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Abstract: Colorectal cancer (CRC) is a prevalent and highly lethal malignancy, with current therapeutic efficacy
limited by the tumor’s high invasiveness and metastatic potential. Matrix metalloproteinases (MMPs) and the WNT
(Wingless/Integrated) signaling pathway play key roles in the invasion and metastasis of CRC. Salidroside, a natural
compound, has demonstrated inhibitory effects in several cancers, but its precise molecular mechanism in CRC
cells remains unclear. This study aims to investigate the antitumor effect of salidroside on CRC and its molecular
mechanism in influencing epithelial-mesenchymal transition (EMT) by regulating MMP-12 and the WNT signaling
pathway. The effects of salidroside on CRC cell proliferation, migration, and invasion were evaluated through in
vitro experiments using HCT-116 and SW620 cell lines. The antitumor effects of salidroside were validated using
CCK-8, wound healing, and Transwell assays. Expression changes of MMP-12, WNT signaling-related proteins (e.g.,
B-catenin, GSK-3B), and EMT markers (e.g., E-cadherin, Vimentin) after salidroside treatment were measured by
gRT-PCR and Western Blot. Additionally, bioinformatics analysis was performed using TCGA and GEO databases
in combination with the BEST online tool to identify differentially expressed genes, followed by GSEA enrichment
analysis. Salidroside showed significant antiproliferative and inhibitory effects on the migration and invasion of CRC
cells. In vitro experiments demonstrated that salidroside significantly inhibited CRC cell proliferation and reduced
their migration and invasion capabilities. gRT-PCR and Western Blot analyses showed that salidroside significantly
downregulated MMP-12 expression and led to changes in the expression of WNT signaling and EMT-related pro-
teins, specifically downregulating B-catenin, upregulating E-cadherin, and downregulating Vimentin. Furthermore,
bioinformatics analysis indicated that MMP-12 plays a crucial role in salidroside-mediated CRC inhibition, further
supporting its potential as a key target. In conclusion, salidroside suppresses CRC invasion and migration by down-
regulating MMP-12 and modulating the WNT signaling pathway, thereby inhibiting the EMT process. These findings
suggest that salidroside holds potential as a therapeutic agent for CRC, offering a novel approach to CRC treatment.
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Introduction

Colorectal cancer (CRC) is a common malignan-
cy worldwide, with its incidence and mortality
ranking among the top for all cancer types [1].
In recent years, due to changes in lifestyle and

Westernized dietary patterns, especially high-
fat, high-calorie diets and lack of exercises, the
incidence of CRC has been increasing in many
countries [2]. This trend is particularly evident
in developed countries, but developing coun-
tries are also catching up due to lifestyle chang-
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es. According to reports from the World Health
Organization (WHO), the global incidence of
CRC is approximately 1.9 million cases annually
[3]. Despite progress in CRC treatment, surgery
remains the primary method for early-stage
CRC, while patients with advanced stages often
require comprehensive treatments including
chemotherapy and radiotherapy [4]. However,
tumor recurrence and metastasis are still major
challenges in treatment, and the toxic side
effects of chemotherapy drugs and drug resis-
tance of cancer cells further limit treatment
efficacy [5]. Therefore, finding new anticancer
drugs and therapeutic targets is crucial for
improving CRC survival rates.

In the development of anticancer drugs, natural
products have gained attention due to their
low toxicity and multiple target properties.
Salidroside, a natural glycoside compound
extracted from the traditional medicinal herb
Rhodiola rosea, has various biological activities
such as antioxidant, anti-inflammatory, and
immune regulatory effects, and its application
in cancer research has attracted increasing
attention in recent years [6]. Salidroside has
shown inhibitory effects on various cancer
cells, especially in studies on solid tumors such
as breast cancer [7], lung cancer [8], and liver
cancer [9], achieving significant results. The
mechanisms mainly include inhibiting cancer
cell proliferation, migration, and invasion,
inducing apoptosis, and causing cell cycle
arrest [10]. In addition, salidroside exerts
antitumor effects by inhibiting inflammatory
responses in the tumor microenvironment and
reducing oxidative stress [11, 12].

Although salidroside’s anticancer effects have
been partially validated in multiple types of
tumors, there is still a lack of systematic
research on its mechanisms in CRC. Preliminary
studies have suggested that salidroside can
inhibit CRC cell proliferation and migration in
vitro, indicating its potential anticancer activity
against CRC [13]. However, these studies most-
ly remain at the level of initial observations,
lacking in-depth investigation into the spe-
cific molecular mechanisms of salidroside.
Epithelial-mesenchymal transition (EMT) is an
important cellular biological process that plays
a key role in CRC invasion and metastasis [14].
Through EMT, cancer cells change from an epi-
thelial phenotype to a mesenchymal pheno-
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type, losing cell adhesion and gaining stronger
migratory and invasive capabilities. Activation
of EMT has been found to be closely associated
with tumor malignancy, drug resistance, and
poor prognosis [15]. Therefore, inhibiting EMT
is considered an important strategy for con-
trolling CRC metastasis. The WNT (Wingless/
Integrated) signaling pathway plays an impor-
tant regulatory role in EMT. It is critical in pro-
cesses like cell differentiation, proliferation,
and EMT, and its aberrant activation is consid-
ered a major mechanism in CRC progression
[16]. Whether salidroside inhibits CRC cell
migration and invasion by regulating the WNT
signaling pathway and affecting EMT remains
to be further investigated.

Matrix metalloproteinases (MMPs) play crucial
roles in CRC progression, particularly MMP-12
[17]. MMP-12 is a zinc-dependent protease
that degrades the extracellular matrix and pro-
motes cancer cell invasion and metastasis
[18]. Studies have shown that MMP-12 is sig-
nificantly overexpressed in CRC tissues com-
pared to normal tissues, and its high expres-
sion is closely related to tumor invasiveness
and poor prognosis [19]. Therefore, MMP-12 is
considered a potential therapeutic target for
CRC. In this study, we combined bioinformatics
analysis with in vitro experiments to explore the
regulatory effects of salidroside on MMP-12,
aiming to further elucidate its anticancer mech-
anisms against CRC.

The aim of this study is to systematically inves-
tigate the antitumor effects of salidroside on
CRC cells and its underlying mechanisms, par-
ticularly its regulatory effects on MMP-12, the
WNT signaling pathway, and EMT. Through
these investigations, we hope to provide a sci-
entific basis for salidroside as a potential thera-
peutic agent for CRC and contribute to the
development of new treatment strategies for
the disease.

Methods and materials
Cell source and culture

Human CRC cell lines HCT-116 and SW620
were purchased from Cell Bank (Shanghai,
China). Cells were cultured in high-glucose
and glutamine DMEM (HyClone) supplemented
with 10% fetal bovine serum (FBS; VivaCell,
Shanghai, China) and 1% penicillin/streptomy-
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cin (Gibco, USA). Cells were incubated in a
humidified atmosphere of 5% CO, at 37°C.

Differential gene analysis and volcano plot
generation

Differential gene expression analysis was per-
formed using The Cancer Genome Atlas (TCGA)
database and Gene Expression Omnibus (GEO)
microarray data (GSE85871 and GSE110225).
The TCGA breast cancer dataset included 1211
samples, with 1098 tumor tissues and 113
adjacent normal tissues; the CRC dataset
included 497 samples, with 456 tumor tissues
and 41 adjacent normal tissues. In the
GSE85871 dataset, GSM2286398-9 served
as the control group, while GSM2286318-9
included MCF7 samples treated with salidro-
side. The GSE110225 dataset contained 60
samples, from which 26 samples (GSM-
2982906-31) were selected, with odd-num-
bered samples representing cancer samples
and even-numbered samples representing
adjacent normal samples. Differential analysis
of gene expression between the treatment
and control groups was conducted using the
DESeq2 package, identifying significantly up-
regulated and downregulated genes (P < 0.05,
Fold Change > 2). Volcano plots were generated
to visualize differential gene expression. These
volcano plots displayed the distribution of dif-
ferentially expressed genes, providing a visual
representation of the regulatory effects of sali-
droside on cancer cells and further revealing
potential molecular mechanisms.

Venn diagram and protein-protein interaction
(PPI) network analysis

Venn diagrams were used to analyze the inter-
section of differentially expressed genes in
MCEF7 cells treated with salidroside and differ-
entially expressed genes in TCGA CRC, breast
cancer, and GEO CRC datasets. A PPl network
of co-expressed genes was constructed using
the STRING database, and hub genes were
identified using Cytoscape software. These
analyses allowed us to identify key genes that
were commonly regulated across different can-
cer types, potentially playing important roles in
the anticancer effects of salidroside. The con-
struction of the PPl network and identification
of hub genes laid the foundation for subse-
quent functional validation and mechanistic
studies.
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GSEA pathway enrichment analysis

Based on the median expression of MMP-12 in
the GSE110225 dataset, 13 CRC samples
were divided into high-expression and low-
expression groups. Gene set enrichment analy-
sis (GSEA) was performed to identify signifi-
cantly enriched signaling pathways (P < 0.01),
with a focus on the regulation of the WNT sig-
naling pathway by salidroside. GSEA analysis
helped reveal the potential signaling pathways
through which salidroside may exert its effects,
particularly those related to cancer cell prolif-
eration and migration, providing important
insights into the anticancer mechanisms of
salidroside.

BEST online database analysis

The BEST online database (URL: https://rook-
ieutopia.hiplot.com.cn/app_direct/BEST/) was
used to analyze the expression data of MMP-
12 in CRC, screening potential differential
genes as a basis for subsequent functional
validation.

Cell proliferation and viability assay

The effects of salidroside on the proliferation
and viability of HCT-116 and SW620 cells were
assessed using a Cell Counting Kit-8 (CCK-8)
assay (Dojindo, Japan). Cells were seeded in
96-well plates at a density of 5000 cells per
well and treated for 12 h, 24 h, and 48 h. After
each treatment, CCK-8 solution was added to
each well, and cells were incubated for 1 hour.
Absorbance was measured at 450 nm. The
CCK-8 is a simple and efficient method with its
kit indirectly reflects cell proliferation by mea-
suring the metabolic activity. The experimental
results demonstrated that salidroside signifi-
cantly inhibited the proliferation of CRC cells,
indicating its potent antiproliferative effect.

Cell migration and invasion assay

Wound healing assay: Cells were seeded into
6-well plates and grown to 90% confluence. A
sterile pipette tip was used to scratch the cell
monolayer, and cells were washed with PBS
before adding medium containing different
concentrations of salidroside. Wound healing
was recorded at O h and 24 h using an Olymp-
us microscope (model CKX53) to assess cell
migration ability. The wound healing assay
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effectively evaluated the impact of salidroside
on cell migration by measuring the rate of cell
movement into the scratched area.

Transwell invasion assay: Transwell chambers
with 8 ym pore membranes coated with
Matrigel (BD Biosciences, USA) were used.
Serum-free medium containing different con-
centrations of salidroside was added to the
upper chamber, while medium containing 10%
FBS was added to the lower chamber as a che-
moattractant. After 24 h of incubation, cells
were fixed with methanol, stained with crystal
violet, and counted. The Transwell invasion
assay assessed the ability of cells to invade
through the Matrigel-coated membrane, and
the results indicated that salidroside treatment
significantly inhibited CRC cell invasion.

MMP-12 overexpression and inhibition

Overexpression: MMP-12 overexpression was
performed using the pcDNA3.1-MMP-12 plas-
mid (GeneChem, China) and Lipofectamine
3000 (Invitrogen, USA) according to the manu-
facturer’'s instructions to transfect HCT-116
and SW620 cells. Forty-eight hours after trans-
fection, MMP-12 mRNA expression levels were
determined using quantitative reverse tran-
scription PCR (gRT-PCR) to verify transfection
efficiency. MMP-12 overexpression was used to
investigate its role in the anticancer effects
of salidroside, and the experimental results
helped reveal the specific function of MMP-12
in regulating cell proliferation and migration.
Inhibition: MMP-12 knockdown was achieved
using MMP-12-specific small interfering RNA
(siRNA; GenePharma, China) and Lipofectamine
3000 for transfection. Forty-eight hours after
transfection, MMP-12 expression levels were
assessed by qRT-PCR. Knockdown of MMP-12
helped evaluate its specific role in cellular
behavior and further validate its importance in
the anticancer effects of salidroside.

qRT-PCR analysis

Total RNA was extracted using TRIzol reagent
(Invitrogen, USA), and cDNA synthesis was per-
formed using a reverse transcription kit (Taka-
ra, Japan). qRT-PCR was performed using SYBR
Green reagent (Takara, Japan) on an ABI 7500
real-time fluorescence quantitative PCR instru-
ment, with GAPDH as the internal reference
gene. Relative expression levels were calculat-
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ed using the 222t method. qRT-PCR is a highly
sensitive method for quantifying gene expres-
sion and can accurately measure MMP-12 and
other genes under different treatment condi-
tions, The primer sequences are as described
in Table S1.

Western blot analysis

After intervention, cells were lysed on ice with
RIPA lysis buffer containing protease and phos-
phatase inhibitors (Beyotime, China). Protein
concentration in the supernatant was mea-
sured using a BCA protein assay kit (Beyotime,
China). Samples were loaded onto 10% dena-
turing SDS-PAGE gels for electrophoresis, then
transferred onto 0.45 pm polyvinylidene fluo-
ride (PVDF) membranes (Beyotime, China). The
membranes were blocked with 5% non-fat milk
at room temperature for 2 hours and incubat-
ed overnight at 4°C with specific primary anti-
bodies, followed by incubation with HRP-
conjugated secondary antibodies (mouse or
rabbit). Protein bands were visualized using an
enhanced chemiluminescence (ECL) detection
kit (Thermo Scientific, USA). The following pri-
mary antibodies were used for Western blot-
ting: MMP-12 (ab52897), E-cadherin (ab-
231303), Vimentin (ab137321), B-catenin (ab-
32572), c-Myc (ab32072), and Cyclin D1
(ab16663). All antibodies were purchased from
Abcam. Western blot analysis provided a direct
measurement of protein expression levels, and
the results helped verify the regulatory effect of
salidroside on the WNT signaling pathway and
related proteins.

Statistical analysis

Data analysis was performed using GraphPad
Prism 9.0 software. Experimental results are
presented as mean * standard deviation (SD).
One-way analysis of variance (ANOVA) was used
for comparisons among groups, followed by
LSD-t post-hoc testing. A P-value < 0.05 was
considered statistically significant.

Results

Effect of salidroside on CRC cell proliferation
and viability

To evaluate the effect of salidroside on CRC cell

proliferation and viability, HCT-116 and SW620
cells were treated with varying concentrations
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Figure 1. Time-dependent effect of different concentrations of salidroside on CRC cell proliferation and viability. A.
CCK-8 analysis of the time-dependent effect of salidroside on cell viability (12 h, 24 h, 48 h). B. Cell proliferation
assay showing the effect of different salidroside concentrations on HCT-116 and SW620 cells. Note: CRC, colorectal

cancer; nsP > 0.05, **P < 0.01, ****P < 0.0001.

of salidroside (10 uM, 20 uM, 40 uM, 80 uM)
and assessed using the CCK-8 assay at 12 h,
24 h, and 48 h (Figure 1A). The results showed
that salidroside significantly inhibited the viabil-
ity of CRC cells in a dose- and time-dependent
manner (P < 0.05). Furthermore, the cell prolif-
eration assay confirmed the inhibitory effect of
salidroside, particularly at high concentrations
(40 pM and 80 uM), where cell proliferation
was markedly reduced (Figure 1B, P < 0.01).

Effect of salidroside on CRC cell migration and
invasion

The impact of salidroside at an IC50 concentra-
tion of 66.5 uM on the migration and invasion
abilities of HCT-116 and SW620 cells was
assessed using wound healing and Transwell
invasion assays. The results indicated that sali-
droside treatment significantly decreased cell
migration (Figure 2A, P < 0.05) and invasion
capabilities (Figure 2B, P < 0.01), suggesting
that salidroside effectively inhibits the migra-
tion and invasion of CRC cells.

Differential gene analysis under salidroside
intervention

Comprehensive differential gene analysis was
performed using TCGA and GEO microarray
data after salidroside intervention. The differ-
ential gene analysis results for TCGA CRC and
breast cancer samples are shown in Figure 3A
and 3B, respectively. Significant changes in
gene expression were observed in both CRC
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and breast cancer cells after salidroside treat-
ment (P < 0.05). Furthermore, differential gene
analysis of MCF7 cells in the GSE85871 data-
set showed significant gene expression chang-
es following salidroside intervention (Figure
3C, P < 0.01). Differential analysis of CRC sam-
ples and controls in the GSE110225 dataset
also revealed significant changes (Figure 3D, P
< 0.05).

Volcano plot analysis of differential gene ex-
pression

Volcano plots were used to visualize the upreg-
ulation and downregulation of genes after sali-
droside intervention (Figure 4). In both TCGA
CRC and breast cancer samples, significantly
upregulated and downregulated genes were
clearly identified (Figure 4A, 4B, P < 0.05).
Volcano plots for GSE85871 and GSE110225
further confirmed the significant changes in
gene expression in CRC and breast cancer cells
after salidroside treatment (Figure 4C, 4D, P <
0.01).

Intersection analysis of differential genes in
MCEF7 cells and multiple cancer datasets

To further investigate the target genes of sali-
droside, Venn diagram analysis was used to
examine the intersection between differentially
expressed genes in MCF7 cells treated with
salidroside and those from TCGA CRC, breast
cancer, and GEO CRC datasets (Figure 5A, 5B).
The results showed significant intersections

Am J Cancer Res 2025;15(3):929-945
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Figure 2. Inhibitory effect of salidroside IC50 on migration and invasion abilities of HCT-116 and SW620 cells. A.
Wound healing assay showing the effect of salidroside IC50 treatment on HCT-116 and SW620 cell migration. B.
Transwell invasion assay evaluating the effect of salidroside IC50 on cell invasion. Note: CRC, colorectal cancer;

***P < 0.001, ****P < 0.0001.

between highly expressed genes in MCF7 cells
and low-expressed genes in TCGA and GEO
datasets (P < 0.05). Through PPI network analy-
sis, 17 co-expressed genes were identified.
However, further analysis revealed that only
BGN, MMP12, AOX1, and ADH1C showed direct
connections within the network (Figure 5C).
The data were subsequently exported and
analyzed using the MCC (Maximum Clique
Centrality) algorithm in Cytoscape. The results
identified MMP-12 as the hub gene within the
network, highlighting its critical role in the regu-
latory processes. These genes may play cru-
cial roles in the anticancer mechanisms of
salidroside.
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KEGG enrichment analysis after salidroside
treatment

KEGG enrichment analysis showed that salidro-
side treatment significantly affected the WNT
signaling pathway and other pathways related
to cell proliferation and migration (Figure 6, P <
0.01). This suggests that the WNT signaling
pathway may play a crucial role in the antican-
cer effects of salidroside on CRC cells.

Regulation of MMP-12 expression by salidro-
side and MMP-12 overexpression/inhibition

Analysis of MMP-12 expression levels in nine
GEO microarray datasets using the BEST online

Am J Cancer Res 2025;15(3):929-945
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compared to controls. Note: CRC, colorectal cancer.

database showed that MMP-12 expression was
significantly higher in CRC tissues compared to
normal tissues, except in the GES77953 data-
set where no difference was found (Figure 7A,
P < 0.01). qRT-PCR and Western blot analysis
further demonstrated that salidroside treat-
ment significantly inhibited MMP-12 expres-
sion, whereas MMP-12 overexpression signifi-
cantly increased its mRNA levels in cells (Figure
7B-D, P < 0.05).

Regulation of cyclin D1, c-Myc, and B-catenin
expression by salidroside and MMP-12

The effects of salidroside (66.5 uM) and MMP-
12 on WNT signaling-related proteins were also
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analyzed. Salidroside treatment significantly
downregulated the expression of Cyclin D1
and c-Myc, while MMP-12 overexpression
reversed this inhibition (Figure 8A, P < 0.05).
Additionally, B-catenin expression showed sig-
nificant changes across salidroside treatment
and MMP-12 overexpression/inhibition groups
(Figure 8B, P < 0.01).

Effect of salidroside on EMT marker expres-
sion via MMP-12 regulation

To evaluate the effect of salidroside (66.5 M)

on EMT markers, the expression levels of
E-cadherin and Vimentin were examined (Figure

Am J Cancer Res 2025;15(3):929-945
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Figure 4. Volcano plots of differential gene expression. A. TCGA CRC samples showing upregulated and downregu-
lated genes. B. TCGA breast cancer samples showing differential gene expression. C. Differential gene expression
in MCF7 cells from the GSE85871 dataset following salidroside intervention. D. GSE110225 CRC samples. Note:

CRC, colorectal cancer.

9). Salidroside treatment significantly upregu-
lated E-cadherin expression and downregulat-
ed Vimentin expression (Figure 9A, 9B, P <
0.01), while MMP-12 overexpression partially
reversed these changes, further demonstrating
the role of MMP-12 in salidroside-mediated
EMT regulation.

Synergistic effect of MMP-12 regulation and
salidroside on cell migration and invasion

Finally, wound healing and Transwell invasion

assays were performed to assess the effect of
MMP-12 regulation combined with salidroside

936

(66.5 pM) on the migration and invasion abili-
ties of HCT-116 and SW620 cells (Figure 10).
The results indicated that MMP-12 overexpres-
sion significantly enhanced cell migration and
invasion, while salidroside treatment effective-
ly inhibited these effects (Figure 10A, 10B, P <
0.05). This supports the hypothesis that sali-
droside inhibits CRC cell migration and invasion
through the regulation of MMP-12.

Discussion

This study explores the anticancer potential of
salidroside, a natural compound known for its

Am J Cancer Res 2025;15(3):929-945
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A

Salidroside

3753

antiproliferative, anti-invasive, and apoptosis-
inducing effects across various pathologies,
including cardiovascular diseases, bone metab-
olism disorders, and cancer. Korbozova et al.
[20] demonstrated that salidroside effectively
regulated thyroid hormone levels in a hypothy-
roid model, highlighting its significant biologi-
cal activity. Similarly, Wojdasiewicz et al. [21]
reported that salidroside could promote osteo-
blast proliferation and differentiation, reduce
oxidative stress, and modulate bone metabo-
lism-related pathways, thereby playing a critical
role in bone tissue repair and metabolism. Fei
et al. [22] further established that salidroside
exerted protective effects in atherosclerosis by
inhibiting vascular smooth muscle cell prolifer-
ation, improving endothelial function, and regu-
lating lipid metabolism. In the context of can-
cer, Liu et al. [23] found that salidroside signifi-
cantly inhibited proliferation, migration, and
clonogenic ability while enhancing apoptosis in
prostate cancer cells by suppressing the PISK/
AKT signaling pathway. Building upon these
findings, our research confirms the anticancer
potential of salidroside in CRC cells, demon-
strating its ability to inhibit proliferation, migra-

937

2132

Figure 5. Intersection analysis of differential genes in MCF7
cells and multiple cancer datasets. A. Venn diagram show-
ing the intersection of highly expressed genes in MCF7 cells
treated with salidroside and low-expressed genes in TCGA/
GEO datasets. B. Venn diagram showing the intersection of
low-expressed genes in MCF7 cells treated with salidroside
and highly expressed genes in TCGA/GEO datasets. C. PPI
analysis of 17 co-expressed genes, with four key genes iden-
tified. Note: CRC, colorectal cancer.

tion, and invasion of HCT-116 and SW620 cells
in a dose- and time-dependent manner. These
results underscore the potential application of
salidroside in CRC therapy and provide a foun-
dation for further exploration of its molecular
mechanisms.

In this study, differential gene analysis was per-
formed on CRC samples by integrating data
from the TCGA and GEO databases, alongside
breast cancer samples. This cross-cancer com-
parative strategy was employed for two primary
reasons: first, despite being distinct cancer
types, breast cancer and CRC may share key
molecules and pathways involved in tumor
invasion and migration. Michelli et al. [24] iden-
tified significant changes in the WNT signaling
pathway gene expression in both breast cancer
and CRC, closely relating to tumor invasion and
migration. Zougros et al. [25] further demon-
strated the co-expression of WNT-related genes
such as B-catenin, Wnt2, and FZD4 in both can-
cers, suggesting similarities in their tumorigen-
esis mechanisms. Second, numerous studies
have elucidated the molecular targets and
pathways of salidroside in breast cancer, pro-
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Figure 6. KEGG enrichment analysis revealing the regulatory effect of salidroside on the WNT signaling pathway.

viding essential references for target analysis
in CRC. Telang et al. [26] showed that using
breast cancer and CRC stem cell models could
uncover new molecular mechanisms and sup-
port drug development. Through this cross-can-
cer analysis, several differentially expressed
genes commonly regulated by salidroside were
identified, particularly MMP-12. This finding
suggests that salidroside may exert antican-
cer effects by modulating common molecular
mechanisms.

MMP-12, a zinc-dependent protease, is integral
to extracellular matrix degradation and remod-
eling, playing a crucial role in tumor invasion
and metastasis [27]. Previous studies have
shown that MMP-12 is significantly upregulated
in various malignancies, with high expression
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often associated with increased tumor inva-
siveness, poor prognosis, and metastasis [28].
He et al. [19] reported that MMP-12 influenced
the tumor microenvironment by modulating
inflammation and immune cell activity in the
development of inflammatory bowel disease-
related CRC. In our study, gRT-PCR and Western
blot analyses revealed that MMP-12 expres-
sion was significantly higher in CRC cell lines
HCT-116 and SW620 compared to normal con-
trols. Salidroside treatment resulted in a sig-
nificant downregulation of both mRNA and pro-
tein levels of MMP-12. Furthermore, functional
experiments involving MMP-12 overexpression
and inhibition demonstrated that MMP-12
overexpression significantly enhanced the pro-
liferation, migration, and invasion of CRC cells,
whereas MMP-12 inhibition significantly re-
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duced these capabilities. Study of Fan et al.
[29] suggests that MMP-12* macrophages play
a key role in colorectal cancer liver metastasis
by regulating the TGF-B signaling pathway and
promoting angiogenesis, providing further evi-
dence for the role of MMP-12 in tumor metasta-
sis. Additional experiments showed that sali-
droside could reverse the pro-invasive effects
induced by MMP-12 overexpression, highlight-
ing the crucial role of salidroside in inhibiting
tumor invasion by regulating MMP-12.

The WNT signaling pathway is a highly con-
served network essential for embryonic devel-
opment, tissue regeneration, and tumorigene-
sis [30]. It regulates cell proliferation, differen-
tiation, and migration, playing a pivotal role in
tumor invasion and metastasis. Activation of
the canonical WNT signaling pathway is typi-
cally associated with the accumulation of
B-catenin, leading to enhanced transcriptional
activity and upregulation of downstream target
genes such as Cyclin D1 and c-Myc. This pro-
motes cell cycle progression and maintains the
invasive phenotype of tumors [31]. Pan et al.
[32] demonstrated that aberrant activation of
the WNT/B-catenin pathway is a major driver of
tumorigenesis in multiple cancers, with its
downstream targets serving as potential inter-
vention points for cancer treatment. Further-
more, Zhou et al. [33] noted that the WNT sig-
naling pathway played a crucial role in immune
evasion by tumors, with its aberrant activation
hindering T cell-mediated antitumor immune
responses and thereby enhancing the immuno-
suppressive tumor environment. In our GSEA
analysis, we found that high MMP-12 expres-
sion was significantly enriched in the WNT sig-
naling pathway gene set, indicating that MMP-
12 may contribute to CRC cell invasion and
migration by promoting WNT pathway activity.
Additionally, Tejeda-Munoz et al. [34] empha-
sized that WNT pathway activation in colorectal
cancer could further promote tumor invasion
and metastasis by regulating cell adhesion and
extracellular matrix remodeling. Experimental
results demonstrated that high MMP-12
expression was accompanied by significant
upregulation of key WNT signaling molecules,
including B-catenin, Cyclin D1, and c-Myc,
potentially creating a favorable microenviron-
ment for WNT signaling by promoting extracel-
lular matrix degradation and ultimately enhanc-
ing tumor invasiveness. Salidroside treatment
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significantly suppressed MMP-12 expression
and indirectly blocked abnormal WNT signaling
activation by downregulating WNT pathway-
related molecules such as B-catenin, Cyclin D1,
and c-Myc. This inhibition may be achieved by
directly reducing MMP-12 expression, thereby
weakening its activation effect on the WNT sig-
naling pathway and leading to a significant
reduction in tumor invasion and migration abili-
ties. This mechanism was further validated by
MMP-12 overexpression and inhibition experi-
ments: MMP-12 overexpression reversed the
inhibitory effect of salidroside on WNT signa-
ling molecules, whereas MMP-12 inhibition
enhanced the effect of salidroside.

This study is the first to systematically investi-
gate the anticancer effects and molecular
mechanisms of salidroside in CRC cells, dem-
onstrating that salidroside inhibits EMT, inva-
sion, and migration by downregulating MMP-12
expression and modulating the WNT signaling
pathway. By combining bioinformatics analysis
and experimental validation, we found that
high MMP-12 expression significantly promot-
ed WNT signaling activity, while salidroside
effectively inhibited this process, thereby sup-
pressing the malignant behavior of CRC cells.
These findings not only expand the potential
application of salidroside in cancer therapy but
also highlight the importance of MMP-12 as a
target for CRC treatment. However, there are
limitations in this study. First, in vivo experi-
ments are lacking to verify the anticancer
effects of salidroside and its impact on the
tumor microenvironment. Second, the study
focused solely on MMP-12 and the WNT sig-
naling pathway, without exploring other poten-
tially relevant pathways, such as PI3BK/AKT and
TGF-B. Future research should incorporate ani-
mal models and multi-omics technologies to
explore the multitarget mechanisms of salidro-
side and investigate its synergy with existing
therapeutic approaches, providing a solid foun-
dation for its clinical application.

Conclusion

Salidroside inhibits the invasion and migration
of CRC cells by downregulating MMP-12 and
regulating the WNT signaling pathway, effec-
tively suppressing EMT. This study provides a
scientific basis for the potential use of salidro-
side as a therapeutic agent for CRC and offers
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new insights for optimizing CRC treatment
strategies.
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Table S1. Primer sequence

Gene Upstream primers Downstream primers
MMP-12 GATGCTGTCACTACCGTGGGAA CAATGCCAGATGGCAAGGTTGG
GAPDH GATTCCACCCATGGCAAATTC CTGGAAGATGGTGATGGGATT




