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Purpose: This study aimed to investigate the effect of Salvia miltiorrhiza on colorectal cancer, as well as the mechanisms involved.
Methods: The active compounds of Salvia miltiorrhiza and the associated genes in colorectal cancer were sourced from publicly
available databases. Targets associated with colorectal cancer were identified by searching the GeneCards and OMIM databases.
Subsequently, the Cytoscape 3.6.0 software was employed to create a regulatory network that illustrates the relationships among active
ingredients, colorectal cancer, and their corresponding targets. The String database was utilized to generate a PPI network. Molecular
docking studies, conducted with AutoDock Vina, verified the binding capabilities of these active components to core targets. The
findings from network pharmacology analysis were corroborated through in vitro experiments.

Results: In this study, we identified 39 active components derived from Salvia miltiorrhiza that are predicted to target 544 genes
associated with colorectal cancer through network pharmacology. Through a combined analysis of network pharmacology, we isolated
three key targets: SRC, IL6, and INS. Molecular docking results convincingly demonstrated Salvia miltiorrhiza’s strong binding
affinity to these targets. Additionally, in vitro experiments confirmed that Salvia miltiorrhiza effectively inhibited the progression of
colorectal cancer via regulating the INS/SRC/IL6 pathway.

Conclusion: Salvia miltiorrhiza emerges as a compelling herbal intervention for colorectal cancer. This study lays the foundation for
potential future clinical trials assessing the efficacy of Salvia miltiorrhiza in the management of colorectal cancer.
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Introduction
Colorectal cancer is one of the leading causes of death related to cancer worldwide, ranking third and fourth in cancer-related
morbidity and mortality, respectively.' The global burden of colorectal cancer is predicted to increase by 60% by 2030, with
2.2 million new cases and 1.1 million cancer deaths.** Around 40-50% of colorectal cancer patients will eventually progress to
metastatic disease, with approximately 25% of newly diagnosed patients having distant metastasis at the time of diagnosis.>
Moreover, the majority of colorectal cancer patients presented with an advanced stage diagnosis, and it has been reported that the
five-year survival rate for individuals diagnosed with colorectal cancer is 14%.”" With a history spanning over 2500 years in
China’s healthcare system, traditional Chinese medicine boasts a rich heritage. The extensive array of bioactive compounds
present in Chinese herbs serves as compelling evidence for their efficacy in managing diverse health conditions. Notably,
traditional Chinese medicine has emerged as a promising modality for the treatment of colorectal cancer.'*"!

Salvia miltiorrhiza ranks among the most renowned species within the Salvia genus, which belongs to the Lamiaceae
family.'>"? Salvia miltiorrhiza, first documented in the “Shen-Nong Herbal Classic”, is characterized by its bitter taste

and slightly cold nature. This herb exhibits properties that promote blood circulation, alleviate blood stasis, provide relief
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from menstrual pain, cool the blood, and aid in abscess elimination. Clinical and pharmacological studies have shown
that Salvia miltiorrhiza has anti-inflammatory and anti-tumor effects.'*'® However, the precise role of Salvia miltior-
rhiza in colorectal cancer and its underlying mechanisms remain elusive, necessitating further investigation. Network
pharmacology, as an emerging technology, systematically investigates the potential effects of drugs on diseases by
constructing drug-disease-target-pathway interaction networks, thereby providing novel insights into the material basis
and mechanism underlying traditional Chinese medicine treatment of diseases.'”'® The molecular docking method
employs computer technology to study the geometric structure and spatial interactions between drug molecules and
targets, facilitating the identification of more targeted drugs.'®° This study aimed to comprehensively explore the impact
of Salvia miltiorrhiza on colorectal cancer using network pharmacology and molecular docking techniques. In addition,
in vitro experiments were conducted to further validate the efficacy of Salvia miltiorrhiza in treating colorectal cancer,
elucidating its potential mechanisms of action and establishing a theoretical foundation for subsequent experimental
research and clinical applications.

Materials and Methods

Screening of Active Ingredients of Salvia miltiorrhiza and Prediction of Related Targets
The TCM Systems Pharmacology Database and Analysis Platform (TCMSP) (https://llold.tcmsp-e.com/tcmsp.php) and
Bioinformatics Analysis Tool for Molecular Mechanism of Traditional Chinese Medicine (BATMAN-TCM) (http://
bionet.ncpsb.org.cn/batman-tcm/index.php) databases were employed to analyze the effective components and genetic

targets of drug candidates. The search was performed using “Salvia miltiorrhiza” as the keyword, with criteria set for oral
bioavailability (OB) > 30%, drug-likeness (DL) > 0.18, Score > 20, and p-value < 0.05 to identify active ingredients of
Salvia miltiorrhiza, followed by collection of gene targets associated with these active ingredients. The UniProt database
(https://www.uniprot.org) was utilized to query gene names and abbreviations for all corresponding targets, specifically

selecting Homo sapiens as the biological species.

Screening of Targets for Colorectal Cancer

To identify target genes for colorectal cancer, a comprehensive search was conducted using the keyword “colorectal
cancer” through GeneCards (https://www.genecards.org/) and Online Mendelian Inheritance in Man (OMIM) (https://
omim.org/) databases. Duplicate values were removed to ensure accuracy. Subsequently, UniProt database (https:/www.

uniprot.org) was utilized to retrieve gene abbreviations specifically for Homo sapiens.

Construction of Drug-Ingredient-Target Network

The Venn program package in R4.0.3 software was utilized to identify the overlapping genes between active ingredients of Salvia
miltiorrhiza and colorectal cancer, enabling the construction of a drug-disease relationship map and identification of effective
targets for Salvia miltiorrhiza. Additionally, Cytoscape 3.7.2 software was employed to construct a gene network diagram
illustrating the interactions among active ingredients of Salvia miltiorrhiza, core targets, and colorectal cancer, facilitating an
analysis of the potential mechanisms underlying the therapeutic effects of Salvia miltiorrhiza on colorectal cancer.

Construction of PPl Network and Screening of Core Genes
The common target of Salvia miltiorrhiza- colorectal cancer was queried in the STRING database (https://cn.stringdb.

org/) with species restricted to “Homo sapiens”. Subsequently, the obtained PPI information TSV file was imported into
Cytoscape 3.8.2 software for network visualization. The Analyze Network plugin was employed to assess network
topology parameters, and key targets were identified based on criteria where their degree centrality, betweenness
centrality, and closeness centrality exceeded the median.

GO and KEGG Enrichment Analysis

The identified target genes underwent online analysis utilizing the DAVID database (https://david.ncifcrf.gov/), followed

by importation into Omicsbean software. Gene Symbol was selected as the type, while “Homo sapiens” served as the
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specified species. Consequently, GO enrichment and KEGG pathway analyses were performed on these target proteins.
The resultant output file was subsequently imported into an Excel worksheet for additional filtering of significant
functions and pathways (P < 0.05), which were ultimately presented in a bar chart.

Molecular Docking

Salvia miltiorrhiza’s structural formula was obtained from the PubChem database, and the corresponding 3D structure
was created using Chem3D software. The protein domain was downloaded in pdb format from the PDB database. To
search for active pockets, the AutoDockTools 1.5.6 software was used to convert pdb format gene files of active
ingredients and core proteins into pdb format. Finally, the Vina script was run to calculate molecular binding energy
and display the results of molecular docking. The Discovery Studio 2019 software was used to find docking sites and
calculate the flexible binding LibDockScore, and the output molecular docking results were imported into PyMOL
software to display molecular docking conformation.

Preparation of Salvia miltiorrhiza Extract

Salvia miltiorrhiza was provided by the School of Pharmacy, Guangxi University of Traditional Chinese Medicine for
further in vitro experiments. The samples were authenticated by Prof. Weihua Tan (Hengyang Medical School,
University of South China), and voucher specimens (No. Ps20230821) were stored at Hengyang Medical School,
University of South China. Salvia miltiorrhiza was dissolved in 100% dimethyl sulfoxide (DMSO) to prepare
a 20 mg/mL storage solution and was stored at —20°C, diluted with medium before each experiment. All of the control
groups in our investigation contained 0.1% DMSO as the final DMSO concentration, which was kept below 0.1%
throughout the study. S-fluorouracil (5-Fu) was used as a positive drug, supplied by SigmaAldrich (USA). According to
agency/local regulations, no additional approvals are required to conduct research with plant material.

Cell Culture

The HCT116 and DLD-1 human colorectal cancer cell lines and NCM-460 human normal colonic mucosal epithelial
cells were purchased from ATCC. Cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum,
1% penicillin, and 1% streptomycin at 37°C in a humidified atmosphere of 5% CO,. The cells were treated with Salvia
miltiorrhiza at different concentrations, 5-Fu at 20 pM, or 0.1% DMSO as the vehicle control for 24 h.

CCK-8 Assay

The HCT116, DLD-1, and NCM-460 cells at logarithmic growth stages were selected, and the cell concentration was adjusted to
4x10°/mL and then inoculated into 96-well plates. After cell adhesion, the CCK-8 reagent was added for 24 h, 48 h and 72
h. Finally, the OD value at 450 nm wavelength was determined using an enzyme label, according to the CCK-8 kit’s instructions.

Cell Invasion and Migration Experiment

The Transwell assay was used to test cells’ ability to migrate and invade. Logarithmic growth cells were taken for
migration experiments, and the cell density of digestive cells was adjusted to 2x10°/mL in serum-free medium. The
upper chamber received 200uL of cell suspension, while the lower chamber received 700 uL of medium containing 20%
fetal bovine serum (FBS). The cells in the upper compartment were wiped with cotton swabs, cleaned with phosphate-
buffered saline (PBS), and fixed after 48 h in the incubator. For observation and statistics, the cells were stained with
0.1% crystal violet. Matrigel glue was mixed with serum-free medium and spread in a cold chamber for invasion
experiments. In a constant temperature incubator, the chamber was placed in an orifice plate and solidified into a gel
overnight. The following experimental procedure is consistent with the transfer experiment.

Scratch Test

Cells at the logarithmic growth stage were inoculated in 6-well plates until they reached 80-90% growth. With a 200 uL
gun head, a horizontal line was drawn in the middle of plates, and the drug was rinsed with PBS. They were observed and
photographed again 24 h later.
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TUNEL Assay

Cell apoptosis was assessed using the In Situ Cell Death Detection Kit (11684817910, Roche, Switzerland) following the
manufacturer’s instructions. In summary, the process included paraffin sectioning, dewaxing, hydration, cell permeabi-
lization, addition of TUNEL reaction solution, introduction of converter-POD, reaction with 3,3’-diaminobenzidine
(DAB) substrate, cell counting, and image capture (FV1000, Olympus, Japan). Subsequently, Image J software was
employed to analyze the images, determine the count of positive cells and total cells in each image, calculate the
apoptosis percentage, and perform statistical analysis.

Plate Clone Formation Assay

The HCT116 and DLD-1 cells were inoculated into 96-well plates at logarithmic growth stages after the cell concentra-
tion was adjusted to 2x10°/mL. After cell adhesion, various concentrations of breviscapine were added and the cells were
incubated for 7 days. After being fixed with 4% paraformaldehyde, the cells were stained with 0.1% crystal violet. To
detect clonal formation, the number of stained colonies was counted.

qRT-PCR

The total RNA extraction reagent, Trizol, was purchased from Invitrogen, and the qRT-PCR kit and related gene primers
were purchased from Shanghai Bioengineering Co., LTD. in China. Total RNA was extracted from cells using Trizol and
its purity was determined. The extracted RNA was reverse-transcribed into cDNA, and the reaction system included the
extracted RNA, SRNA cache solution, M-MLYV reverse transcriptase, RNase inhibitor, deoxyribonucleotide (dINTP), and
double distilled water (ddH20) of RNase removal. The reverse transcription was performed in a PCR apparatus set to
37°C for 5 minutes, 85°C for 5 seconds, and 4°C to stop the reaction. Then, the reverse transcription reaction products
cDNA, Tag DNA polymerase, dNTP, ddH,O, MgCl,, and buffer were all amplified on PCR plates. The initial
denaturation was set at 94 °C for 30 seconds, followed by annealing at 58 °C for 15 seconds and extension at 72 °C
for 30 seconds. Ct values were recorded for statistical analysis after 40 cycles were completed. The sequences of qRT-
PCR  primers are as follows: Bcl-2 forward: 5-CAGCTGCACCTGACGCCCTT-3', reverse: 5'-
GCCTCCGTTATCCTGGATCC-3"; Bax forward: 5'-CCAGCTCTGAGCAGATCATG-3',  reverse: 5'-
TGCTGGCAAAGTAGAAAAGG-3'; caspase-3 forward: 5’-GACCATACATGGGAGCAAGT-3’, reverse: 5’-
ATCCGTACCAGAGCGAGA-3'; caspase-9 forward: 5’-ATGGTCACGCTTTGATGGA-3’, reverse: 5°-
TTCTCAATGGACACGGAGCA-3’; SRC  forward:  5-AGAGTGCCCTATCCTGGGAT-3', reverse:  5'-
AAAGTAGTCTTCCAGGAAGGCC-3'; IL6  forward: 5-CCTGAACCTTCCAAAGATGG-3’, reverse: 5'-
GGTCAGGGGTGGTTATTGC-3'; INS forward: 5’-GATATAGTAGGGGTTTTTTT-3’, reverse: 5°-
AACCTACTTACTAACAACCT-3’; pB-actin forward: 5-TGAGGCCCAGAGCAAGAGA-3', reverse: 5'-TCG
TCCCAGTTGGTGACGAT-3'.

Small Interfering RNA Transfection

Specific small interfering RNAs (siRNAs) against INS (forward, 5'-GGGACCACAAAGATGCTGTT-3'; reverse, 5'-
TGGGCTCCTCTCTTACATGG-3"), IL-6 (forward, 5-AAGGAGGACCTTGTGGCATCT-3'; reverse, 5'-
AACAGTGACCTCTG TTGGGCA-3'), and SRC (sense, 5'-GAGACUGACCUGUCCUUCATT-3' and antisense, 5'-
UGAAGGACAGGUCAGUCUCTT-3') were synthesized by the GenePharma Company (Shanghai, China). The HCT116
cells (60—80% confluent monolayer) were seeded in 12-well plates with 1 mL of standard medium. The cells were
transfected with siRNA duplexes (final concentration of 20 nM) the following day, using Lipofectamine™ RNAIMAX
reagent (Invitrogen), in accordance with the manufacturer’s instructions. After 72 hours, qRT-PCR analysis was
conducted to determine transfection efficiency.

Data Analysis
Data from three separate experiments are presented as the mean and standard deviation (SD). The Student’s #-test was
used to compare the means of two groups, and the differences between several groups were evaluated using a one-way
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ANOVA. All statistical analyses were carried out with the help of GraphPad software (version 8.0.1) and SPSS 24.0.

A P value < 0.05 was considered statistically significant.

Results

Acquisition of Active Ingredients of Salvia miltiorrhiza and Corresponding Targets

The TCMSP and BATMAN-TCM databases yielded a list of 39 potential active ingredients from Salvia miltiorrhiza

(Table 1). The target genes corresponding to the active ingredients of Salvia miltiorrhiza were retrieved from the TCMSP,

SwissTargetPrediction, and PharmMapper databases. After removing duplicate values, 770 target genes and their

corresponding GeneSymbols were identified by the UniPort database.

Table | Active Ingredients of Salvia miltiorrhiza

No. CAS Molecule Name

| - Tanshiquinone B

2 27210-57-7 Miltirone

3 68422-20-8 Isocucurbitacin D

4 933054-33-2 Monomethyl Lithospermate
5 26931-94-2 Salonitenolide

6 122021-74-3 Magnesium Lithospermate B
7 - Miltionone |

8 28831-65-4 Lithospermic Acid

9 - Neotanshinone C
10 124681-15-8 Salvinone

I 472-70-8 Cryptoxanthin

12 65907-75-7 Danshenxinkun A
13 116064-77-8 Dehydromiltirone
14 - Ferruginol

15 109664-02-0 Neocryptotanshinone
16 76822-21-4 Danshensu

17 22550-15-8 Isocryptotanshinone
18 331-39-5 Caffeicacid

19 27468-20-8 Neocryptotanshinone li
20 - Heteratisine

21 10092-04-3 Isotenulin

22 20958-18-3 Dihydroisotanshinone |
23 121064-74-2 Tanshinone Vi

24 115939-25-8 Salvianolicacid B

25 54835-64-2 Daphneolone

26 568-72-9 Tanshinone li A

27 3015-20-1 Dehydrotremetone
28 83-47-6 Gamma-Sitosterol
29 115939-25-8 Lithospermate B

30 524-17-4 Dauricine

31 520-65-0 Rosmarinine

32 - 6-Hydroxymethyllumazin
33 - Tanshinone lib

34 64364-76-7 Samaderin A

35 - |-Hydroxytaxinine A
36 20958-15-0 Isotanshinone i

37 77-52-1 Ursolicacid

38 - Dihydrokaranone
39 33465-18-8 Salviol
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Screening results for Targets Associated with Colorectal Cancer

13675 colorectal cancer-related genes were obtained from OMIM and GeneCards databases. The intersection between
genes associated with colorectal cancer and targets linked to active ingredients was identified by the Venn.R software
package, followed by the creation of a Venn diagram. As shown in Figure 1, there are a total of 544 intersections between
active ingredients and diseases.

Construction of Active Ingredients-Target-Disease Network

A network was constructed to illustrate the relationship between potential therapeutic targets for colorectal cancer
and the active ingredients found in Salvia miltiorrhiza. As shown in Figure 2, the active components and drug
targets were imported into Cytoscape software to visualize the network. Additionally, we expanded upon the primary
compounds of Salvia miltiorrhiza by referencing the existing literature. We employed the NetworkAnalyzer tool
embedded within Cytoscape 3.7.1 software to establish the active ingredients-target-disease network and assess the
node degree values. Within Salvia miltiorrhiza, the active components with a notable number of interconnected

Salvia miltiorrhiza Colorectal cancer

Figure | Overlap between the target genes of Salvia miltiorrhiza’s active components and those associated with colorectal cancer.

Figure 2 Network construction for ingredient-target interactions. The light pink circular nodes represent the targets, while the light purple prism nodes represent the
components of Salvia miltiorrhiza.
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targets were Dehydromiltirone (degree = 199), Neocryptotanshinone i (degree = 195), and Miltionone I (degree =
195) (Figure 2).

KEGG Pathway and GO Enrichment Analyses

The active ingredient-disease gene targets were inputted into R software and subjected to KEGG enrichment analysis
using the Cluster Profiler package. After screening with a confidence interval of P < 0.01, 198 relevant KEGG entries
were obtained. Unrelated diseases were eliminated, leaving only the signal transduction pathways of related diseases for
comparison. Based on the number of gene enrichments, signaling pathways with smaller P-values and more enriched
genes in the top 10 were selected as main influencing pathways, including but not limited to pathways in cancer, MAPK
signaling pathway, cAMP signaling pathway, Calcium signaling pathway, and Rapl signaling pathway (Figure 3). The
active ingredients-disease gene targets were input into the R software for GO enrichment analysis using the Cluster
Profiler package. A significance level of P < 0.001 was applied to filter the confidence interval, resulting in a total of 120
relevant GO entries. These entries were rearranged based on the number of gene enrichments, and the top 10 entries with
smaller P-values and more enriched genes were selected. The identified biological and molecular functions mainly
include inflammatory response, cytokine activity, enzyme binding, and RNA polymerase 1 specific DNA-binding
transcription factor binding (Figure 4). Taken together, these findings suggest that active ingredients of Salvia miltior-
rhiza may inhibit colorectal cancer by the regulation of oncogenes and cytokines.

Construction of PPl Network

The intersection genes were inputted into the String database to construct the PPI network. Unlinked nodes were hidden,
and both protein interaction diagram and tab-separated values (TSV) files were generated. The resulting file was
visualized using Cytoscape 3.7 software. Topological analysis of protein interactions was conducted using R software.
As shown in Figure 5A and B, PPI network were established. The higher the target score, the more likely the active
ingredient is to play an important role in the treatment of colorectal cancer through that target. The top 10 genes represent
key targets of Salvia miltiorrhiza in the treatment of colorectal cancer. Among them, SRC proto-oncogene (SRC),?'
interleukin-6 (IL-6),* and insulin gene (INS)** are closely related to the occurrence and development of colorectal
cancer and are potential therapeutic targets (Figure 5C and Table 2).

Molecular Docking Results

To investigate the interaction between active ingredients of Salvia miltiorrhiza and their target genes, we employed
Autodock and Pymol software for molecular docking analysis. Specifically, docking simulations were conducted
involving three crucial targets and three active components from Salvia miltiorrhiza, with corresponding binding energies
recorded (Figure 6). The results of molecular docking are illustrated in Figures 7-9. These findings provide further
validation that the identified three targets through network pharmacology play a significant role in the treatment of
colorectal cancer.

Salvia miltiorrhiza Suppresses Malignant Phenotype of Human Colorectal Cancer Cells
To investigate the effects of Salvia miltiorrhiza on colorectal cancer, we exposed HCT116, DLD-1, and NCM-460 cells to
varying concentrations of Salvia miltiorrhiza. The CCK-8 assay showed that the Salvia miltiorrhiza significantly suppressed the
proliferative activity of HCT116 and DLD-1 cells. The IC50 values at 24 h, 48 h, and 72 h for the HCT116 cell line were
measured at 16.89 pg/mL, 12.35 pug/mL, and 9.68 pg/mL, respectively (Figure 10A). Similarly, the IC50 values for DLD-1 cells
were found to be 15.54 pg/mL (24 h), 11.80 pg/mL (48 h), and 9.17 pg/mL (72 h) as shown in Supplementary figure 1A.
Subsequently, the Salvia miltiorrhiza freeze-dried powder solution was categorized into low concentration (5 pg/mL), medium

concentration (10 pg/mL), and high concentration (20 pg/mL) groups. Then, cell scratch and transwell experiments corroborated
the inhibitory effects of Salvia miltiorrhiza on the proliferation, invasion, and migration of HTC116 and DLD-1 cells
(Figure 10B-D and Supplementary figure 1B—D). Furthermore, cloning experiments revealed that Salvia miltiorrhiza signifi-

cantly impeded cell colony formation (Figure 10E and Supplementary figure 1E). Additionally, the cytotoxicity of Salvia

miltiorrhiza to NCM-460 human normal colonic epithelial cells were also measured (Supplementary figure 2), which showed
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Figure 3 KEGG enrichment analysis.

that treatment with Salvia miltiorrhiza at 5 pg/mL, 10 pg/mL and 20 pg/mL for 24 h, 48 h and 72 h did not significantly dampen

the viability of NCM-460 cells.

Salvia miltiorrhiza Promotes the Apoptosis of Human Colorectal Cancer Cells

Next, we investigated the effect of Salvia miltiorrhiza on apoptosis in human colorectal cancer cells. As illustrated in

Figures 11A and B and Supplementary figure 3A and B, the Salvia miltiorrhiza treatment group exhibited a higher

number of TUNEL-positive colorectal cancer cells compared to the control model group. Notably, higher doses of Sa/via
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Figure 5 Protein-protein interaction network. (A) PPl network generated through STRING. (B) PPl network generated through Cytoscape. (C) Key target was further
screened by betweenness centrality (BC), closeness centrality (CC), and degree centrality (DC).

miltiorrhiza led to a more pronounced promotion of cell apoptosis in vitro. Our analysis confirmed a concentration-
dependent increase in apoptotic rates induced by Salvia miltiorrhiza. The apoptotic characteristics observed in cancer
cells are often a reflection of changes in apoptosis-related genes. The qRT-PCR results provided further evidence that the
anti-apoptotic Bcl-2 mRNA levels were reduced, while the proapoptotic Bax mRNA expression was heightened in Salvia
miltiorrhiza-treated HCT116 cells when compared to the control (Figure 11C and D). Additionally, caspase-9 and
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Table 2 Screening of Key Targets of PPl Network

Top 10 in Network PPI Top 10 in Network PPl Ranked by Top 10 in Network PPl Ranked by
Ranked by Degree Betweenness Centrality Closeness Centrality

Rank Name Score Rank Name Score Rank Name Score

| INS 82 | INS 0.056815899 | INS 0.841666667
2 IL6 75 2 SRC 0.04784153 2 IL6 0.795275591
3 SRC 74 3 IL6 0.033365243 3 SRC 0.7890625

3 TNF 74 4 CTNNBI 0.031815514 3 NR3CI 0.7890625

3 CTNNBI 71 5 NR3CI 0.030952756 5 CTNNBI 0.770992366
6 EGFR 70 6 EGFR 0.029431146 6 EGFR 0.765151515
7 MTOR 70 7 EGF 0.02621074 7 HIFIA 0.765151515
7 ESRI 67 8 FOS 0.026047256 8 EGF 0.748148148
9 PTGS2 67 9 HIFIA 0.02515795 9 PTGS2 0.748148148
10 JUN 67 10 PTGS2 0.023357094 10 JUN 0.748148148

caspase-3 are pivotal components of the apoptotic process. Our findings indicated that Salvia miltiorrhiza augmented the
activities of caspase-9 and caspase-3 in HCT116 cells, thus consolidating the proapoptotic effect of Salvia miltiorrhiza in
colorectal cancer cells (Figure 11E and F).
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Figure 6 Heat map illustrating the binding affinities from molecular docking.
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Figure 7 Molecular docking results of SRC-active components. (A)SRC-Neocryptotanshinone li. (B) SRC-Dehydromiltirone. (C) SRC-Miltionone I.

Salvia miltiorrhiza Inhibited the INS/SRC/IL-6 Pathway in Human Colorectal Cancer
Cells

Network pharmacology and molecular docking experiments showed the strong affinity between the active components of
Salvia miltiorrhiza and key target genes (SRC, IL-6, and INS). Of note, many studies have demonstrated the important role
of SRC, IL-6, and INS in the proliferation and migration of colorectal cancer cells.?*2° Thus, we conducted qRT-PCR
assays to validate the effect of Salvia miltiorrhiza on the expression of these core targets. The results demonstrated that
Salvia miltiorrhiza markedly suppressed SRC, IL-6, and INS expression (Figure 11G-I). Additionally, our results also
showed that Salvia miltiorrhiza decreased SRC and IL-6 levels by inhibiting INS expression (Supplementary figure 3C—E).
In summary, these findings collectively suggest that Salvia miltiorrhiza hinders the proliferation, migration, and invasion of

human colorectal cancer cells by inhibiting the INS/SRC/IL-6 pathway.
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Figure 8 Molecular docking results of INS-active components. (A) INS-Neocryptotanshinone li. (B) INS-Dehydromiltirone. (C) INS-Miltionone I.

Discussion

The composition of traditional Chinese medicine often comprises a complex blend of ingredients. Notably, the
advancement of modern natural medicinal chemistry has contributed to a better understanding of the chemical consti-
tuents within traditional Chinese medicine. Traditional Chinese medicine’s impact on the body frequently results from
a synergistic interaction among multiple components, collectively yielding a therapeutic effect. Network pharmacology
has gained prominence in the field of traditional Chinese medicine as it comprehensively examines the interplay between
herbal components and diseases.””*® It utilizes multiple databases to identify target proteins and action pathways,
offering innovative insights into disease treatment and prediction. Molecular docking technology, a computer-aided
drug design approach, plays a crucial role in docking compound molecules with protein ligands. This process predicts
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Figure 9 Molecular docking results of IL-6-active components. (A) IL-6-Neocryptotanshinone li. (B) IL-6-Dehydromiltirone. (C) IL-6-Miltionone I.

their modes of action and facilitates a deeper analysis of the anticipated mechanisms underlying drug modulation in the
context of diseases.

Colorectal cancer ranks as the third most prevalent malignancy worldwide, with notable regional variations in
incidence and mortality rates.”’ Traditional herbal medicine has garnered considerable attention and plays a pivotal
role in the management of colorectal cancer. Salvia miltiorrhiza, derived from a vital traditional medicinal plant, has
gained renown for its multitude of health benefits, particularly its anti-tumor properties.>® Bae et al found that Salvia
miltiorrhiza significantly suppresses prostate tumor growth through the inhibition of proliferation in prostate cancer cells
and the induction of apoptosis.' Ye et al demonstrated that Salvia miltiorrhiza inhibits the development of non-small cell
lung cancer through the induction of apoptosis via the mitochondrial pathway and PTEN-mediated inhibition of the
PI3K/Akt pathway.*? Also, Salvia miltiorrhiza protects against hepatocellular carcinoma by inhibiting the migration and
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Figure 10 Effects of Salvia miltiorrhiza on the proliferation, invasion, and migration of human HCT 116 colorectal cancer cells. HCT116 colorectal cancer cells underwent
treatment with Salvia miltiorrhiza at different concentrations or 5-Fu at 20 uM. Subsequently, we conducted various assessments, including cell proliferation, viability,
migration, invasion, and colony formation, following the methods outlined in the materials and methods section. (A) Cell viability was measured by the CCK-8 assay. (B) Cell
proliferation was detected by the scratch experiment. Original magnification: 10x. (C) Cell migration was determined by the transwell assay. Original magnification: 20x. (D)
Cell invasion was detected by the transwell experiment. Original magnification: 20x. (E) Cell colony formation. The data presented here are the combined results of three
separate experiments. Scale bar: 50 pm. *p < 0.05, **p < 0.01, ***p < 0.001 vs Control.

invasion of HepG2 cell via the TGF-p/Smad pathway.>® In addition, several components of Salvia miltiorrhiza, such as
Cryptotanshinone and Tanshinone I have also been reported to inhibit the development of cancer.’**

In this study, we have unveiled the bioactive components and the underlying molecular mechanisms through which
Salvia miltiorrhiza exerts its therapeutic potential in the treatment of colorectal cancer. Our approach encompassed
a multifaceted methodology, incorporating in vitro experimental validation, molecular docking analyses, and network
pharmacology techniques. Our investigations have revealed that the active components present in Salvia miltiorrhiza
possess a remarkable affinity for crucial proteins, namely SRC, IL-6, and INS, as substantiated by both network
pharmacology and molecular docking assessments. Furthermore, our experimental results have demonstrated the
profound impact of Salvia miltiorrhiza on colorectal cancer. It effectively suppresses the proliferation of cancer cells,
primarily by inducing apoptosis and impeding their ability to proliferate and migrate. Moreover, we observed that Salvia
miltiorrhiza downregulates the SRC, IL-6, and INS levels, while simultaneously elevating expression of pro-apoptotic
molecules within colorectal cancer cells. Of note, it has been reported that INS is a upregulator of SRC and IL-6.°7%
Our results also showed that Salvia miltiorrhiza decreased SRC and IL-6 levels by inhibiting INS expression. However, it
is also worth noting that the effects of Dehydromiltirone, Neocryptotanshinone Ii, and Miltionone I on colorectal cancer
need to be explored. The future studies should be tailored to address these limitations. Taken together, these findings shed
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Figure 11 Effects of Salvia miltiorrhiza on the apoptosis of human HCT 116 colorectal cancer cells and core targets. HCT 116 colorectal cancer cells were treated with Salvia
miltiorrhiza at S5pg/mL, 10 ug/mL and 20 pg/mL, or 5-Fu at 20 pM, followed by the analyses of TUNEL and qRT-PCR. (A and B) TUNEL analysis of the apoptosis of HCT116
cells treated with Salvia miltiorrhiza or 5-Fu. Original magnification: 10x. (C and D) The real-time qRT-PCR analysis of the mRNA levels of Bax and Bcl-2 in HCT116 cells
treated with Salvia miltiorrhiza or 5-Fu. (E and F). The real-time qRT-PCR analysis of the mRNA levels of caspase-9 and caspase-3 in HCTI 16 cells treated with Salvia
miltiorrhiza or 5-Fu. (G-I) The real-time qRT-PCR analysis of the mRNA levels of SRC, IL-6, and INS in HCT I 16 cells treated with Salvia miltiorrhiza or 5-Fu. Scale bar: 50 pm.
*p < 0.05, ¥p < 0.01, ¥*p < 0.001, ¥**p < 0.0001 vs Control.

Abbreviation: ns, not significant.

light on the bioactive components and molecular pathways through which Salvia miltiorrhiza contributes to the therapy

of colorectal cancer.

Conclusion

In summary, our study employed a multifaceted approach that integrated molecular docking, in vitro experiments, and
network pharmacology to elucidate the targets and underlying mechanisms through which Salvia miltiorrhiza and its
primary active constituents exert potent inhibition of colorectal cancer. Our findings underscored that Salvia miltiorrhiza
effectively hinders the progression of colorectal cancer by modulating specific targets pivotal in promoting apoptosis
while concurrently suppressing cell proliferation, migration, and invasion. This comprehensive methodology forms the
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cornerstone of our investigation, presenting a promising alternative therapeutic avenue characterized by low toxicity. This
approach can be considered for standalone use or in conjunction with other medications for the management and
treatment of colorectal cancer.
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