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Abstract 

Purpose: Previous research has demonstrated the efficacy of SM in inhibiting tumor growth 

in various cancer types. The objective of this study was to examine the antineoplastic effects 

and molecular mechanisms of Solamargine (SM) in colorectal cancer. Methods: Colorectal 

cancer (CRC) cells were treated with different concentrations of SM to evaluate the 

anticancer concentration for further experimental measurements. Additionally, the antitumor 

efficacy of SM was assessed in a subcutaneously implanted tumor model of colorectal cancer. 

RNA-seq and bioinformatics analyses were employed to identify differentially expressed 

genes (DEGs) and elucidate the underlying molecular mechanisms in LoVo cells.	

Subsequently, the specific mechanism of SM-mediated anti-tumor activities was analyzed by 

protein expression methods. Results: The results of in vitro assays demonstrated that SM 

exhibits significant inhibitory effects on cell proliferation, clone formation, and invasion, 

while also promoting apoptosis in SW48 and LOVO cells. In a mouse xenograft tumor 

model, intragastric administration of SM at doses of 5 or 10 mg/kg effectively suppressed 

tumor volume and weight, and induced cell apoptosis in vivo. SM treatment also down-

regulated PCNA and Cyclin E protein expression, contributing to the regulation of apoptosis. 

Further analysis using RNA-seq, bioinformatics, and experimental measurements revealed 

that SM treatment upregulates PTEN expression, while significantly reducing the 

phosphorylation levels of Akt and mTOR in LOVO cells. Conclusion: Our study provides 

further evidence to support the notion that SM primarily induces apoptosis in colorectal 

cancer cells through the inhibition of the PI3K/Akt signaling pathway. Additionally, our 

investigation demonstrated the favorable safety profile of SM in a mouse model of colorectal 

cancer, thereby suggesting its potential as a promising therapeutic approach for the 

management of CRC. 
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Introduction 

Colorectal cancer (CRC) estimated new cases and deaths are predicted to rank third 

(approximately accounting for 8%) in the United States in 2023 (Sung et al., 2021; Siegel et 

al., 2023). Global Cancer Statistics 2020 exhibited that there were an estimated 1,880,725 

(accounting for 10.0%) new cases and 915,880 (accounting for 9.4%) cancer deaths of CRC, 

with ranking third of morbidity and second of mortality (Sung et al., 2021). The 

carcinogenesis of CRC is characterized with the turbulence of proliferation, apoptosis, 

differentiation and survival of intestinal epithelial cells, immune cells, stromal cells and 

commensal microbes (Chen et al., 2021; Sedlak et al., 2023). At present, the cancer treatment 

protocols for CRC mainly include radiotherapy, chemotherapy and surgical resection, while 

approximately 50% of recurrent events have been observed in patients with CRC (Boakye et 

al., 2018; Katona and Weiss, 2020). Unfortunately, patients with advanced CRC are less 

likely to be cured by surgery, and metastasis is the leading cause of death (Boakye et al., 

2018). In addition, numerous side effects, such as decreased immune function, liver toxicity, 

and digestive disorders, are accompanied with radiotherapy and chemotherapy in CRC 

patients (Marin et al., 2012). Therefore, it is necessary to develop novel therapeutic strategies 

that can effectively cure CRC patients with the fewest adverse events. 

 

Solamargine (SM), as a cholestane derivative of steroid alkaloids, is the main bioactive 

component of Solanum species such as Solanum nigrum (Sánchez-Mata et al., 2010; El-

Hawary et al., 2016) and displays several therapeutic activities, such as anti-inflammatory 

effect (Zhao et al., 2022) and improvement of neurotoxicity (Zhang et al., 2020). The anti-
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tumor effects of SM have been demonstrated in various types of cancer, including prostate 

cancer, lung cancer, liver cancer, and breast cancer. These effects are achieved through the 

inhibition of cancer cell growth, migration, invasion, and metastasis, as well as the promotion 

of apoptosis (Shiu et al., 2007; Ding et al., 2012; Xiang et al., 2016; Kalalinia and Karimi-

Sani, 2017; Furtado et al., 2022; Yin et al., 2022). For example, SM has been shown to inhibit 

cell growth in castration-resistant prostate cancer cells by activating the MAPK signaling 

pathway and reducing the expression of the downstream protein MUC1 (Xiang et al., 2016). 

Additionally, SM has been found to enhance cisplatin sensitivity in breast cancer cells and 

induce G2/M phase cell cycle arrest in human hepatoma SMMC-7721 cells (Shiu et al., 2007; 

Ding et al., 2012). Recently, it has been demonstrated that SM induces apoptosis and 

autophagy in hepatocellular carcinoma cells through the inhibition of the LIF/miR-192-

5p/CYR61/Akt signaling pathways and the induction of an immunostimulatory tumor 

microenvironment (Yin et al., 2022). In a mouse model of melanoma, the subcutaneous 

administration of SM resulted in a reduction in tumor size and frequency of mitoses in tumor 

tissue, indicating a decrease in cell proliferation (Furtado et al., 2022). These findings suggest 

that SM has the potential to inhibit proliferation and promote apoptosis in various cancer 

cells. However, the effect of SM on colorectal cancer cells remains uncertain, and the 

underlying mechanisms of SM have yet to be elucidated. 

 

The objective of our study was to investigate the antineoplastic effects of SM on colorectal 

cancer both in vivo and in vitro. Additionally, we utilized RNA-seq and bioinformatics 

techniques to analyze the differential gene expression in LoVo cells pre- and post-treatment 

with SM, aiming to elucidate the underlying molecular mechanism of SM in treating 

colorectal cancer. Our findings demonstrated that SM primarily induced apoptosis in 

colorectal cancer cells by inhibiting the phosphatidylinositol 3-kinase (PI3K)/protein kinase 
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B (AKT) signaling pathway. Furthermore, SM exhibited promising safety profiles in a mouse 

model of CRC. 

 
Materials and methods 

Reagents and antibodies. The main reagents and antibodies are listed as follows: RPMI1640 

medium (Gibco, USA), fetal bovine serum (FBS; Hyclone, USA), MTT (Sigma, USA), SM 

(Sigma, USA), Annexin V-FITC/PI apoptosis detection kit (BD Biosciences, USA), Ki67 

(Cat. no: RPN202; GE, USA), TUNEL (Beyotime, China), anti-phosphatase and tensin 

homologue deleted on chromosome 10 (anti-PTEN; Cat. no: #9552; CTS, USA), AKT (Cat. 

no: #9272, CTS, USA), p-AKT (Cat. no: #4058; CTS, USA), p-mTOR (Cat. no: #2971; CTS, 

USA), β-actin (Cat. no: #4967; CTS, USA), PCNA (Cat. no: #13110; CTS, USA), cyclin E 

(Cat. no: #4132; CTS, USA), cleaved caspase 7 (Cat. no: #9491; CTS, USA), caspase 7 (Cat. 

no: #9492; CTS, USA), cleaved caspase 9 (Cat. no: #9507; CTS, USA), caspase 9 (Cat. no: 

#9502; CTS, USA), Bcl-2 (Cat. no: #3498; CTS, USA) and BAX (Cat. no: #2772; CTS, 

USA).  

 

Cell culture. SW48 and LoVo were cultured in RPMI1640 medium, supplemented with 10% 

FBS and 1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.). All cells were 

cultured at 37°C and 5% CO2. After incubation with SM (0, 2, 4, 8, 16, 32 µM) for different 

times, SW48 and LoVo cells were used for molecular biology experiments. SM was dissolved 

in dimethyl sulfoxide (DMSO). Insulin-like growth factor-1 (IGF-1; 100 ng/mL; Gibco) as a 

potential PI3K/AKT agonist was used to activate the PI3K/AKT signaling pathway in LoVo 

cells. 
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In vitro measurements of MTT, colony formation, flow cytometry, transwell and wound 

scratch assays. The above-mentioned assays were performed as we described previously 

(Shen et al., 2020; Sun et al., 2021).  

 

Animal model. BALB/c nude mice were acquired from the Beijing Vital River Laboratory 

Animal Technology (Beijing, China). Following the subcutaneous injection of LoVo cells 

(2×106 cells) into the BALB/c nude mice, intragastric administration of SM (5 mg/kg/day or 

10 mg/kg/day) was conducted from day 10 to day 24. Subsequently, the body weight of the 

nude mice, tumor volume and weight, and the IHC staining of Ki67 and TUNEL were 

employed to assess the in vivo anti-proliferative and pro-apoptotic properties of SM. 

 

Immunohistochemical (IHC) and immunofluorescence (IF) staining. The operation 

procedures of IHC and IF staining were performed as described previously (Liu et al., 2016; 

Ren et al., 2019). Ki67 (Cat. no: RPN202; GE, USA; dilution: 1: 100) and TUNEL kit 

(Beyotime, China) were used to evaluate Ki67 protein expression and cell apoptosis.  

 

RNA sequencing (RNA-seq) and bioinformatics analysis. In order to investigate the 

signaling pathways involved in SM-induced cell death in CRC cells, RNA-seq analysis was 

conducted using Majorbio (Shanghai, China) to identify DEGs in LoVo cells treated with SM 

at a concentration of 32µM for 48 hours. The DEGs were then subjected to Gene Ontology 

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis 

using the DAVID database. 
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RNA extraction and reverse transcription-quantitative PCR (RT-qPCR). RNA extraction 

and RT-qPCR were conducted according to the methods described in previous studies (Shen 

et al., 2020; Sun et al., 2021) with the primers as follows: forward primer, 5’-

TGGATTCGACTTAGACTTGACCT-3’ and reverse primer, 5’-

GGTGGGTTATGGTCTTCAAAAGG-3’ for PTEN; forward primer, 5’-

CCCGAGAGGTCTTTTTCCGAG-3’ and reverse primer, 5’-

CCAGCCCATGATGGTTCTGAT-3’ for BAX; forward primer, 5’-

GCAGGCGTCGAAGAGTACG-3’ and reverse primer, 5’-

CGGACTGCGATTGCAGAAGA-3’ for VHL; forward primer, 5’-

GGTTCGGACATCACAAGTAGTAG-3’ and reverse primer, 5’-

GGTGTGCCGATTCCTTTCTCT-3’ for ZHX2; forward primer, 5’-

ACTCACCTCTTCAGAACGAATTG-3’ and reverse primer, 5’-

CCATCTTTGGAAGGTTCAGGTTG-3’ for IL6; forward primer, 5’-

TGGAGCTGCCTACGTGTATG-3’ and reverse primer, 5’-

TTCGATGAGTAGAAAGCAGTGC-3’ for IL5; forward primer, 5’-

CTGCTGCTACTACTTACAAGGTC-3’ and reverse primer, 5’-

GCAGGGCAGATAGGCATTCT-3’ for TIM3; forward primer, 5’-

GGTGATGGGGAACCTTGAGAT-3’ and reverse primer, 5’-

CTGTCACTTCTCGAATCCACTG-3’ for HER3; forward primer, 5’-

TAAGTTCTGAGTGTGACCGAGA-3’ and reverse primer, 5’-

GCTCTGTCTGTAGGGAGGTAGG-3’ for BIM; forward primer, 5’-

GGTGGGGTCATGTGTGTGG-3’ and reverse primer, 5’-

CGGTTCAGGTACTCAGTCATCC-3’ for BCL2; forward primer, 5’-

ACATCGCTCAGACACCATG-3’ and reverse primer, 5’-

TGTAGTTGAGGTCAATGAAGGG-3’ for GAPDH.  
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Western blot. The detailed procedures of western blot were performed as we described 

previously (Shen et al., 2020; Sun et al., 2021).  

 

Statistical analysis. The data were reported as the mean ± standard deviation. Statistical 

analysis was conducted using SPSS (Version 19.0). Two-group differences were analyzed 

using either the student's t-test or the nonparametric Mann-Whitney test. Inter-group 

differences were assessed through One-Way ANOVA. A p-value below 0.05 was considered 

indicative of statistical significance. 

 

Results 

SM exhibited the potent antineoplastic activities in vitro. To evaluate the antineoplastic 

activities of SM in CRC cell lines, SW48 and LoVo, the MTT, clone formation, flow 

cytometry, transwell and wound scratch assays were implemented to determine the effect of 

SM on SW48 and LoVo cell proliferation, apoptosis, invasion and migration in vitro. After 

SW48 and LoVo cells exposure to SM with the concentration range from 0 µM to 32 µM, 

MTT assay suggested that SM significantly suppresses SW48 and LoVo cell proliferation in a 

dose-dependent and time-dependent manner (Fig. 1A), and the inhibition ratio was 80.2% 

and 78.7 in SW48 and LoVo cells, respectively, after incubation with SM with the 

concentration of 32 µM (Fig. 1A). After SW48 and LoVo cells treatment with SM (0-32µM) 

for 72h, there was a significant decrease in the number of cell clones in a dose-dependent 

manner (Fig. 1B). Cell clones were reduced approximately 97% in both SW48 and LoVo3 

cells, exposed to SM with the concentration of 32 µM (Fig. 1B). As shown in Figure 1C, SM 

significantly enhanced the proportion of apoptotic cells in a dose-dependent manner 

compared with the control group. We also performed invasion and migration experiments. 
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Transwell (Fig. 1D) and wound scratch assays (Fig. 1E) found that SW48 and LoVo cell 

invasion and migration abilities were significantly hindered in the dose-dependent manner 

with the presence of SM exposure. Our findings indicated that SM showed the potent 

antineoplastic activities in vitro. 

 

SM impeded LoVo cell growth in vivo. The effect of SM on LoVo cell growth was also 

investigated in a nude mice xenograft tumor model. After BALB/c nude mice injected with 

LoVo cells (2×106 cells) subcutaneously, mice were intragastrically administrated with SM (5 

mg/kg/day or 10 mg/kg/day) from day 10 to day 24. As shown in Figure 2A, the body weight 

had no obvious difference in transplanted tumor mice with or without SM treatment, 

suggesting that SM has no apparent toxicity in vivo. Subsequently, tumor volume (Fig. 2B) 

and tumor weight (Fig. 2C) were markedly delayed by the treatment of SM in a concentration 

of 5 mg/kg or 10 mg/kg. By IHC and TUNEL assay (Fig. 2D and 2E), a significant decrease 

in Ki67-positive cells accompanied with an increase in TUNEL-positive cell was presented in 

transplanted tumor mice with SM treatment. 

 

SM mediated multiple signal pathways to suppress LoVo cell growth. To explore 

signaling pathways underlying SM-mediated CRC cell death, RNA-seq was implemented to 

filtrate DEGs in SM-treated LoVo cells. As shown in Figure 3A, a total of 538 DEGs, 

including 117 down-regulated and 421 up-regulated genes, were observed in SM-treated 

LoVo cells compared with control group. The top 10 DEGs were listed as follows: BCL2, 

TIM3, VHL, IL6, BAX, PTEN, IL-5, ZHX2, HER3 and Bim (Fig. 3B). The expression levels 

of the top 10 DEGs were also verified by RT-qPCR, which achieved consistent findings with 

RNA-seq (Fig. 3C). SM-mediated signaling pathways were enriched by KEGG analysis. Our 

results demonstrated that multiple pathways, such as PI3K/AKT, TGF-β/WNT, EGFR and 
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apoptosis signaling, were involved in SM-mediated CRC cell death.  

 

SM activates PTEN and inhibits PI3K/AKT signaling to induce CRC cell death. In in 

vitro experimental measurements, a significant increase in PTEN protein level and decrease 

in p-AKT and p-mTOR appeared in SM-treated LoVo cells (Fig. 4A). Immunofluorescent 

(IF) staining showed that PTEN fluorescence	 intensity was markedly elevated in SM-treated 

LoVo cells compared with the control group (Fig. 4B). Consistent with in vitro findings, 

activation of PTEN and inhibition of PI3K/AKT signaling were represented in tumor tissues 

of transplanted tumor mice (Fig. 4C). IHC staining indicated that integral optical density 

(IOD) of p-AKT and p-mTOR were dramatically decreased, while IOD of PTEN was 

augmented in tumor tissues of transplanted tumor mice (Fig. 4D).  

 

Numerous pieces of evidence substantiated that IGF-1 is an agonist to activate PI3K/AKT 

signaling in cancer progression (Wang et al., 2017; Zheng et al., 2020). In in vitro rescue 

experiments, we investigated whether IGF-1 would rescue SM-induced inhibition of cell 

proliferation, invasion and migration of LoVo cells. Our results indicated that SM-induced 

inhibition of clone formation (Fig. 5A), invasion (Fig. 5B) and migration (Fig. 5C) of LoVo 

cells were reversed by the co-incubation with IGF-1.  

 

PCNA and Cyclin E were the key factors to regulate DNA replication and cell cycle (Strzalka 

and Ziemienowicz, 2011; Zeng et al., 2023). In our study, SM treatment inhibited the protein 

expression of PCNA and Cyclin E in vitro (Fig. 6A) and in vivo (Fig. 6B). Furthermore, the 

induction of pro-apoptotic proteins, namely cleaved-caspase-7, cleaved-caspase-9, and BAX, 

along with the suppression of the anti-apoptotic protein Bcl-2, was observed in LoVo cells 

treated with SM both in vitro (Fig. 6C) and in vivo (Fig. 6D). We also found that IF staining 
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and IHC staining IOD of BAX was augmented in LoVo cells (Fig. 6E) and tumor tissues 

(Fig. 6F) of transplanted tumor mice with SM treatment. 

 

Discussion 

SM has been corroborated to possess multiple antitumor properties via different signaling 

pathways (Shiu et al., 2008; Chen et al., 2015; Wu et al., 2020; Han et al., 2022; Yin et al., 

2022). For example, the antineoplastic activities of SM in HCC reflected that inhibition of 

oncogenic factor, leukemia inhibitory factor, by SM treatment improves tumor 

microenvironment, including elevation of the proportion of CD8+ T cells and M1/M2 

macrophages, and promotes apoptosis and autophagy (Yin et al., 2022). In human lung cancer 

cells, phosphorylation of Akt and NF-κB/p65 was impeded by SM administration to inhibit 

cell proliferation (Chen et al., 2015). In human epidermal growth factor receptor-2 (HER2) 

overexpressed breast cancer cells, SM down-regulated HER2  receptors on the cell 

membrane to enhance the sensitivity of chemotherapeutic agents (Shiu et al., 2008). In 

addition, the chemosensitization of SM was also found in cisplatin-resistant NSCLC 

organoids by suppressing the hedgehog pathway (Han et al., 2022). According to Wu et al 

(Wu et al., 2020), SM inhibits long non-coding RNA colon cancer-associated transcript1-

mediated down-regulation of specific protein 1 to prevent human nasopharyngeal carcinoma 

cell growth. Lee and colleagues (Lee et al., 2004) found that the growth inhibition rate of SM 

was 1.3%, 28.9%, 71.8% or 82.0% with four concentrations each (0.1, 1, 10, or 100 µg/mL) 

in human colon HT29 cancer cells. However, the molecular mechanisms underlying SM-

induced CRC cell growth inhibition and apoptosis are still unclear.  

 

In our study, SM significantly suppressed SW48 and LoVo cell proliferation, colony 

formation, migration and invasion, and facilitated cell apoptosis in a dose-dependent manner 
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in vitro. In in vivo experiments nude-mouse transplanted tumor model and IHC staining, SM 

suppressed LoVo cell growth in vivo by inhibiting cell proliferation and inducing cell 

apoptosis, reflecting a significant decrease in Ki67-positive cells and an increase in TUNEL-

positive cells in tumor tissues. Importantly, RNA-seq, bioinformatics and experimental 

evidence revealed that PTEN, PI3K/AKT and caspase9/7 were mainly mediators of SM-

induced antineoplastic properties in CRC.  

 

PI3K/AKT is a pivotal intracellular lipid kinase signaling pathway that is implicated in 

regulation of cell growth in various cancer types (He et al., 2021; Yu et al., 2022). Moreover, 

overactivation of PI3K/AKT plays a crucial role in the processes of 5-fluorouracil resistance 

(Dong et al., 2022), vasculogenic mimicry (Liu et al., 2022), metastasis (Jiang et al., 2021), 

tumor stemness (Mangiapane et al., 2022), macrophage M2 polarization (Zhao et al., 2020) in 

CRC. Herein, we also found that inactivation of PI3K/AKT hampers the malignant 

phenotypes of CRC cells, while PI3K/AKT agonist, IGF-1, could reverse SM-induced 

inhibition of clone formation, invasion and migration of LoVo cells, suggesting that 

PI3K/AKT may be a potential therapeutic target of SM in CRC.  

 

Previous studies exhibited that the PIK3 gene is frequently mutated in CRC tumours with 

approximately 10%-20% samples (Prossomariti et al., 2020; Zygulska and Pierzchalski, 

2022), and regulates downstream pathways of EGFR alongside with KRAS (Zygulska and 

Pierzchalski, 2022). Moreover,  the initiation of PI3K signaling pathway can be inhibited by 

PTEN, which is an important tumor suppressor in CRC to counteract PI3K function (Molinari 

and Frattini, 2013; Chong et al., 2022; Zygulska and Pierzchalski, 2022). In our study, over-

activation of PTEN was synchronized with the devitalization of p-AKT and p-mTOR in CRC 

cells after treatment with SM. Our findings suggested that SM is able to inhibit 
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PI3K/AKT/mTOR axis via the activation of PTEN in CRC.  

 

Cyclin E mediates G1-S transition and contributes to tumor cell proliferation (Fukuse et al., 

2000). PCNA  also functions as cell cycle and proliferation related protein, and correlates 

with Cyclin E in inflammatory bowel disease-related dysplasia-carcinoma (Ioachim et al., 

2004). Reduction of PCNA and Cyclin E protein expression is accompanied with the 

inhibition of cell proliferation and metastasis in CRC (Dai et al., 2014; Lin et al., 2018). Our 

results showed that SM treatment down-regulated PCNA and Cyclin E protein expression, 

with reduced cell proliferation and colony formation. These findings rationalize an important 

signaling pathway of SM-mediated CRC treatment.   

 

In the mitochondrial apoptotic pathway, a multimeric Apaf-1/cytochrome c complex recruits 

and activates caspase 9 to cleave and promote the downstream caspases, including caspase 7 

(Budihardjo et al., 1999). Up-regulation of cleaved-caspase 7 and cleaved-caspase 9 regulate 

cell cycle control and apoptosis in CRC cells (Wen et al., 2019). Similarly, SM treatment 

activates caspase 9/7 axis and BAX, with a corresponding elevation of the proportion of 

apoptotic cells in in vivo and in vitro CRC cells.  

 

Conclusions 

The findings of our study indicate that the administration of SM effectively inhibits the 

malignant characteristics of CRC cells both in vitro and in vivo. This inhibition is achieved 

through the suppression of the PI3K/AKT signaling pathway, which is a key pathway 

involved in cell growth and survival. Additionally, SM administration leads to the inhibition 

of cell cycle regulators, namely PCNA and Cyclin E, and the activation of the caspase 9/7 

axis, resulting in the control of cell proliferation and induction of apoptosis. These results 
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provide substantial evidence for the potent antineoplastic properties of SM in CRC, acting 

through multiple signaling pathways. Therefore, SM holds promise as a highly effective 

small-molecule drug for the treatment of CRC. 
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Figure legends 

Figure 1. SM exhibited potent antineoplastic activities in vitro. After SW48 and LoVo cells 

exposure to SM with the concentration range from 0 µM to 32 µM for different incubating 

times, MTT (A) and clone formation for 72h (B), flow cytometry for 24h (C), transwell for 

12h (D) and wound scratch for 24h (E) assays were utilized to evaluate cell proliferation, 

apoptosis, invasion and migration in vitro. n=3 in each group; *P<0.05 and ***P<0.001 

compared with control group.  

 

Figure 2. SM impeded LoVo cell growth in vivo. After BALB/c nude mice were injected 

with LoVo cells (2×106 cells) subcutaneously and intragastrically administrated with SM (5 

mg/kg/day or 10 mg/kg/day) from day 10 to day 24, body weight of nude mice (A), tumor 

volume (B) and weight at day 24 (C). IHC staining of Ki67 and TUNEL were implemented to 

analyze the anti-proliferative and pro-apoptotic properties of SM in vivo. Histogram 

represented the quantitative analysis of the number of Ki67-positive and TUNEL-positive 

cells (D). Micrograph of HE staining, IHC staining of Ki67 and TUNEL of CRC tissues (E; 

magnification = 50x). n=6 in each group; **P<0.01 and ***P<0.001 compared with control 

group. 5MPK, 5 mg/kg/day; 10MPK, 10 mg/kg/day. 

 

Figure 3. SM mediated multiple signal pathways to suppress LoVo cell growth. To 

explore signaling pathways underlying SM-mediated CRC cell death, RNA-seq was 

implemented to filtrate DEGs in SM-treated LoVo cells with volcano plot (A) and heatmap 

(B). The top 10 DEGs were validated using RT-qPCR (C). SM mediated multiple signal 

pathways were evaluated using GO and KEGG enrichment analysis (D). n=3 in each group; 

*P<0.05, **P<0.01 and ***P<0.001 compared with control group.  
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Figure 4. SM activates PTEN and inhibits PI3K/AKT signaling. In order to investigate the 

impact of SM (32 µM) on PTEN and PI3K/AKT signaling in vitro after 48h incubation, 

western blot analysis was conducted for PTNE, AKT, p-AKT, and p-mTOR (A), while IF 

staining was performed for PTNE (B). Furthermore, to assess the effect of SM on PTEN and 

PI3K/AKT signaling in vivo, western blot analysis was carried out for PTNE, AKT, p-AKT, 

and p-mTOR (C), and IHC staining was conducted for p-AKT, PTNE and p-mTOR (D; bar = 

25µm). n=3 in each group; **P<0.01 and ***P<0.001 compared with control group; ns, no 

significant.  

 

Figure 5. PI3K/AKT agonist reverses SM-induced antineoplastic activities in vitro.  

After LoVo cells were co-incubated with IGF-1 (100 ng/mL) and SM (32 µM) for 48h, cell 

proliferation, invasion and migration were evaluated using clone formation (A), transwell (B) 

and wound scratch (C), respectively. n=3 in each group; *P<0.05, **P<0.01 and ***P<0.001 

compared with corresponding group.  

 

Figure 6. SM inhibits cell cycle and apoptosis signaling pathway. After LoVo cells 

exposure to SM (32 µM) for 48h, western blot was used to measure PCNA and Cyclin E 

protein expression in vitro (A), and the protein expression of PCNA and Cyclin E was 

detected with western blot in vivo (B). In addition, apoptosis-related proteins were also 

measured by western blot in vitro after LoVo cells exposure to SM (32 µM) for 48h (C) and 

in vivo (D). IF staining and IHC staining were conducted for detecting BAX in LoVo cells 

(E) and tumor tissues (F) of transplanted tumor mice with SM treatment, respectively. n=3 in 

each group; *P<0.05, ** P<0.01 and ***P<0.001 compared with control group; ns, not 

significant. 	
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