg-kg ™" every other day starting
at week 4. Recombinant CXCL12 (4 pg-kg '-d™") was administered from week 4 through to week 20 to investigate its role in reversing the inhibitory effects of BDMC on liver
fibrosis and HCC development. (B) The body weight was measured. (C) The contents of AST and ALT were assessed by biochemical kits. (D) The levels of HA, LN, P-III-NP
and IV-C in serum of rats were tested by ELISA kits. (E) The levels of IL-10, Arg-1, and TGF-B1 were examined by ELISA Kkits. (F) The liver/body weight ratio in rats was cal-
culated. (G & H) The histological changes in rat liver tissues were tested by H&E and Masson staining. (I) The images of liver tissue were presented. Data were expressed

mean = SD (n=6). P<0.05, P<0.01,” P <0.001. Original magnification: 100 x .

sion *, indicating a strong correlation between macrophage po-
larization and liver fibrosis. HSC activation enhances M2 macro-
phage polarization, thereby promoting liver fibrosis and HCC de-
velopment **“. Research has demonstrated that activated HSCs
promoted M2 polarization of macrophages, subsequently indu-
cing HCC cell invasion ***°. Consequently, understanding the reg-
ulatory mechanisms of macrophage polarization holds significant
importance for developing novel therapeutic strategies for LFAH-
CC. Aligned with previous research, our findings demonstrated
that HSCs-mediated liver fibrosis and enriched M2 macrophages
were observable in HCC tissues. The selected time points for
monitoring liver inflammation (week 6), fibrosis (week 12), and
HCC (week 20) were based on previous studies using the DEN rat
model *. Our results corroborated these earlier findings. Addition-
ally, HSCs-mediated liver fibrosis and enriched M2 macrophages
were detected in DEN-treated rat liver tissues, while TGF-B1-in-
duced LX-2 cells promoted macrophage M2 polarization in vitro.
These findings support the conclusion that activated HSCs pro-
moted liver fibrosis and macrophage M2 polarization, which
were associated with HCC.

BDMC exerts anti-tumor activities in various human malig-
nant tumors '~ *. As evidence, BDMC treatment markedly inhib-
ited the proliferation of HCC cells *. In addition, BDMC treatment
could relieve liver fibrosis by inducing HSC apoptosis
However, BDMC’s role in preventing hepatic "inflammation-
fibrosis-carcinoma transformation” remains unclear. Our current
results revealed that BDMC inhibited fibrosis and HCC cell prolif-
eration and migration by reducing HSCs-induced M2 macro-
phage polarization. These findings represent the first identifica-
tion of BDMC'’s inhibitory function in the fibrosis-cirrhosis-can-
cer axis. While BDMC administration at four weeks post-DEN-in-
duced liver inflammation may appear early, before cirrhosis de-
velopment, chronic inflammation represents a well-established
precursor to liver fibrosis and HCC. BDMC exhibits significant anti-
inflammatory properties, particularly in hepatitis, through inhibi-
tion of the TGF-f3 and NF-kB pathways, which are fundamental to
liver injury *’. Early intervention during the inflammation stage is
essential, asit may prevent progression to fibrosis and car-
cinoma.

Research has extensively documented BDMC’s regulation of
multiple signaling pathways in tumor progression. Liao CL et al.
demonstrated that BDMC inactivates the NF-kB signaling path-
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way in cervical cancer . Furthermore, BDMC inactivates Akt sig-
naling in osteosarcoma cells *°. The chemokine CXCL12 facilitates
macrophage polarization, HSC activation, and HCC progression.
Previous research showed that miR-155 inhibits HSC activation
through the CXCL12/CXCR4 axis *. Significantly, activated HSCs
induced M2 polarization of macrophages by producing CXCL2,
potentially relating to LFAHCC progression . The current study
revealed markedly elevated CXCL12 levels in activated HSCs and
the DEN-induced rat model during LFAHCC progression, with this
elevation neutralized by BDMC treatment. Additionally, recom-
binant CXCL12 addition reversed BDMC’s inhibitory effect on liv-
er fibrosis and HCC cell function mediated by M2 macrophages.
These results indicate that BDMC inhibited liver fibrosis and HCC
induced by M2-like macrophages through CXCL2 suppression.

The Wnt/f-catenin pathway serves as a crucial signaling
pathway in M2 macrophage polarization-mediated tumor pro-
gression *” ', Previous research has demonstrated that BDMC
treatment could inactivate the Wnt/f-catenin signaling path-
way **. In the present study, findings indicate that BDMC inhibits
B-catenin nuclear translocation and the formation of the S-caten-
in/TCF4 complex, suggesting that the f-catenin/TCF4 complex
may be involved in BDMC-mediated inhibition of macrophage M2
polarization. The S-catenin/TCF4 complex promotes cancer pro-
gression, and its formation facilitates the transcriptional expres-
sion of downstream target genes °"**, CXCL12 functions as a po-
tent chemotactic factor that recruits macrophages in colitis-asso-
ciated colorectal cancer . The relationship between BDMC regu-
lation of CXCL12 through p-catenin/TCF4 remained unexplored.
The results demonstrate that BDMC reduces p-catenin/TCF4
complex formation, thereby inhibiting f-catenin and TCF4-modu-
lated transcriptional activation of CXCL12.

5. Conclusion

In conclusion, this study demonstrates a novel application of
BDMC in treating liver inflammation, fibrosis, and HCC. The find-
ings provide evidence that BDMC intervenes early during the in-
flammatory phase of liver disease, preventing progression to
fibrosis and cancer by targeting macrophage M2 polarization
through reduced pB-catenin/TCF4-mediated CXCL12 transcrip-
tion (Fig. 10). This research highlights BDMC'’s potential as an ef-
fective therapeutic option, presenting new possibilities for man-
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Fig. 10 The schematic illustration of this study. BDMC repressed the progression of liver fibrosis towards HCC via inhibiting M2 macrophage polarization by decreasing -

catenin/TCF4-mediated CXCL12 transcription.

aging and preventing chronic liver diseases, including HCC. The
significance of these findings lies in the early-stage intervention
and the mechanisms through which BDMC exerts its protective
effects, establishing it as a promising candidate for clinical trans-
lation. Several limitations exist in this research. The downstream
target of CXCL12 in regulating M2 macrophage polarization dur-
ing liver fibrosis progression towards HCC remains uninvestig-
ated. Future studies will address this deficiency to strengthen the
research conclusions. Additionally, the study lacked a positive
control. This limitation warrants consideration when interpret-
ing the results. Future research incorporating a positive control
group will enhance the findings and provide more robust treat-
ment effect comparisons.
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