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Abstract 

The development of novel and effective natural anti-cancer drugs represents a 

significant focus in contemporary biomedical research. Mycosubtilin (Myco), a cyclic 

lipopeptide produced by Bacillus subtilis, has not previously been investigated for 

its potential anti-colorectal cancer activity. This study employed a comprehensive 

approach combining network pharmacology, molecular docking, cellular analysis, 

flow cytometry single-color staining, and western blot analysis to preliminarily inves-

tigate the potential molecular mechanisms underlying Myco’s anti-CRC activity. Find-

ings revealed that Myco significantly outperformed 5-Fluorouracil (5-FU) in inhibiting 

SW480 cell proliferation. Myco effectively triggered apoptosis. This was supported 

by the typical apoptotic morphological features, including nuclear condensation and 

fragmentation. Concurrently, Myco treatment downregulated the expression of the 

anti-apoptotic protein, Bcl-2. These findings suggest that Myco has potential applica-

tion value in inhibiting the proliferation of human colorectal cancer SW480 cells.

Introduction

Colorectal cancer (CRC) is currently one of the most prevalent malignant tumors, 
with its incidence having significantly increased over the past five decades. In 2023, 
approximately 153,020 individuals are expected to be diagnosed with CRC, and 
52,550 will succumb to the disease [1]. CRC has now become the third most com-
mon malignant tumor worldwide. Despite advancements in treatment, the manage-
ment of advanced and recurrent CRC remains inadequate, resulting in low cure 
rates. Furthermore, chemotherapy agents can induce severe toxic side effects and 
compromise the patient’s immune system, while patients are gradually developing 
increased resistance to these drugs [2]. To address these challenges, there is an 
urgent need for the development of novel anti-colorectal cancer therapeutics.

The screening and evaluation of anticancer drugs primarily involve studies on their 
capacity to inhibit tumor angiogenesis, suppress cell invasion/migration, regulate cell 
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cycle progression, induce apoptosis, and trigger autophagy. Among these mecha-
nisms, key proteins in the intrinsic apoptotic pathway such as Bax and Bcl-2 and cell 
cycle regulators like CDK6 and Cyclin D1 are increasingly used as clinical therapeutic 
targets [3–5]. An emerging strategy, a network pharmacology approach using com-
puter science and systems biology to predict drug active ingredients and disease 
targets, has the role of constructing biological networks connecting drugs, active 
ingredients [6,7], targets and diseases revealing the interrelationships between these 
elements, and has been widely used in drug active ingredient screening and mecha-
nism exploration.

In recent years, the discovery and screening of lipopeptides have opened new 
frontiers in cancer therapy. Bacillus subtilis produces a diverse array of biologically 
active lipopeptides, including iturins, surfactins, and fengycins [8]. These compounds 
exhibit notable advantages owing to their biodegradability and high safety profiles. 
Emerging studies have highlighted their therapeutic potential in oncology [9,10]. 
Among them, the iturin family comprises Iturin A, Iturin D, Bacillomycin and Mycos-
ubtilin (Myco). Although these molecules share similar structural backbones, their 
biological activities diverge significantly because of variations in peptide chain struc-
tures and fatty acid carbon chain lengths. Myco, in particular, stands out of the most 
potent antifungal lipopeptides [11]. Structural modifications have been shown to alter 
toxicity and mechanisms of action across different cancer cell types, with surfactin, 
iturin, and bacillomycin D exhibiting inhibitory effects against melanoma, leukemia, 
and lung adenocarcinoma cells in previous studies [12–14]. These findings suggest 
that lipopeptides may exhibit differential cytotoxic effects among various cell types, 
possibly reflecting differences in cellular sensitivity, and therefore have the potential 
to become promising antitumor agents. Studies have shown that lipopeptides from 
Bacillus subtilis exhibit significant inhibitory effects on various tumor cells through 
multiple mechanisms and targets [15,16]. Compared to other structures, Myco has 
altered amino acid positions and conformations [17]; thus, a deeper understanding 
of its impact on cancer cell apoptosis is crucial for the clinical promotion of Bacillus 
subtilis lipopeptides and the expansion of their broad-spectrum cancer treatment 
capabilities. As a naturally derived lipopeptide, Myco has attracted attention because 
of its biodegradability and biological activity; however, its antitumor potential remains 
insufficiently explored. While research on Myco’s antitumor activity remains limited, 
preliminary evidence shows that mixtures containing Myco exhibit significant inhibi-
tory effects on hepatocellular carcinoma [18] and cervical cancer [19] cell lines, and 
immunomodulatory effects [20]. However, the specific role of Myco in CRC remains 
unclear. This study aimed to determine whether Myco inhibits CRC cell growth and 
elucidate its underlying molecular mechanisms, providing a theoretical foundation for 
Myco as a potential therapeutic agent in CRC.

Materials and methods

Materials

RNA Extraction Kit, GoTaqqPCRMasterMix Kit purchased from GoTaq® qPCR Mas-
ter MixPromega (Beijing) Biotechnology Co. TUNEL Apoptosis Detection Kit was 
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purchased from Next Sense Biotechnology (Shanghai) Co. Human colon cancer cell line SW480 was purchased from 
Sunshine Biotechnology (Shanghai) Co. The chemicals used in this study were purchased from Beijing Solepol Tech-
nology Co. Including Glutaraldehyde, Dimethyl sulfoxide (DMSO), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), Hanks’ Balanced Salt Solution (HBSS), Iscove’s Modified Dulbecco’s Medium (IMDM), Polyvinylidene 
Fluoride (PVDF), FBS, PBS, BEP medium, Pen-Strep, Sodium Chloride, Potassium Chloride.

Bacillus subtilis BS-Z15 and the human colon cancer cell line SW480 were preserved through laboratory propagation. 
Myco was prepared following the method described by Lin et al. and subsequently purified using a semi-preparative 
high-performance liquid chromatography system (C18, 5 μm, 250–10 mm, Hypersil GOLDTM, CA) to obtain Myco [21].
The purity of the obtained Myco was determined to be 99% (S1 Fig).

Screening of Myco’s action targets and molecular docking in CRC

Pharmacological targets of Myco were predicted using databases such as BATMAN-TCM and bSDTNBI, identifying a total 
of 709 targets. Concurrently, 5,473 therapeutic targets associated with CRC were retrieved from the DisGeNET database. 
Subsequently, 25 key potential target proteins were screened using the STRING database and Cytoscape software. All 
25 potential targets were CRC-related therapeutic targets, and a network pathway diagram was constructed. The protein 
targets, accession numbers, and PDB structures used for molecular docking analysis are listed in S1 Table. Further-
more, bioinformatics analysis was performed on these 25 potential targets using the DAVID bioinformatics software. This 
included Gene Ontology (GO) analysis and KEGG pathway enrichment analysis.

To validate the accuracy of the network pharmacology predictions, docking was performed between Myco and the key 
Bcl-2 target. Protein and ligand processing was conducted using pymol software. AutoDockTools-1.5.6 was employed to 
convert the processed proteins and ligands into compatible formats. Finally, molecular docking analysis was conducted 
using the AutoDockVina program, visualized with Pymol, and analyzed in two dimensions using Ligplot.

Cell proliferation capacity assay

Upon reaching 80% confluency, SW480 cells were digested using a 0.25% trypsin-EDTA, mixed with IMDM, and subse-
quently counted. The cells were then seeded into 96-well plates at a density of 6000 cells per well and cultured overnight. 
Various concentrations of Myco (1, 2, 4, 8 and 16 μg/mL) and 5-Fluorouracil (5-FU 1, 3, 9, 27, 81 and 243 μg/mL) were 
added to the wells designated for the experimental group, with six replicate wells established for each concentration. An 
equal volume of medium was added to the control group, while the zeroing group was maintained without cells. Follow-
ing a 72-h incubation period, the medium was discarded, and the wells were washed with HBSS. Subsequently, 100 μL 
of MTT (0.5 mg/mL) was added to each well and incubated for 4 hours. After the removal of the MTT solution, 150 μL of 
DMSO was added to each well, and the cells were incubated at 37 °C for 10 min. The absorbance was then measured at 
570 nm using an enzyme marker.

Cell morphology observation

In this study, SW480 cells at passage 10 in the logarithmic growth phase were used. Cells were routinely cultured in a 
humidified incubator at 37 °C with 5% CO₂. Given that the IC₅₀ value of Myco against SW480 cells was 6.15 μg/mL, 4 μg/
mL and 8 μg/mL were selected to observe cell morphology. After seeding, SW480 cells were treated with Myco at final 
concentrations of 4 μg/mL and 8 μg/mL, with three replicate wells per group. Following 48 h of drug treatment, the cul-
ture medium was discarded, and cells were washed with PBS, then fixed overnight at 4 °C with 2.5% glutaraldehyde. 
After being washed three times with PBS, cells were dehydrated in a graded ethanol series (50%, 70%, 80%, 90%, 95%, 
100%) for 15 min each. After natural drying for 30 min, the samples were placed in a desiccator containing blue silica gel 
for at least 24 h. The dried cell samples were mounted on aluminum stubs with conductive carbon tape, and coated with 
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an 8–10 nm gold‑palladium alloy (Au/Pd, 6:4) using an ion sputter coater. Sputtering was performed under high vacuum 
(10 ⁻ ³–10 ⁻ ⁴ Pa) with high‑purity argon as the working gas at a pressure of 5 Pa. After pre‑sputtering for 60 s to remove 
impurities from the target, formal sputtering was conducted at 20 mA for 90 s with continuous rotation of the sample stage 
to ensure uniform coating. Cell ultrastructure was observed under a scanning electron microscope (JEOL it300).

For additional morphological observation, SW480 cells in the logarithmic growth phase were seeded in 10 cm culture 
dishes. After cell adherence, cells were treated with Myco at 4, 8, and 16 μg/mL, respectively. After incubation for 48 h, cell 
morphological changes were observed using a long‑term label‑free live cell imaging system.

Apoptosis detection

SW480 cells were seeded in culture dishes at a density of 1 × 104 cells per milliliter and incubated for 12 h to promote adher-
ence. With the exception of the fluorescence compensation group, Myco was added to the experimental group to a final 
concentration of 8 μg/mL, while 5-FU was added to the positive control group to a final concentration of 8 μg/mL. Three rep-
licate wells were set up for each group. Notably, the negative control group received only IMDM medium with an equivalent 
volume of DMSO. After 48 h of culture, SW480 cells were collected and resuspended to a concentration of 1 × 106 cells/mL 
in a binding buffer. Next, 5 μL of AnnexinV-FITC was added, and the mixture was incubated for 15 min at room temperature, 
protected from light. Following incubation, 5 μL of propidium iodide solution was added, and the cells were resuspended by 
adding 200 μL of binding buffer to the reaction tubes. The samples were then analyzed using flow cytometry.

Western blotting

SW480 cells in the logarithmic growth phase were collected, and Myco was added to the experimental group to a final 
concentration of 8 μg/mL. A control group was also set up. After 48 h of culture, the cells were harvested and lysed using 
cell lysis buffer. Protein concentration was then quantified using the Bradford method and measured with an enzyme 
marker. Loading buffer was added to the protein samples, which were then heated at 100 °C for 5 min to achieve com-
plete denaturation and subsequently cooled to room temperature. The protein samples were resolved by electrophoresis 
through a 12% SDS-PAGE gel. PVDF membranes were pre-activated in anhydrous methanol for 10s, and the protein 
samples were transferred onto the membranes at a constant current of 200 mA for 1 h. Next, the PVDF membrane was 
treated in a containment solution at 37 °C for 1 h. The antibodies were diluted in a 5% skimmed milk solution, with the pri-
mary and secondary antibodies diluted to concentrations ranging from 1:1000–1:3000, respectively. The PVDF membrane 
was incubated in the primary antibody solution at 4 °C for 12 h, followed by four washes with TBST, each for 5 min. The 
membrane was then transferred to the secondary antibody solution and incubated at room temperature for 1 h, followed 
by another four washes with TBST, each for 5 min. Finally, the PVDF membrane was placed face up, and the color devel-
opment mixture was added dropwise for detection.

Detection of nuclear morphology in apoptosis and DNA damage in cells

SW480 cells were seeded at a density of 10,000 cells per well in 6-well plates pre-coated with coverslips and cultured for 
12 h. The experimental group was treated with Myco to achieve a final concentration of 8 μg/mL, while the control group 
received IMDM containing an equivalent volume of DMSO. Following a 48h culture period, Hoechst staining and the 
TUNEL apoptosis assay were performed in accordance with the manufacturer’s instructions. Fluorescence was observed 
using an inverted fluorescence microscope.

Reactive oxygen species (ROS) detection

SW480 cells were seeded into confocal dishes at a density of 10,000 cells/mL and cultured for 12 h. The experimental 
group was treated with Myco at a final concentration of 8 µg/mL, while the positive control group was treated with Rosup 
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(ROS Up-Regulator) for 25 min. After 48 h of culture, the medium was discarded, and the cells were incubated with 10 µM 
of the ROS fluorescent probe (DCFH-DA) at 37 °C for 20 min. Following three washes with serum-free medium, 2 mL of 
serum-free medium was added. The results were visualized using laser confocal microscopy.

Detection of intracytoplasmic calcium signaling

SW480 cells were seeded at a density of 10,000 cells/mL into laser confocal dishes and cultured for 12 h. The culture 
medium was discarded, cells were rinsed with HBSS, and imaging buffer containing the calcium fluorescent probe Fura-2 
AM (5 μM) was added. Cells were incubated in the dark at 37 °C for 30 min to allow dye loading, then washed twice with 
fresh imaging buffer to remove extracellular dye.

Calcium imaging was performed using an inverted fluorescence microscope equipped with a photometry and imaging 
system. Fura-2 fluorescence was excited alternately at 340 nm and 380 nm using a high-speed wavelength switcher, and 
emission was collected at 510 nm. After a brief baseline recording, intracellular calcium stores were depleted by treatment 
with ionomycin. The ionomycin solution was then removed, and Myco was added to the experimental group at final con-
centrations of 6, 8, and 10 μg/mL. Changes in calcium signaling were monitored by calculating the F340/F380 ratio over 
time. Data were analyzed using the imaging system software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0. Differences were analyzed using the unpaired twosample 
t test. The data are presented as the means ± standard errors of the means (SEM) or standard deviations (SD). A p value 
less than 0.05 was considered statistically significant.

Results

Prediction of Myco anti-CRC targets and molecular docking of key targets

A comprehensive analysis of 25 pharmacological targets associated with Myco was conducted using database search, 
resulting in the identification of 5473 genes related to CRC. All 25 pharmacological targets were found to overlap with the 
disease targets of CRC. The STRING database was used to construct a protein-protein interaction (PPI) network diagram, 
illustrating the common targets between drugs and the disease (Fig 1A). To thoroughly investigate the anti-CRC  
mechanisms of Myco, GO gene enrichment analysis, and KEGG pathway analysis were performed on the 25 drug- 
disease targets. GO enrichment analysis revealed that the effects of Myco on rectal cancer encompass a range of bio-
logical processes, including negative regulation of apoptotic process, signal transduction, and response to xenobiotic 
stimulus. In addition, Myco influences various cellular components, such as the macromolecular complex, cytosol, and 
mitochondria. The analysis also indicated involvement in molecular functions, such as identical protein binding, nitric-oxide 
synthase regulator activity, and ubiquitin protein ligase binding (Fig 1B). KEGG enrichment analysis showed that the key 
targets of Myco in antagonizing rectal cancer were mainly associated with pathways in cancer, lipid and atherosclerosis, 
and prostate cancer. Notably, the PI3K/AKT signaling pathway, which is closely related to the development of rectal can-
cer, was identified as a significant pathway (Fig 1C).

To validate these predictions, we performed molecular docking of Myco with the Bcl-2 protein. The results showed that 
Myco exhibits binding affinity to the key target protein Bcl-2, with a binding energy of −5.9 kcal mol–1. Myco can interact 
with Bcl-2 by forming hydrogen bonds through 108A, 144A, and 145A (Figs 1D-E).

Myco affects the cell structure and morphology of SW480 cells and inhibits cell proliferation

Qualitative morphological assessment of SW480 cells was performed using light and scanning electron microscopy (SEM). 
Light microscopy revealed that control SW480 cells exhibited typical spindle-shaped morphology with pointed ends and 
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a broader middle section. After 48 h of treatment with 8 μg/mL Myco, the cells shrank, displayed rough edges, and vacu-
oles appeared in the cytoplasm. Following treatment with 16 μg/mL Myco for the same duration, all cells transformed into 
a rounded shape, indicating significant cell death (Fig 2A). Scanning electron microscopy further demonstrated that the 
control group SW480 cells adhered tightly to the surface and maintained a regular spindle shape. In contrast, after Myco 

Fig 1.  Network pharmacology of Myco’s anti-CRC mechanism and molecular docking analysis of target proteins. (A) Protein network pathway 
map of potential targets, with darker node colors indicating a higher degree of relevance. (B) GO functional annotation of Myco anti-CRC potential 
targets, including biological process (BP), cellular component (CC), and molecular function (MF). (C) KEGG enrichment analysis of potential signaling 
pathways. The top 20 signaling pathways with lower p-values were visualized. (D) Three-dimensional view of Myco docking with Bcl-2 molecules. (E) 
Two-dimensional diagram of Myco docking with Bcl-2 molecules.

https://doi.org/10.1371/journal.pone.0348056.g001
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treatment, the number of apoptotic bodies and cell degradation products around the cells increased, and the degree of cell 
adhesion decreased. Notably, after treatment with 8 μg/mL Myco, the amount of debris surrounding the cells increased 
further, and the cell morphology became irregular (Fig 2B). The MTT assay was employed to assess the impact of Myco on 
the viability of SW480 cells, with results depicted in Figs 2C-D. Myco exhibited an inhibitory effect on cell proliferation in a 
dose-dependent manner, achieving a 100% inhibition rate at a concentration of 16 μg/mL. The IC50 values for Myco and 
5-Fu against SW480 cells were determined to be 6.15 μg/ml (5.67 μM) and 3.05 μg/ml (23.46 μM), respectively.

Myco blocks the SW480 cell cycle and induces apoptosis

Treatment with 8 µg/ml of Myco for 48 hours significantly increased the percentage of apoptotic cells in SW480 cells. The 
results indicated that 5-FU and Myco enhanced the proportion of apoptotic cells by 10.32% and 15.65%, respectively. 

Fig 2.  Effects of Myco on the morphology and proliferation of SW480 cells. (A) Microscopic view of SW480 cell morphology, scale bar represents 
100 μm. (B) Scanning electron microscopy image of SW480 cells, Magnification: 2000 × , scale bar represents 10 μm. (C) Changes in SW480 cell viabil-
ity after 72 h treatment with different concentrations of Myco (1, 2, 4, 8, 16 μg/mL) and 5-FU (1, 3, 9, 27, 81 μg/mL) for 72 h. (D) Results obtained after 
converting the mass units in Fig c to μM. The relative molecular mass of streptomycin is 1084.38, and that of 5-FU is 130.077.

https://doi.org/10.1371/journal.pone.0348056.g002
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This indicates that Myco significantly induces apoptosis in SW480 cells. Notably, the apoptotic effect of Myco was more 
pronounced compared to that of 5-FU (Figs 3A-B).

Myco upregulates Bax and inhibits Bcl-2 expression in SW480 cells

To validate the molecular mechanism of Myco inhibition in SW480 cells predicted using network pharmacology, we 
examined changes in Bax and Bcl-2 pathway proteins following Myco treatment. Western blot analysis, revealed that 
Myco treatment did not significantly alter the expression level of the tumor suppressor gene p53 protein. However, Bax 
protein expression was increased by 1.88 ± 0.32-fold (p < 0.05), Bcl-2 protein expression was significantly decreased to 
0.67 ± 0.11-fold of the control group(p < 0.05), and Cyto C expression was increased by 1.58 ± 0.17-fold (p < 0.01) (Fig 4).

Myco promotes nuclear apoptosis and DNA damage in SW480 cells

To further explore the mechanism of Myco-induced apoptosis in SW480 cells, nuclear apoptosis, and DNA damage 
were observed. Myco treatment resulted in blue, densely stained nuclei and distinct apoptotic nuclear morpholo-
gy(p < 0.01) (Figs 5A-B). Myco-treated SW480 cells exhibited reddish-brown staining after DAB coloring, indicating 

Fig 3.  Effect of Myco on the cell cycle and apoptosis of SW480 cells. (A) the apoptosis rate of SW480 cells. (B) statistical data regarding the apop-
tosis rate. n = 3; data analyzed by one-way ANOVA; error bars represent mean ± SD.

https://doi.org/10.1371/journal.pone.0348056.g003
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significant DNA breakage(p < 0.01) (Figs 5C-D). This suggests that the nuclear and DNA morphology of Myco-treated 
SW480 cells is consistent with the apoptotic phenotype. Meanwhile, this study examined the changes in intracellular 
ROS concentration and calcium ion concentration in SW480 cells treated with Myco, and found that compared to the 
control group, the green fluorescence intensity of Myco-treated SW480 cells increased by 3.53 ± 0.60-fold (p < 0.01) 
(Figs 5E-F). This finding indicates that Myco treatment elevates the intracellular ROS levels in SW480 cells. Results 
of intracellular calcium signaling assays showed that, compared with the control group, after depletion of intracellu-
lar calcium stores, the addition of calcium-buffered solutions containing 6 μg/mL or 8 μg/mL of Myco had no effect on 
intracellular calcium levels; however, when the concentration reached 10 μg/mL, intracellular calcium levels increased 
significantly 2.63 ± 0.09-fold (p < 0.01) (Fig 5G).

Discussion

The development of low-toxicity and efficient natural lipopeptide compounds for the treatment of tumors and other dis-
eases has good application prospects. In this study, the lipopeptide Myco was metabolized by Bacillus subtilis obtained by 
autonomous isolation [21]. SW480 colon cancer cells were used as the target to investigate the role of Myco in inhibiting 
colon cancer tumor proliferation and its possible regulatory mechanism.

Unlimited replication of tumor cells, metastasis, resistance to cell death, and genomic instability are characteristics of 
many cancers, including CRC [22]. Therefore, inducing apoptosis in tumor cells is an effective strategy for cancer treat-
ment. Myco significantly reduced the viability of SW480 cells, exhibiting an IC50 value of 5.67 μM, which is notably lower 
than that of the commonly used colon cancer therapeutic drug, 5-FU. In comparison, Iturin A [23] and a surface activator 
[24], both of which belong to the same family of lipopeptides as Myco, demonstrated IC50 values of 30.89 μM and 26 μM, 

Fig 4.  Effect of Myco on the levels of apoptosis-related proteins in SW480 cells. (A) Western blot analysis of apoptosis-related proteins in Myco-
treated SW480 cells after 48 h, with β-actin as the internal reference protein. (B) Changes in the expression levels of the oncogene p53, the pro-apoptotic 
protein Bax, the anti-apoptotic protein Bcl-2, and Cyto C in SW480 cells. n = 3; data analyzed by one-way ANOVA; error bars represent mean ± SD.

https://doi.org/10.1371/journal.pone.0348056.g004
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respectively, against colon cancer cells. This indicates that Myco has a stronger inhibitory effect on colon cancer cells, 
highlighting its greater potential for antitumor activity.

Observation of apoptosis-related phenotypes revealed that following Myco treatment, SW480 cells exhibited a 
wrinkled morphology, ragged edges, cytoplasmic vacuolization, and significant cell death. Myco may also act on the 

Fig 5.  The impact of Myco on stress responses and homeostasis regulation in SW480 cells. (A) Hoechst 33342 staining method for detecting 
nuclear morphology of apoptosis in SW480 cells. (B) Fluorescence statistical graph of nuclei. (C) TUNEL method for detecting DNA damage in SW480 
cells. (D) Fluorescence statistical graph of DNA damage. (E) ROS level in SW480 cells. (F) ROS fluorescence statistics. (G) Cytosolic calcium signaling 
level. Rosup: a positive control reagent used to induce intracellular ROS production. The scale bar is 50 μm. n = 3; data analyzed by one-way ANOVA; 
error bars represent mean ± SD.

https://doi.org/10.1371/journal.pone.0348056.g005
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plasma membrane of target cells, thereby altering membrane permeability and generating ion-conducting pores [9]. 
Calcium ions are important second messengers in cells and are involved in multiple signaling pathways, including 
apoptosis [25]. Elevated calcium ion concentrations have been observed to potentially trigger apoptosis in cancer cells 
[26]. Therefore, by detecting changes in intracellular calcium ion concentrations, we sought to determine whether they 
were involved in Myco-induced apoptosis. The study found that low concentrations of Myco had no effect on intracellu-
lar calcium signaling levels, whereas at a concentration of 10 μg/mL, the intracellular calcium signaling levels increased 
significantly. This indicates a concentration-dependent threshold effect, and the higher concentration (10 μg/mL) may 
exceed the threshold for Myco-induced pore formation, thereby leading to a significant extracellular calcium influx. 
Combined with the results of the Annexin V-FITC/PI double-staining assay for apoptosis, Myco at 8 μg/mL significantly 
induced apoptosis in SW480 cells. This suggests that intracellular calcium ions are not sensitive to Myco-induced apop-
tosis; however, higher concentrations of Myco may alter cell membrane permeability, thereby leading to a significant 
increase in intracellular calcium ion concentration. This is consistent with the membrane-active properties of lipopep-
tides [27,28]. Furthermore, Myco treatment increased ROS levels in SW480 cells. Although ROS are byproducts of 
normal metabolism or detrimental exogenous exposure, they play a crucial role in cellular damage during activation and 
are key regulators of apoptosis [29,30].

Analysis of apoptotic protein expression revealed that Myco treatment significantly downregulated Bcl-2 expression in 
SW480 cells. The regulatory mechanisms underlying this phenomenon are likely to be multifaceted and complex. Molec-
ular docking analysis revealed that Myco binds to Bcl-2 protein, suggesting a potential direct interaction between the two 
and providing important clues for further mechanistic investigation. However, the binding of a protein to its ligand does not 
directly lead to the degradation of the target protein. Studies have shown that differences in the anti-apoptotic capacity 
among Bcl-2 family members primarily depend on their protein stability, with less stable members (such as Mcl-1 and Bfl-
1) being prone to steady-state or drug-induced proteasomal degradation [3,31]. We hypothesized that the Myco-induced 
reduction in Bcl-2 protein levels may result from Myco-induced conformational changes in the Bcl-2 protein, thereby facil-
itating its degradation. Previous studies have found that active compounds from Bacillus subtilis primarily induce endoge-
nous apoptotic pathways; the mechanism of action of Myco substances may be similar. Following treatment, they induced 
the expression of the pro-apoptotic protein Bax and inhibited the expression of the anti-apoptotic protein Bcl-2, leading to 
apoptosis. The Bcl-2 family further regulates the release of apoptotic factors, such as cytochrome C, from the mitochon-
dria, thereby inducing endogenous apoptosis [32,33]. Although our data confirm that Myco downregulates Bcl-2 protein 
expression and can bind directly to Bcl-2 in computer simulations, further studies are required to elucidate the precise 
mechanism by which Myco interacts with Bcl-2 in vivo. Future studies should assess the ubiquitination status of Bcl-2, 
investigate the activation of JNK and its role in Myco-induced Bcl-2 downregulation, and explore whether proteasome 
inhibitors can reverse the reduction in Bcl-2 levels. Such mechanistic studies are crucial for elucidating the full therapeutic 
potential of Myco as an anti-cancer drug.

The limitation of this study is that only the inhibitory effect of Myco on colon cancer SW480 cells was investigated 
in vitro, and the inhibitory effect in vivo has not been further studied. Subsequent research needs to comprehensively 
consider various factors in an in vivo tumor model, such as drug metabolism, interactions with the immune system, 
and the influence of different tissues and organs. This will allow for a more accurate evaluation of the inhibitory 
effect of Myco on colon cancer in CRC in vivo and its potential application in CRC treatment of colon cancer, thereby 
providing a more solid theoretical foundation and data support for the clinical application and translation of these 
research findings.

The findings of this study suggest that Myco may play a significant role in apoptosis by targeting the Bcl-2/Bax pathway. 
Additionally, it appears to inhibit the development of colon tumors through various mechanisms, including the suppression 
of cell proliferation, induction of apoptosis, and enhancement of intracellular ROS production. This study provides a theo-
retical foundation for the clinical application of Myco in colon cancer treatment.
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Conclusion

The findings of this study suggest that Myco may play a significant role in the process of apoptosis by targeting the Bcl-2/
Bax pathway. Furthermore, it appears to inhibit the development of colon tumors through various mechanisms, including 
the suppression of cell proliferation, induction of apoptosis, and enhancement of intracellular ROS production. This study 
provides a theoretical foundation for the clinical application of Myco in colon cancer treatment, holding potential for the 
development of a new generation of anti-cancer drugs.
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