

  cancers-15-01614




cancers-15-01614







Cancers 2023, 15(5), 1614; doi:10.3390/cancers15051614




Article



Sodium New Houttuyfonate Induces Apoptosis of Breast Cancer Cells via ROS/PDK1/AKT/GSK3β Axis



Lixin He 1, Huili Feng 1,2, Baoyi Yin 1, Wenxuan Li 1, Xiao Wang 1, Talha Umar 1, Hongbo Gao 1, Ning Zhou 1 and Changwei Qiu 1,*[image: Orcid]





1



Department of Clinical Veterinary Medicine, College of Veterinary Medicine, Huazhong Agricultural University, Wuhan 430070, China






2



Department of Animal Physiology and Molecular Biology, College of Animal Husbandry Engineering, Henan Vocational College of Agriculture, Zhengzhou 451450, China









*



Correspondence: sdqiu2001@mail.hzau.edu.cn







Academic Editor: Derek Radisky



Received: 19 January 2023 / Revised: 28 February 2023 / Accepted: 6 March 2023 / Published: 6 March 2023



Abstract

:

Simple Summary


Breast cancer treatment has long been a problem plaguing women’s health. In order to explore whether sodium new houttuyfonate (SNH) has a potential therapeutic effect on breast cancer, this study jointly demonstrated that SNH has a significant apoptotic effect on breast cancer through biogenic analysis and research trials. This effect is achieved by promoting the excessive accumulation of reactive oxygen species (ROS), inducing mitochondrial damage, regulating the aggregation of apoptotic proteins near mitochondria, and targeting the PDK1-AKT-GSK3β pathway. This study demonstrated the potential therapeutic effect of SNH and provided a reference for the application of SNH in breast cancer.




Abstract


Background: Sodium new houttuyfonate (SNH) has been reported to have anti-inflammatory, anti-fungal, and anti-cancer effects. However, few studies have investigated the effect of SNH on breast cancer. The aim of this study was to investigate whether SNH has therapeutic potential for targeting breast cancer. Methods: Immunohistochemistry and Western blot analysis were used to examine the expression of proteins, flow cytometry was used to detect cell apoptosis and ROS levels, and transmission electron microscopy was used to observe mitochondria. Results: Differentially expressed genes (DEGs) between breast cancer-related gene expression profiles (GSE139038 and GSE109169) from GEO DataSets were mainly involved in the immune signaling pathway and the apoptotic signaling pathway. According to in vitro experiments, SNH significantly inhibited the proliferation, migration, and invasiveness of MCF-7 (human cells) and CMT-1211 (canine cells) and promoted apoptosis. To explore the reason for the above cellular changes, it was found that SNH induced the excessive production of ROS, resulting in mitochondrial impairment, and then promoted apoptosis by inhibiting the activation of the PDK1-AKT-GSK3β pathway. Tumor growth, as well as lung and liver metastases, were suppressed under SNH treatment in a mouse breast tumor model. Conclusions: SNH significantly inhibited the proliferation and invasiveness of breast cancer cells and may have significant therapeutic potential in breast cancer.
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1. Introduction


Breast cancer is a focus of global attention because of its high incidence and high mortality rates. According to the 2020 report from the International Agency for Research on Cancer (IRAC), breast cancer has surpassed lung cancer as the most common cancer worldwide, with an incidence rate of 11.7% [1]. Breast cancer has great clinical heterogeneity, and patients with different subtypes of the disease have varying clinical prognoses. Canine mammary tumors are frequently regarded as models for the study of human breast cancer because of their similarities in pathology, histology, and shape [2]. Additionally, phosphatidylinositol-4,5-bisphosphate 3-kinase (PIK3CA) mutations, abnormalities in the PI3K-AKT pathway, and a crucial gene implicated in cancer initiation and development are shared between human breast cancer and canine mammary tumors [3,4].



Currently, many medications used to treat breast cancer in clinical treatment have varying degrees of severe side effects [5]. Recently, bioactive compounds extracted from traditional Chinese medicine have shown potential anti-cancer abilities. Sodium new houttuyfonate (SNH) is the chemical synthesis of houttuynia, and it has anti-inflammatory [6], anti-fungal [7,8] and anti-cancer properties [9,10]. Studies have suggested that SNH can exert anti-inflammatory effects by promoting the generation of reactive oxygen species (ROS) [6], which are considered as a product of oxygen consumption and cell metabolism. Endogenous ROS include superoxide anions, hydrogen peroxide, and hydroxyl radicals [11,12]. Excessive ROS may disrupt mitochondrial functions, mainly manifesting as mitochondrial membrane potential decrease, mitochondrial transcription factor A decrease, mitochondrial mass increase, and mitochondrial DNA fragmentation increase [13,14]. In general, endogenous ROS are maintained within a normal range. ROS levels outside the normal range will lead to the occurrence of disease [15]. Therefore, ROS can be considered as a potential target for cancer therapy.



Studies have shown that abnormal activation of the PI3K-AKT pathway plays a critical role in the occurrence, metastasis, and drug resistance of breast cancer, and it is closely related to the prognosis of breast cancer, all of which make it a potential therapeutic target for breast cancer [16,17]. The biological function of the PI3K-AKT pathway can be modulated by ROS. The combination of polydatin and 2-deoxy-d-glucose promotes apoptosis in breast cancer by eliminating endogenous ROS production [11], as does hyperoside [18]. Moreover, total secondary saponin from the rhizome of Anemone raddeana showed anti-proliferation and pro-apoptotic activities on MCF-7 cells through the ROS-mediated mitochondrial apoptosis pathway [19]. Genistein can lead to mitochondrial dysfunction through ROS accumulation, induce the inactivation of PI3K-AKT, and synergistically promote the anti-tumor effect of Centchroman [20]. GSK3β is a downstream target of AKT. The serine 9 phosphorylation of GSK3β is negatively correlated with the activity of GSK3β, which is adversely associated with the viability of breast cancer cells [21].



Thus, this study investigated whether SNH could induce mitochondrial dysfunction through ROS overgeneration and inactive the PDK1-AKT pathway to induce apoptosis of breast cancer cells in vitro and in vivo.




2. Materials and Methods


2.1. Bioinformatics Analysis


Two expression profiles related to breast cancer (GSE139038 and GSE109169) were screened from GEO DateSets (https://www.ncbi.nlm.nih.gov/gds/?term=, accessed on 15 August 2022. The differentially expressed genes (DEGs) and the common DEGs shared between the two datasets were shown using a Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/, accessed on 15 August 2022). The Gene Ontology resource (GO, http://geneontology.org/, accessed on 16 September 2022) and the Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.kegg.jp/, accessed on 16 September 2022) were used to analyze the enrichment of GO and KEGG involved in these common DEGs, and bubble charts of GO and KEGG enrichment analysis were plotted using bioinformatics (https://www.bioinformatics.com.cn, accessed on 16 September 2022), an online platform for data analysis and visualization. An interaction network of these common DEGs was constructed, and the protein interaction network of some important genes was emphatically analyzed using Cytoscape software.



The molecular structure of SNH was assessed using PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 16 August 2022). The potential target genes of SNH were predicted through SwissTargetPrediction (http://www.swisstargetprediction.ch/, accessed on 16 August 2022). The expression analysis and prognosis analysis of target genes were conducted individually using GEPIA (http://gepia.cancer-pku.cn/detail.php, accessed on 17 September 2022) and Kaplan–Meier Plotter (https://kmplot.com/analysis/index.php?p=service, accessed on 17 September 2022).




2.2. Reagents and Antibodies


The reagents used were as follows: sodium new houttuyfonate (Yuanye, Shanghai, China, CAS: 112714-99-5); docetaxel (Yuanye, Shanghai, China); hydroxypropyl-β-cyclodextrin (HP-β-CD; Solarbio, Beijing, China); N-acetyl-cysteine (NAC; Macklin, Shanghai, China); matrix adhesive (Biozellen, Frontier, NE, USA); Opti-MEM I medium (Gibco, Billings, MA, USA); and crystal violet (BioSharp, Hefei, China).



The kits used were as follows: Cell Counting Kit-8 (Hycezmbio, Wuhan, China), ROS Detection Kit (Hycezmbio, Wuhan, China), BCA Protein Quantification Kit (Hycezmbio, Wuhan, China), Apoptosis Detection Kit (Hycezmbio, Wuhan, China); and Transwell chamber (Corning, NY, USA).



According to the protocol recommended by the manufacturer, the following antibodies were used for Western blot or immunofluorescence: Anti-BAX (Wanleibio, WL01637), Anti-p-GSK3β (Wanleibio, WL03683), Anti-β-actin (ABclonal, AC038), Anti-Bcl-2 (ABclonal, A19693), Anti-cleaved PARP p25 (ABclonal, A19612), Anti-caspase-9 (ABclonal, A0281), Anti-PDK1 (ABclonal, A0834), Anti-p-PDK1 (ABclonal, AP0426), Anti-AKT (ABclonal, A20799), Anti-p-AKT (ABclonal, WLP001), Anti-GSK3β (ABclonal, A11731), Anti-MMP1 (ABclonal, A22080), HRP Goat Anti-Rabbit IgG (ABclonal, AS014), Alexa Flour 594-Goat Anti-Rabbit IgG (ABbox, AD9279), and Cy3 Goat Anti-Rabbit IgG (H + L) (ABclonal, AS007).




2.3. Cell Culture


Human breast cancer cell line MCF-7 (kindly donated by Zhiqiang Dong Laboratory at Huazhong Agricultural University) and canine mammary cancer cell line CMT-1211 (kindly provided by the Degui Lin Laboratory at the China Agricultural University) were used in this study. Both cell lines were cultured in DMEM (Gibco) medium containing 10% fetal bovine serum (Hycezmbio, Wuhan, China) and 2% penicillin-streptomycin solution (Gibco) at 37 °C with 5% CO2.




2.4. Cell Viability Assay


Cells at a density of 1 × 104 cells/well were seeded into 96-well plates. When the density reached 50–60%, different concentrations of SNH were added. After treatment for 24 h, 10 µL (5 mg/mL)/well of Cell Counting Kit-8 (CCK-8, Hycezmbio, Wuhan, China) was added and incubated with cells at 37 °C for 30 min. Cell viability was measured through absorbance (optical density) with a microplate reader (Bio-Rad Instruments, Hercules, CA, USA) at 450 nm.



Another set of experiments was also conducted. The cells were cultured in 96-well plates with different concentrations of SNH for different time (0, 12, 24, 36, 48, and 60 h). The cell culture medium containing the drugs was changed once every 12 h. Other operations remained unchanged unless otherwise indicated.




2.5. Cell Migration Assay


Cell migration was detected using a wound-healing migration assay. The cells were inoculated into 6-well plates with 1 × 105 cells/well. When the cells reached 80–85% confluence, a 200 μL plastic sucker scraped the cell layer once, and the exfoliated cells were washed with sterile phosphate buffered saline (PBS). The cells were cultured with serum-reduced Opti-MEM I medium (Gibco, Billings, MA, USA). The wounds were photographed when the scrape wound was introduced (0 h) and at a designated time (24 h) using an inverted microscope.




2.6. Cell Invasion Assay


This step was conducted according to the reagent instructions (Biozellen, Frontier, NE, USA). Matrigel A (2×) at a concentration of 1/15 was added into 8 μm transwell chambers. Then, the matrigel in chambers was refrigerated at 4 °C for 3 h, and 7.5 × 104 cells/well which have been treated with SNH for 24 h were suspended in 100 µL culture solution and added to the upper compartment of the chamber. DMEM medium containing 10% fetal bovine serum was added to the lower compartment of the chamber. The cells were cultured in an incubator at 37 °C for 24 h. Next, the cells in the chambers were fixed with methanol and stained with crystal violet. The images were photographed using an optical microscope (Olympus, Tokyo, Japan).




2.7. Apoptosis Assay


Apoptosis was detected using Annexin V-FITC (fluorescein isothiocyanate) and PI (propidium iodide) double staining. The staining procedures and detection method were conducted according to the Apoptosis Detection Kit’s instructions (Hycezmbio, Wuhan, China). The cell density was adjusted to 1 × 106/mL and suspended at 250 μL binding buffer. The cells were gently vortexed and incubated with 5 μL of Annexin V-FITC and 10 μL of PI at room temperature for 10 min against exposure to light. The apoptosis rates were detected using flow cytometry (CytoFLEX, Beckman, State Key Laboratory of Agricultural Microbiology at Huazhong Agricultural University).




2.8. Intracellular ROS Assay


ROS generation was detected using the fluorescent probe DCFH-DA. The cells were collected after being treated with drugs. The staining procedures and detection method for the cells were conducted according to the ROS Detection Kit’s instructions (Hycezmbio, Wuhan, China). The cell density was adjusted to 1 × 106/mL. The cells were stained with 1:1000 diluted probe at 37 °C for 30 min against exposure to light and washed twice with PBS. The reactive oxygen positive control reagent was Rosup, provided by the ROS Detection Kit, with a concentration of 50 mg/mL. Rosup was diluted in serum-free DMEM medium at 1:1000 and incubated cells at room temperature for 30 min. The DCFH-DA probe was loaded in accordance with the above procedures. The ROS levels were detected using flow cytometry (CytoFLEX, Beckman, State Key Laboratory of Agricultural Microbiology at Huazhong Agricultural University).




2.9. Transmission Electron Microscopy


Cells were seeded into 6-well plates at a density of 1 × 105 cells/well. When the confluence rate of the cells reached 60–70%, the cells were treated with varying concentrations of SNH for 24 h. Samples were processed successively: fixed, dehydrated, and permeated. Resin blocks containing samples were cut into ultrathin sections (80 nm thick) with a Leica UC6 ultrathin microtome. Ultrathin sections were observed using a transmission electron microscope (TEM) (H7650, Hitachi, Japan) at 100 kV after being stained with uranium acetate.




2.10. Western Blot Analysis


Protein immunoblotting was performed according to previous methods [22]. The total cellar proteins were harvested with RIPA containing 1% PMSF and 1% phosphatase inhibitors. The proteins’ concentrations for each treatment group were determined using a BCA Kit. Proteins were separated with electrophoresis using 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel and then transferred to polyvinylidene fluoride (PVDF). The embranees were successively incubated with antibodies and secondary antibodies. Anti-β-actin was considered an internal reference protein. Protein expression was detected with the French Vilber Lourmat FX7 detection system.




2.11. Cellular Immunofluorescence Staining


Cells were seeded into 24-well plates at a density of 1 × 104 cells/well. SNH at different concentrations or other drugs were added and remained for 24 h. After treatment, the cells were fixed with 4% (v/v) paraformaldehyde for 30 min and permeated with 0.5% (v/v) Triton X-100 in PBS for 20 min. Subsequently, the cells were blocked with 5% (v/v) goat serum for 2 h and incubated with primary antibodies overnight at 4 °C. The cells were incubated with Alexa Flour 594-Goat Anti-Rabbit IgG or Cy3 Goat Anti-Rabbit IgG (H + L) in the dark for 1 h and stained with 4,6-diamidino-2-phenylindole (DAPI, Beyotime, Shanghai, China) for 10 min. In this experiment, the cells were washed three times with PBS between each treatment. Images were observed using a fluorescence microscope (Olympus, Tokyo, Japan).




2.12. In Vivo Experiment


Five week-old Balb/C female mice were purchased from the Experimental Animal Center of Huazhong Agricultural University (Wuhan, China) one week prior to the experiment. When the mice were six weeks old, 1 × 106 cells/mouse were inoculated at the 4th accessory mammary pad. After 10 days of injection, they were randomly divided into 5 groups: blank control group, negative control group (HP-β-CD, 0.1 mL (30% w/v)/mouse, i.p.), docetaxel group (8 mg/kg, i.p.), low-dose SNH group (20 mg/kg, i.p.), high-dose SNH group (40 mg/kg, i.p.),and mock group, which were administered by intraperitoneal injection once every 2 days for 22 days. During the treatment, the mice were weighed, and the tumor volume was measured every 2 days. After that, the mice were euthanized according to the ethical requirements of experimental animals of Huazhong Agricultural University (HZAUMO-2022-0125) and the United States National Institutes of Health. Tumor tissues and lung, heart, liver, spleen, kidney, and other tissues of the mice were harvested and fixed in 4% paraformaldehyde. Tumor volume (V) = 0.5 × length × width2.




2.13. Mouse Tissue Section Staining


Subsequently, the tumor and organs were dehydrated after being fixed in formaldehyde for 48 h and embedded in paraffin, which were cut into 5 µm thick sections for hematoxylin and eosin (H&E) staining. An optical microscope (Olympus, Tokyo, Japan) was used for image acquisition.



Tumor sections were also used for immunofluorescence staining. After being dewaxed to water with xylene and gradient ethanol, tumor sections were soaked in citric acid antigen repair buffer (pH 6.0) and heated in a microwave oven for antigen repair. The following procedures were similar to those of cellar immunofluorescence staining. Finally, the glass sheet needed to be sealed with an anti-fluorescent quenching agent. A fluorescence microscope (Olympus, Tokyo, Japan) was used for image collection.




2.14. Statistical Analysis


The dates were obtained as mean ± SD of at least three independent experiments. Differences between groups were calculated using one-way ANOVA or nonlinear regression (GraphPad Prism 8). A level of * p < 0.05 was considered significant, ** p < 0.01, *** p < 0.001, or **** p < 0.0001 were considered extremely significant, and p > 0.05 (ns) was considered not significant.





3. Results


3.1. DEGs’ Analysis of Breast Cancer Based on the GEO Database


Given that the occurrence and development of breast cancer involves expression changes of multiple genes, we analyzed the expression profiles related to breast cancer in the GEO database (GSE139038 and GSE109169). In these two GEO datasets, GEO2R was applied to analyze these DEGs [23,24]. The intersection of the two datasets was calculated by drawing Venn diagrams on the online tool, as shown in Figure 1a. The results show that there are 137 DEGs. These DEGs were further analyzed based on Gene Ontology (GO) annotations and KEGG pathways. We found that the 137 DEGs were involved in biological processes, including the regulation of PI3K signaling, cell proliferation, etc. (Figure 1b). The cellular components involved included the extracellular region, the extracellular matrix, etc. (Figure 1c). The molecular functions of these DEGs were heparin binding, integrin binding, CXCR3 chemokine receptor binding, etc. (Figure 1d). KEGG analysis showed that these DEGs were mainly involved in the PPAR signaling pathway, the PI3K-AKT signaling pathway, etc. (Figure 1e).



To further study the interactions of these DEGs, we constructed an interaction network diagram of these DEGs using Cytoscape, highlighting the interaction relationships of some important DEGs, as shown in Figure 1f,g.




3.2. Network Pharmacological Analysis of SNH


First, we recognized the molecular structure of SNH in PubChem (Figure 2a) and predicted the potential target genes of SNH using SwissTargetPrediction (Figure 2b,c). After further analysis, we found that two potential target genes of SNH were consistent with 137 DEGs, namely MMP13 and MMP1 (Figure 2d). The expression of MMP1 between breast cancer tissues and normal tissues was significantly different. The invasiveness of breast cancer is tightly linked to MMP1, and high expression of MMP1 usually predicts a poor prognosis in breast cancer (Figure 2e,f).




3.3. SNH Inhibited the Proliferation and Invasiveness of Breast Cancer Cells


Studies have shown that SNH exhibits a marked anti-proliferation effect on tumors. In order to explore the effect of SNH on breast cancer proliferation, MCF-7 and CMT-1211 cells were selected and treated with different concentrations of SNH. We found that SNH significantly decreased the cell viability of breast cancer cells, with a concentration-dependent decline. The IC50s of MCF-7 and CMT-1211 were 91.38 μM and 84.48 μM, respectively (Figure 3a). Compared to the control group, the MCF-7 mortality rate reached approximately 90 percent at a concentration of 180 μM, and the CMT-1211 mortality rate reached approximately 80 percent at a concentration of 140 μM (Figure 3a). In addition, compared with the control group, SNH had a more significant inhibitory effect on the proliferation of tumor cells as medication time increased (Figure 3b). The medicinal effects of administration over time were more recognizable.



Scratch assay and transwell assay were used to evaluate the migration and invasiveness ability of MCF-7 and CMT-1211 cells after treatment with SNH. The results showed that SNH could inhibit cell migration and invasiveness (Figure 3c–f). In addition, the Western blot results showed that the protein expression of MMP1 decreased as the concentration of SNH increased (Figure 3g,h). Additionally, apoptosis is an important process in maintaining the homeostasis of the cellular environment. The flow cytometry results showed that the apoptosis rate of SNH group was significantly higher than that of the control group through Annexin V/PI staining (Figure 3i,j). The Western blot results showed that the expression of cleaved caspase-9 and cleaved PARP and the ratio of BAX/Bcl-2 increased after SNH treatment (Figure 3k,l), which indicated apoptosis occurred in MCF-7 and CMT-1211. Combining the above results, we found that SNH could inhibit the migration capacity and invasiveness of breast cancer cells, promote cell apoptosis, and have conspicuous anti-tumor activity in vitro.




3.4. SNH Induced Cell Apoptosis by Increasing Intracellular ROS Level


An appropriate amount of ROS can promote the occurrence and development of cancer, but excessive production of ROS will show an anti-tumor effect. DCFH-DA probe was applied to detect the content of ROS in the cells. The flow cytometry results showed that, compared with the control group, the level of intracellular ROS in the SNH group was significantly higher (Figure 4a,b). Additionally, transmission electron microscopy images of MCF-7 and CMT-1211 revealed extensive damage to mitochondria after treatment with SNH, as follows: mitochondrial swelling, disrupted mitochondrial cristae (most disappeared), partial mitochondrial lysis, and heterogeneous mitochondrial matrix (Figure 4c,d). NAC is an ROS scavenger that can effectively reduce the generation of ROS. Compared with the SNH group, the ROS level of the combined NAC and SNH group was significantly lower (Figure 4e,f). At the same time, the Western blot results showed that the expression levels of MMP1 and Bcl-2 in the combined NAC and SNH group were partially restored, while the expression levels of BAX, cleaved caspase-9, and cleaved PARP decreased (Figure 4g–j). These results suggest that the overgeneration of ROS induced by SNH may be an important factor for apoptosis in MCF-7 and CMT-1211.




3.5. SNH Induced Apoptosis by Suppressing the Activation of the PDK1-AKT-GSK3β Pathway via ROS


At present, it is unclear whether SNH inhibits the activation of PI3K-AKT in MCF-7 and CMT-1211 cells through excessive production of ROS. The Western blot results showed that, compared with the control group, the phosphorylation levels of PDK1 and AKT were lower in the SNH group, as shown in Figure 5a,b. However, compared with SNH group, the expression levels of p-PDK1 and p-AKT were partially restored in the NAC and SNH combined group (Figure 5c,d), and immunofluorescence tests showed consistent results (Figure 5e–h). In addition, we detected the activity of GSK3β, a downstream target of AKT. GSK3β is a negative regulator in breast cancer. The results showed that as the SNH concentration increased, the expression level of GSK3β did not change significantly, but the phosphorylation level of GSK3β (ser9) showed a downward trend (Figure 5a,b). Correspondingly, the expression of p-GSK3β (ser9) was partially restored in the NAC and SNH combined group (Figure 5c,d). These results suggest that SNH could promote increased activity of the GSK3β protein. In conclusion, SNH inhibited the activation of PDK1-AKT-GSK3β by promoting the overgeneration of intracellular ROS.




3.6. SNH Inhibited the Growth of Breast Tumor


To further evaluate the effect of SNH on tumor growth in vivo, a subcutaneous homotransplant mouse model was established using CMT-1211 (Figure 6a). In order to better evaluate the effect of SNH, docetaxel (DOC) was added as a positive control group in the treatment of Balb/C mice. There was no significant difference in the changes in body weight among all treatment groups (Figure 6b). As shown in Figure 6c, treatment with DOC was the most effective among all the experimental groups, while the HP-β-CD group (control group, a solvent for SNH) had the fastest rate of tumor growth. Compared with the control group, both low-dose and high-dose SNH had significant inhibitory effects on breast tumors, and the therapeutic effect became more significant as the concentration increased (Figure 6c–e). The heart, spleen, and kidney pathological test results of each treatment group showed that there were no distinct abnormalities in the pathological sections. At the same time, histological testing showed that, in the control group, there were apparent tumor metastases in the liver (black line boxes) and lung, and the boundary between red pulp and white pulp in the spleen was obscure. In the treatment group, SNH resulted in elevated nuclear fragmentation of tumor tissue and reduced tumor metastases in the liver and lung as the SNH concentration increased (Figure 6f).



In addition, the phosphorylation levels of p-AKT and BAX in tumor tissues were detected using an immunofluorescence assay. The results showed that, compared with the control group, the expression level of p-AKT was significantly lower in the SNH treatment group, while the expression level of BAX was significantly higher (Figure 6g,h). The expression levels of MMP1 and cleaved PARP were measured using Western blot. Similar to the in vitro results, SNH significantly inhibited the expression of MMP1 compared with the control group (Figure 6i,j). Cleaved PARP is one of the main indicators of apoptosis, and the expression level of cleaved PARP in the SNH treatment group was significantly higher than that in the control group (Figure 6k,l). Collectively, these results indicated that SNH has a significant anti-tumor effect in vivo.





4. Discussion


It has been reported that gene mutations (breast cancer genes BRCA 1 and BRCA 2, etc. [25]) can result in the emergence of breast cancer and promote the survival and metastasis of cancer cells [26]. Through statistical analysis of the GEO database, we found certain breast cancer-related DEGs that had a strong relationship with the invasiveness and apoptosis of breast cancer and cancer-related pathways. Breast cancer is one of the tumors with a high mortality rate, and its heterogeneity and drug resistance make the clinical treatment of breast cancer very challenging [27]. However, the active ingredients in traditional Chinese medicines and their derivatives have attracted people’s attention because of their great therapeutic potential. Therefore, it is meaningful to find active ingredients of traditional Chinese medicine that can treat breast cancer effectively.



SNH, a derivative of houttuynium, has been used in the clinical treatment of pelvic inflammatory disease. SNH has also been found to have anti-tumor activity [9,10]. Nevertheless, few studies have investigated the influence of SNH on breast cancer. In this study, a mouse mammary tumor model was successfully established, and SNH was found to exhibit significant anti-breast cancer activity both in vivo and in vitro. We found that SNH could induce the overgeneration of ROS and result in mitochondrial dysfunction in MCF-7 and CMT-1211 cells. The overgeneration of ROS inactivated the PI3K-AKT pathway, thereby increasing GSK3β activity, increasing the expression level of BAX, cleaved caspase-9, and cleaved PARP, and finally causing DNA damage in MCF-7 and CMT-1211 cells.



Previous studies have shown that SNH has an important effect on the proliferation and invasiveness of non-small cell lung cancer [10]. In light of the similarity between canine breast cancer and human breast cancer [28] and the tumor-forming ability of canine mammary tumor cell CMT-1211 in Balb/C mice [29], two cell lines (CMT-1211 and MCF-7) were selected. The results showed that SNH could significantly inhibit the growth of breast tumors in vivo. Meanwhile, we also found that SNH inhibited the proliferation and migration of breast cancer cells in vitro, as evidenced by the wound healing rates. In addition, the flow cytometry results showed that the apoptosis rates of MCF-7 and CMT-1211 increased, which was also demonstrated using Western blot analysis. All the results aligned with previous reports [10,30]. When cells receive apoptotic signals, BAX and Bcl-2 are recruited to the outer mitochondrial membrane to interact and activate, which will induce mitochondrial damage [31,32,33]. In this research, it was found that the ratio of BAX/Bcl-2 increased. This suggests that the pro-apoptotic effect of SNH may be relevant to mitochondrial function.



As a commonly used anti-inflammatory drug in clinical practice, SNH has been proven to exert anti-inflammatory effects by increasing the level of ROS [6]. Studies have shown that ROS has a close relationship with cancer and that the excessive accumulation of ROS can cause mitochondrial membrane potential reduction, thereby inducing mitochondrial dysfunction, bioenergy failure, and apoptosis [13,34,35]. In our study, we found that SNH could promote intracellular ROS overgeneration using flow cytometry, which enhanced along with the increase in SNH concentration, and this phenomenon was partially inhibited by NAC. In addition, the Western blot results showed that compared with the SNH group, the expressions of BAX, cleaved caspase-9, and cleaved PARP in MCF-7 and CMT-1211 cells were lower in the combined NAC and SNH group, and the expression of Bcl-2 was higher than that in SNH group. These results suggest that SNH may cause mitochondrial dysfunction and initiate cell apoptosis by promoting the production of ROS.



As a by-product of cell metabolism, ROS participates in the regulation of the PI3K-AKT pathway [36]. Low or moderate levels of ROS can activate the PI3K-AKT pathway and inhibit apoptosis [37], while excessive ROS can be a negative regulator of this pathway [38,39]. As a direct downstream target of AKT, GSK3β acts as a tumor suppressor in breast cancer, mediating the expression of cyclin D1 to regulate the cell cycle and increase chemosensitivity [40,41]. Phosphorylation of serine 9 of GSK3β reduces the activity of GSK3β, while phosphorylation of tyrosine 216 of GSK3β enhances the activity of GSK3β [21]. GSK3β can be present in the cytoplasm and nucleus, but the activity of nuclear GSK3β is higher than that of cytosolic GSK3β. In the process of apoptosis signaling, nuclear GSK3β regulates a large number of transcription factors and encodes apoptotic regulatory proteins that target mitochondria. For example, GSK3β can form a complex with p53 to induce the expression of BAX [42]. The polymerized BAX outside of mitochondria facilitates the release of apoptotic proteins from mitochondria into the cytoplasm, where these proteins (such as cytochrome c, apoptotic protease activating factor-1, ATP/dATP, and caspase-9) assemble apoptotic bodies, triggering the caspase cascade [43]. In this study, the Western blot results showed that the expressions of p-PDK1, p-AKT1, and p-GSK3β (ser9) decreased, which represented a concentration gradient-dependent pattern, suggesting that SNH could inactivate the PI3K-AKT pathway, increase the activity of the GSK3β protein, and inhibit the cell viability of MCF-7 and CMT-1211. Abnormal activation of the PI3K pathway is one of the most common phenomena in the development of breast cancer. Therefore, inhibitors targeting the PI3K signaling pathway are promising drugs for treating breast cancer. Currently, there are several drugs that target the PI3K pathway: pan-PI3K inhibitor, PI3K isoform-specific inhibitors, AKT inhibitor, rapamycin analogue or mTOR inhibitors, etc. [44]. Studies have shown that PI3K-AKT signaling activates estrogen receptor α in an estrogen-independent manner, and AKT overexpression protects breast cancer cells from tamoxifen-induced apoptosis [45]. This indicates that inhibition of PI3K can enhance the therapeutic effect on ER+ breast cancer cells. In addition, some drugs developed according to the molecular structure and function of natural products have been shown to be able to treat breast cancer by inhibiting the overactivation of the PI3K pathway. For example, it has been proven that quercetin suppressed the activation of PI3K and AKT, which increased the ratio of BAX/Bcl-2 to induce apoptosis of breast cancer cells, as well as significantly inhibiting the growth and metastasis of CD44+/CD24 breast cancer stem cells in vivo [46]. In a study of ginsenoside treating MDA-MB-231 cells and HUVEC cells, it was found that ginsenoside could reduce intracellular AKT/mTOR/p70S6K and hypoxia inducible factor-1-α. The activation of vascular endothelial growth factor receptor 2 in HUVECs induced by vascular endothelial growth factor was eliminated [47]. In this study, it was found that SNH induced mitochondrial dysfunction by promoting excessive generation of ROS and inactivated the PDK1-AKT signaling pathway, which activated GSK3β activity. Activated GSK3β entered the nucleus, and regulated the expression of BAX in the nucleus and polymerization of BAX in the mitochondrial outer membrane, triggering the mitochondrial apoptotic pathway, including an increased BAX/Bcl-2 ratio and caspase cascade. On the basis of the above-mentioned results, it is suggested that SNH potentially has a therapeutic effect on breast cancer.




5. Conclusions


In conclusion, the occurrence of breast cancer is involved in a large number of DEGs that participate in cancer-related pathways. SNH can promote the excessive accumulation of ROS in MCF-7 and CMT-1211 cells, target the PI3K-AKT-GSK3β pathway to induce cell apoptosis in vitro, and significantly inhibit the growth of breast tumors in vivo. Thus, SNH may be a potential drug for breast cancer treatment.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers15051614/s1, Figure S1: The western blot original images.





Author Contributions


Conceptualization: L.H.; methodology: L.H. and H.F.; project administration: L.H., H.F., B.Y., W.L., X.W., T.U., H.G., N.Z. and C.Q.; writing—original draft: L.H., H.F. and C.Q.; writing—review and editing: L.H., B.Y. and C.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by a research grant from the National Natural Science Foundation of China (NO.32172925).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and followed the norms of the Institutional Ethical Committee for Animal Care and Use of Huazhong Agricultural University (HZAUMO-2022-0125) and the United States National Institutes of Health.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated and analyzed during this study are available from the corresponding author on reasonable request. All data and materials, as well as software applications, support their published claims and comply with field standards.




Acknowledgments


The authors thank Degui Lin (China Agricultural University, Beijing, China) for providing the CMT-1211 cell line and Zhiqiang Dong (Huazhong Agricultural University, Wuhan, China) for providing the MCF-7 cell line. The authors thank all members of the Laboratory of Veterinary Clinical Diagnosis for their helpful discussions and suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	AKT
	Protein kinase B



	BAX
	Bcl2-Associated X



	Bcl-2
	B-cell lymphoma-2



	Casp9
	Caspase 9



	CCK-8
	Cell Counting Kit-8



	DCFH-DA
	2’,7’-Dichlorodihydrofluorescein diacetate



	GO
	Gene Ontology



	GSK3β
	Glycogensynthasekinase-3β



	KEGG
	Kyoto Encyclopedia of Genes and Genomes



	NAC
	N-Acetyl-L-cysteine



	PARP
	Poly ADP-ribose polymerase



	PDK1
	3-phosphoinositide-dependent protein kinase-1



	PI3K
	Phosphatidylinositol3-kinase



	PMSF
	Phenylmethanesulfonyl fluoride



	RIPA
	Radio Immunoprecipitation Assay



	ROS
	Reactive oxygen species



	SNH
	Sodium new houttuyfonate







References


	



International Agency for Research on Cancer. Available online: https://gco.iarc.fr/today/fact-sheets-cancers (accessed on 15 December 2020).

	



Nguyen, F.; Peña, L.; Ibisch, C.; Loussouarn, D.; Gama, A.; Rieder, N.; Belousov, A.; Campone, M.; Abadie, J. Canine invasive mammary carcinomas as models of human breast cancer. Part 1: Natural history and prognostic factors. Breast Cancer Res. Treat. 2018, 167, 635–648. [Google Scholar] [CrossRef] [PubMed]

	



Kim, T.M.; Yang, I.S.; Seung, B.J.; Lee, S.; Kim, D.; Ha, Y.J.; Seo, M.K.; Kim, K.K.; Kim, H.S.; Cheong, J.H.; et al. Cross-species oncogenic signatures of breast cancer in canine mammary tumors. Nat. Commun. 2020, 11, 3616. [Google Scholar] [CrossRef]

	



Jeong, S.J.; Lee, K.H.; Nam, A.R.; Cho, J.Y. Genome-Wide Methylation Profiling in Canine Mammary Tumor Reveals miRNA Candidates Associated with Human Breast Cancer. Cancers 2019, 11, 1466. [Google Scholar] [CrossRef]

	



Nyrop, K.A.; Deal, A.M.; Reeve, B.B.; Basch, E.; Chen, Y.T.; Park, J.H.; Shachar, S.S.; Carey, L.A.; Reeder-Hayes, K.E.; Dees, E.C.; et al. Congruence of patient- and clinician-reported toxicity in women receiving chemotherapy for early breast cancer. Cancer 2020, 126, 3084–3093. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.Y.; Shi, T.; Du, G.; Liu, W.; Yin, X.F.; Sun, X.; Pan, Y.; He, Q.Y. iTRAQ-Based Proteomics Revealed the Bactericidal Mechanism of Sodium New Houttuyfonate against Streptococcus pneumoniae. J. Agric. Food Chem. 2016, 64, 6375–6382. [Google Scholar] [CrossRef]

	



Wu, J.; Wu, D.; Zhao, Y.; Si, Y.; Mei, L.; Shao, J.; Wang, T.; Yan, G.; Wang, C. Sodium New Houttuyfonate Inhibits Candida albicans Biofilm Formation by Inhibiting the Ras1-cAMP-Efg1 Pathway Revealed by RNA-seq. Front. Microbiol. 2020, 11, 2075. [Google Scholar] [CrossRef]

	



Zhang, Q.; Liu, F.; Zeng, M.; Zhang, J.; Liu, Y.; Xin, C.; Mao, Y.; Song, Z. Antifungal Activity of Sodium New Houttuyfonate Against Aspergillus fumigatus in vitro and in vivo. Front. Microbiol. 2022, 13, 856272. [Google Scholar] [CrossRef]

	



Dai, K.; Chen, L.; Liu, J.; Ding, Y.; Gu, C.; Lu, X. MiR-147a mediated by sodium new houttuyfonate could enhance radiosensitivity of non-small cell lung cancer cells via suppressing STAT3. Adv. Clin. Exp. Med. 2021, 30, 173–181. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, R.; Hu, C.; Li, Q.; Cheng, Z.; Gu, L.; Li, H.; Guo, Y.; Li, Q.; Lu, Y.; Li, K.; et al. Sodium new houttuyfonate suppresses metastasis in NSCLC cells through the Linc00668/miR-147a/slug axis. J. Exp. Clin. Cancer Res. 2019, 38, 155. [Google Scholar] [CrossRef]

	



Qiu, J.; Zhang, T.; Zhu, X.; Yang, C.; Wang, Y.; Zhou, N.; Ju, B.; Zhou, T.; Deng, G.; Qiu, C. Hyperoside Induces Breast Cancer Cells Apoptosis via ROS-Mediated NF-κB Signaling Pathway. Int. J. Mol. Sci. 2019, 21, 131. [Google Scholar] [CrossRef]

	



Liu, J.B.; Li, Z.F.; Lu, L.; Wang, Z.Y.; Wang, L. Glyphosate damages blood-testis barrier via NOX1-triggered oxidative stress in rats: Long-term exposure as a potential risk for male reproductive health. Environ. Int. 2022, 159, 107038. [Google Scholar] [CrossRef]

	



Rizwan, H.; Pal, S.; Sabnam, S.; Pal, A. High glucose augments ROS generation regulates mitochondrial dysfunction and apoptosis via stress signalling cascades in keratinocytes. Life Sci. 2020, 241, 117148. [Google Scholar] [CrossRef] [PubMed]

	



Gong, Z.G.; Zhao, Y.; Wang, Z.Y.; Fan, R.F.; Liu, Z.P.; Wang, L. Epigenetic regulator BRD4 is involved in cadmium-induced acute kidney injury via contributing to lysosomal dysfunction, autophagy blockade and oxidative stress. J. Hazard Mater. 2022, 423, 127110. [Google Scholar] [CrossRef] [PubMed]

	



Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50–64. [Google Scholar] [CrossRef]

	



Zhu, K.; Wu, Y.; He, P.; Fan, Y.; Zhong, X.; Zheng, H.; Luo, T. PI3K/AKT/mTOR-Targeted Therapy for Breast Cancer. Cells 2022, 11, 2508. [Google Scholar] [CrossRef] [PubMed]

	



Nagini, S. Breast Cancer: Current Molecular Therapeutic Targets and New Players. Anticancer Agents Med. Chem. 2017, 17, 152–163. [Google Scholar] [CrossRef]

	



Zhang, T.; Guo, S.; Zhu, X.; Qiu, J.; Deng, G.; Qiu, C. Alpinetin inhibits breast cancer growth by ROS/NF-κB/HIF-1α axis. J. Cell Mol. Med. 2020, 24, 8430–8440. [Google Scholar] [CrossRef]

	



Zhang, D.; Zhang, Q.; Zheng, Y.; Lu, J. Anti-breast cancer and toxicity studies of total secondary saponin from Anemone raddeana Rhizome on MCF-7 cells via ROS generation and PI3K/AKT/mTOR inactivation. J. Ethnopharmacol. 2020, 259, 112984. [Google Scholar] [CrossRef] [PubMed]

	



Kaushik, S.; Shyam, H.; Agarwal, S.; Sharma, R.; Nag, T.C.; Dwivedi, A.K.; Balapure, A.K. Genistein potentiates Centchroman induced antineoplasticity in breast cancer via PI3K/Akt deactivation and ROS dependent induction of apoptosis. Life Sci. 2019, 239, 117073. [Google Scholar] [CrossRef]

	



Beurel, E.; Jope, R.S. The paradoxical pro- and anti-apoptotic actions of GSK3 in the intrinsic and extrinsic apoptosis signaling pathways. Prog. Neurobiol. 2006, 79, 173–189. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, N.; Liu, Q.; Wang, X.; He, L.; Zhang, T.; Zhou, H.; Zhu, X.; Zhou, T.; Deng, G.; Qiu, C. The combination of hydroxychloroquine and 2-deoxyglucose enhances apoptosis in breast cancer cells by blocking protective autophagy and sustaining endoplasmic reticulum stress. Cell Death Discov. 2022, 8, 286. [Google Scholar] [CrossRef]

	



Barrett, T.; Wilhite, S.; Ledoux, P.; Evangelista, C.; Kim, I.F.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman, P.M.; Holko, M.; et al. NCBI GEO: Archive for functional genomics data sets--update. Nucleic Acids Res. 2013, 41, 991–995. [Google Scholar] [CrossRef]

	



Edgar, R.; Domrachev, M.; Lash, A.E. Gene Expression Omnibus: NCBI gene expression and hybridization array dataepository. Nucleic Acids Res. 2002, 30, 207–210. [Google Scholar] [CrossRef]

	



Sheikh, A.; Hussain, S.A.; Ghori, Q.; Naeem, N.; Fazil, A.; Giri, S.; Sathian, B.; Mainali, P.; Al Tamimi, D.M. The spectrum of genetic mutations in breast cancer. Asian Pac. J. Cancer Prev. 2015, 16, 2177–2185. [Google Scholar] [CrossRef] [PubMed]

	



Gusterson, B.A.; Stein, T. Human breast development. Semin. Cell Dev. Biol. 2012, 23, 567–573. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, W.; Liu, J.; Li, Y.; Chen, Z.; Qi, D.; Zhang, Z. Immune Effect of Active Components of Traditional Chinese Medicine on Triple-Negative Breast Cancer. Front. Pharmacol. 2021, 12, 731741. [Google Scholar] [CrossRef] [PubMed]

	



Abadie, J.; Nguyen, F.; Loussouarn, D.; Peña, L.; Gama, A.; Rieder, N.; Belousov, A.; Bemelmans, I.; Jaillardon, L.; Ibisch, C.; et al. Canine invasive mammary carcinomas as models of human breast cancer. Part 2: Immunophenotypes and prognostic significance. Breast Cancer Res. Treat. 2018, 167, 459–468. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Guo, M.; Liu, Y.; Mu, W.; Deng, G.; Li, C.; Qiu, C. Selenium Induces an Anti-tumor Effect Via Inhibiting Intratumoral Angiogenesis in a Mouse Model of Transplanted Canine Mammary Tumor Cells. Biol. Trace Elem. Res. 2016, 171, 371–379. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Ji, W.; Zhong, H.; Wang, L.; Zhu, X.; Zhu, J. Anti-tumor effect of volatile oil from Houttuynia cordata Thunb. on HepG2 cells and HepG2 tumor-bearing mice. RSC Adv. 2019, 9, 31517–31526. [Google Scholar] [CrossRef]

	



Maes, M.E.; Grosser, J.A.; Fehrman, R.L.; Schlamp, C.L.; Nickells, R.W. Completion of BAX recruitment correlates with mitochondrial fission during apoptosis. Sci. Rep. 2019, 9, 16565. [Google Scholar] [CrossRef] [PubMed]

	



Grosser, J.A.; Fehrman, R.L.; Keefe, D.; Redmon, M.; Nickells, R.W. The effects of a mitochondrial targeted peptide (elamipretide/SS31) on BAX recruitment and activation during apoptosis. BMC Res. Notes 2021, 14, 198. [Google Scholar] [CrossRef]

	



Renault, T.T.; Teijido, O.; Antonsson, B.; Dejean, L.M.; Manon, S. Regulation of Bax mitochondrial localization by Bcl-2 and Bcl-x(L): Keep your friends close but your enemies closer. Int. J. Biochem. Cell Biol. 2013, 45, 64–67. [Google Scholar] [CrossRef] [PubMed]

	



Xia, S.; Miao, Y.; Liu, S. Withaferin A induces apoptosis by ROS-dependent mitochondrial dysfunction in human colorectal cancer cells. Biochem. Biophys. Res. Commun. 2018, 503, 2363–2369. [Google Scholar] [CrossRef] [PubMed]

	



DeHart, D.N.; Fang, D.; Heslop, K.; Li, L.; Lemasters, J.J.; Maldonado, E.N. Opening of voltage dependent anion channels promotes reactive oxygen species generation, mitochondrial dysfunction and cell death in cancer cells. Biochem. Pharmacol. 2018, 148, 155–162. [Google Scholar] [CrossRef]

	



Kma, L.; Baruah, T.J. The interplay of ROS and the PI3K/Akt pathway in autophagy regulation. Biotechnol. Appl. Biochem. 2022, 69, 248–264. [Google Scholar] [CrossRef] [PubMed]

	



Simon, H.U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction. Apoptosis 2000, 5, 415–418. [Google Scholar] [CrossRef]

	



Chen, K.; Li, Y.; Zhang, X.; Ullah, R.; Tong, J.; Shen, Y. The role of the PI3K/AKT signalling pathway in the corneal epithelium: Recent updates. Cell Death Dis. 2022, 13, 513. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxid. Med. Cell Longev. 2016, 2016, 4350965. [Google Scholar] [CrossRef]

	



Dong, J.; Peng, J.; Zhang, H.; Mondesire, W.H.; Jian, W.; Mills, G.B.; Hung, M.C.; Meric-Bernstam, F. Role of glycogen synthase kinase 3beta in rapamycin-mediated cell cycle regulation and chemosensitivity. Cancer Res. 2005, 65, 1961–1972. [Google Scholar] [CrossRef]

	



Farago, M.; Dominguez, I.; Landesman-Bollag, E.; Xu, X.; Rosner, A.; Cardiff, R.D.; Seldin, D.C. Kinase-inactive glycogen synthase kinase 3beta promotes Wnt signaling and mammary tumorigenesis. Cancer Res. 2005, 65, 5792–5801. [Google Scholar] [CrossRef]

	



Beurel, E.; Kornprobst, M.; Blivet-Van Eggelpoël, M.J.; Cadoret, A.; Capeau, J.; Desbois-Mouthon, C. GSK-3beta reactivation with LY294002 sensitizes hepatoma cells to chemotherapy-induced apoptosis. Int. J. Oncol. 2005, 27, 215–222. [Google Scholar]

	



Armstrong, J.S. Mitochondrial membrane permeabilization: The sine qua non for cell death. Bioessays 2006, 28, 253–260. [Google Scholar] [CrossRef] [PubMed]

	



Fruman, D.A.; Rommel, C. PI3K and cancer: Lessons, challenges and opportunities. Nat. Rev. Drug Discov. 2014, 13, 140–156. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, R.A.; Bhat-Nakshatri, P.; Patel, N.M.; Constantinidou, D.; Ali, S.; Nakshatri, H. Phosphatidylinositol 3-kinase/AKT-mediated activation of estrogen receptor alpha: A new model for anti-estrogen resistance. J. Biol. Chem. 2001, 276, 9817–9824. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Zhou, N.; Wang, J.; Liu, Z.; Wang, X.; Zhang, Q.; Liu, Q.; Gao, L.; Wang, R. Quercetin suppresses breast cancer stem cells (CD44+/CD24-) by inhibiting the PI3K/Akt/mTOR-signaling pathway. Life Sci. 2018, 196, 56–62. [Google Scholar] [CrossRef]

	



Zhang, E.; Shi, H.; Yang, L.; Wu, X.; Wang, Z. Ginsenoside Rd regulates the Akt/mTOR/p70S6K signaling cascade and suppresses angiogenesis and breast tumor growth. Oncol. Rep. 2017, 38, 359–367. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 15 01614 g001 550] 





Figure 1. DEGs’ analysis associated with breast cancer in the GEO database. (a) The common DEGs between GSE139038 and GSE109169 are shown with a Venn diagram. (b–e) Bubble charts were used to show the GO and KEGG enrichment analyses for these DEGs. (f) Interaction network analysis of the common DEGs was performed using Cytoscape software. (g) Emphasizing the interaction network analysis of DEGs related to MMP1. All results are expressed as mean ± SD of three independent experiments. 
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Figure 2. Network pharmacology analysis of SNH. (a) The chemical structural formula of SNH. (b) Category statistics of potential targets of SNH. (c) The potential targets of SNH were predicted using SwissTargetPrediction. (d) The common target genes of SNH and these two profiles (GSE139038 and GSE109169). (e) Differential expression of MMP1 in breast cancer. (f) Relationship between MMP1 and prognosis in breast cancer. All results are expressed as mean ± SD of three independent experiments. * p < 0.05. 
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Figure 3. SNH inhibited the invasive and proliferative abilities of MCF-7 and CMT-1211 and promoted apoptosis. (a) Cell Counting Kit-8 kits were used to detect the activity of MCF-7 and CMT-1211 after treatment with different concentrations of SNH for 24 h. (b) Cell Counting Kit-8 kits were used to assess the cell activity of MCF-7 and CMT-1211 cells treated with different concentrations of SNH at 0, 12, 24, 36, 48, and 60 h. (c,d) Wound-healing assays were used to measure the cell migration capacity after SNH treatment for 24 h. Scale bar: 1000 μm. (e,f) Transwell chambers precoated with matrigel were used to examine the cell invasion ability of MCF-7 and CMT-1211 cells after SNH treatment for 24 h. Scale bar: 200 μm. (g,h) Western blot was used to detect the expression levels of MMP1 in MCF-7 and CMT-1211 cells treated with SNH for 24 h. (i,j) Flow cytometry was used to examine the effect of SNH on apoptosis. (k,l) Western blot was used to detect the expression levels of apoptosis-related proteins BAX, Bcl-2, cleaved caspase-9, and cleaved PARP in MCF-7 and CMT-1211 after being treated with SNH for 24 h. The western blot original images in the Figure S1. All results are expressed as mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. 
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Figure 4. SNH induced apoptosis of MCF-7 and CMT-12111 by promoting the excessive accumulation of ROS. (a,b) Flow cytometry was used to detect the level of ROS in MCF-7 and CMT-1211 after treatment with different concentrations of SNH. (c,d) TEM was used to observe the mitochondria of MCF-7 and CMT-1211 after treatment with different concentrations of SNH. Red boxes and red arrows pointed to mitochondria. 6000× Bar: 2 μM; 60,000× Bar: 200 nm. (e,f) After treatment with 0 mM, NAC (10 mM), SNH (60 μM in MCF-7, 50 μM in CMT-1211), and NAC combined with SNH, flow cytometry was used to detect the level of ROS in MCF-7 and CMT-1211. (g,h) After treatment with 0 μM, NAC (10 mM), SNH (60 μM in MCF-7, 50 μM in CMT-1211), and NAC combined with SNH, the expression levels of MMP1 were analyzed using Western blot. The western blot original images in the Figure S1. (i,j) After treatment with 0 μM, NAC (10 mM), SNH (60 μM in MCF-7, 50 μM in CMT-1211), and NAC combined with SNH, Western blot was applied to analyze the expression levels of apoptosis-related proteins BAX, Bcl-2, cleaved caspase-9, and cleaved PARP in MCF-7 and CMT-1211. All results are expressed as mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. 
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Figure 5. SNH acted by inhibiting the activation of the PDK1-AKT-GSK3β pathway. (a,b) After treatment with the different concentrations of SNH for 24 h, the expression levels of PDK1, p-PDK1, AKT, p-AKT (ser473), GSK3β, and p-GSK3β (ser9) were analyzed using Western blot. (c,d) After treatment with 0 μM, NAC (10 mM), SNH (60 μM in MCF-7, 50 μM in CMT-1211), and NAC combined with SNH, the expression levels of PDK1, p-PDK1, AKT, p-AKT (ser473), GSK3β, and p-GSK3β (ser9) were analyzed using Western blot. The western blot original images in the Figure S1. (e,f) After treatment with the different concentrations of SNH for 24 h, the expression level of p-AKT (ser473) was assessed using immunofluorescence staining. Scale bar: 200 μm. (g,h) After treatment with 0 μM, NAC (10 mM), SNH (60 μM in MCF-7, 50 μM in CMT-1211), and NAC combined with SNH, the expression level of p-AKT (ser473) was assessed using immunofluorescence staining. Scale bar: 200 μm. All results are expressed as mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. 
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Figure 6. SNH was previously able to inhibit tumor growth in vivo. (a) Schematic diagram of establishing the mouse model of tumor and treatment regimen. (b) Changes in the body weight of mice in each group during treatment. (c) Changes in tumor volume during treatment in each group of mice. (d,e) The tumors of the mice were collected and weighed after the mice were euthanized. (f) H&E staining of mouse organs (lung, liver, spleen, heart, and kidney) and tumor tissues. (g,h) Immunofluorescence staining of p-AKT in tumors. Scale bar: 200 μm. (i,j) The expression of MMP1 in tumor tissues was analyzed using Western blot. (k,l) The expression of cleaved PARP in tumor tissues was analyzed using Western blot. The western blot original images in the Figure S1. All results are expressed as mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. 
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