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Lung adenocarcinoma is the most common pathological type of lung cancer with poor patient outcomes; therefore, developing novel therapeutic agents is critically needed. Andrographolide (AD), a major active component derived from the traditional Chinese medicine (TCM) Andrographis paniculate, is a potential antitumor drug, but the role of AD in lung adenocarcinoma remains poorly understood. In the present study, we demonstrated that AD inhibited the proliferation of broad-spectrum lung cancer cell lines in a dose-dependent manner. Meanwhile, we found that a high dose of AD induced Noxa-dependent apoptosis in human lung adenocarcinoma cells (A549 and H1299). Further studies revealed that Noxa was transcriptionally activated by activating transcription factor 4 (ATF4) in AD-induced apoptosis. Knockdown of ATF4 by small interfering RNA (siRNA) significantly diminished the transactivation of Noxa as well as the apoptotic population induced by AD. These results of the present study indicated that AD induced apoptosis of human lung adenocarcinoma cells by activating the ATF4/Noxa axis and supporting the development of AD as a promising candidate for the new era of chemotherapy.
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INTRODUCTION
Lung adenocarcinoma is recalcitrant cancer with overall survival of less than 5 years (Denisenko et al., 2018). Intolerable side effects and multidrug resistance are still the main causes of the poor outcomes of patients with lung adenocarcinoma (Malhotra and Perry, 2003; Thomas et al., 2015; Jamal-Hanjani et al., 2017; Rotow and Bivona, 2017). Therefore, it is urgently needed to develop novel therapeutic agents with high efficiency and low toxicity to ameliorate patient outcomes.
Cell apoptosis is a process of programmed cell death, and inducing tumor cell apoptosis has become a strategy for cancer therapy (Gerl and Vaux, 2005; Hanahan and Weinberg, 2011). Among the apoptotic regulatory proteins, pro-apoptotic BH3-only (Bcl-2 homology domain 3) protein Noxa, a member of the Bcl-2 (B cell lymphoma-2) family proteins, has been defined as an antitumor drug target (Pérez-Galán et al., 2006; Albert et al., 2014; Guikema et al., 2017; Morsi et al., 2018). Inoue et al. reported that Noxa mediated HDAC (histone deacetylase) inhibitor-induced apoptosis and suggested that activated Noxa could be a potential clinical target for chronic lymphocytic leukemia and lymphoma therapy (Inoue et al., 2007). Shibue et al. reported that Noxa is necessary for irradiation-induced apoptosis and supported that upregulated Noxa may provide a new strategy for cancer therapy (Shibue et al., 2003). Activating transcription factor 4 (ATF4) is a universal stress-responsive gene and could transcriptionally activate Noxa in response to chemotherapy. Armstrong et al. reported that apoptosis induced by fenretinide and bortezomib via upregulating Noxa was dependent on ATF4 (Armstrong et al., 2010). Chen et al. found the same mechanism in a small molecule compound MLN4924-treated human esophageal cancer cells (Chen et al., 2016). In conclusion, targeting ATF4/Noxa axis could be a promising strategy for cancer treatment (Zhu et al., 2012; Nunez-Vazquez et al., 2020).
There is currently a great interest in developing traditional Chinese medicine (TCM) into first-line therapy for cancer (Tang et al., 1999; Efferth et al., 2007; Lu et al., 2019). Andrographolide (AD) is one of the major active components of the TCM Andrographis paniculate (Zhao et al., 2002). Previous studies have reported that AD exhibits a broad-spectrum antitumor efficacy in various cancer cells (Banerjee et al., 2016; Kumar et al., 2016; Islam et al., 2018; Chen et al., 2019). However, the antitumor efficacy and the underlying molecular mechanisms of AD on human lung adenocarcinoma cells remains poorly understood. In this study, we demonstrated that AD exhibits a broad-spectrum proliferation inhibitory effect in lung cancer cells, and firstly reported that AD induced lung adenocarcinoma cell apoptosis via activating ATF4/Noxa axis. The present study provides a basis to clinically develop AD for the new era of chemotherapy.
MATERIALS AND METHODS
Cells and Reagents
Human lung adenocarcinoma cells (A549, H1299), human lung squamous cells (SK-MES-1), murine Lewis lung carcinoma cells (LLC), and normal human bronchial epithelial cells (BEAS-2B) were obtained from the American Type Culture Collection (Manassas, VA, United States). These cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, BasalMedia, Shanghai, China) which contains 10% fetal bovine serum (FBS, BasalMedia, Shanghai, China) and 1% penicillin–streptomycin solution (BasalMedia, Shanghai, China) at 37°C with 5% CO2. Andrographolide (Sigma-Aldrich, Germany) was dissolved into a concentration of 100 mM with dimethyl sulfoxide (DMSO, Sigma-Aldrich, Germany) and stored at -20°C. Antibody against β-actin was obtained from HuaBio (Hangzhou, China); Antibodies against cleaved-PARP (c-PARP), PARP, cleaved-caspase-3 (c-Casp3), caspase3 (Casp3), ATF4, c-Myc, Noxa, Puma, Bid, Bim, Bik, Bax, and Bak were all obtained from Cell Signaling Technology (Beverly, MA, United States).
Cell Proliferation Assay
Cells in the exponential growth phase were seeded in ATPlite plates in triplicate, 2000 cells per well, cultured overnight, and treated with 1‰ DMSO or AD at indicated concentrations for 24 h and 48 h, followed by the ATPlite luminescence assay (BD Pharmingen, Franklin Lakes, New Jersey, United States).
Western Blotting
Cells were harvested and lysed in RIPA buffer (Beyotime, Shanghai, China). Protein concentrations were determined by the protein assay kit (Epizyme, Shanghai, China). Gel electrophoresis (SDS–PAGE) was used to separate the total proteins of the samples. Then, the proteins were transferred onto a polyvinylidene fluoride membrane (PVDF). 5% nonfat milk in TBST was used to block the PVDF membrane for 1 h at room temperature. The membranes with a primary antibody were co-incubated at 4°C and washed three times with TBST overnight, and then co-incubated with a secondary antibody at room temperature for 1 h. After then, washed three times with TBST and visualized with the ECL kit (Share Bio, Shanghai, China) and film (Tanon, Shanghai, China).
Real-Time Polymerase Chain Reaction Analyses (RT-PCR)
Ultrapure RNA kit (ComWin Biotech, Beijing, China) was used to isolate total RNA, and 1 μg total RNA was reversed to cDNA by using the PrimerScript reverse transcription reagent kit (Vazyme Biotech, Nanjing, China). Then, the cDNA was quantified with RT-PCR by using the Power SYBR Green PCR MasterMix (Vazyme Biotech, Nanjing, China) on the ABI 7500 thermocycler (Applied Biosystems, Foster City, CA, United States). The mRNA abundance of each sample was normalized to β-actin. Primers were designed and synthesized by BioSune (Shanghai, China). The sequences of the primers were as follows: human β-actin: forward 5′-CGT​GCG​TGA​CAT​TAA​GGA​GAA​G-3′ and reverse 5′-AAG​GAA​GGC​TGG​AAG​AGT​GC-3′; human ATF4: forward 5′-ATG​ACC​GAA​ATG​AGC​TTC​CTG-3′ and reverse 5′-GCT​GGA​GAA​CCC​ATG​AGG​T-3′; human Noxa: forward 5′-ACC​AAG​CCG​GAT​TTG​CGA​TT-3′ and reverse 5′-ACT​TGC​ACT​TGT​TCC​TCG​TGG-3′; and human c-Myc: forward 5′-GGC​TCC​TGG​CAA​AAG​GTC​A-3′ and reverse 5′-CTG​CGT​AGT​TGT​GCT​GAT​GT-3′.
Apoptosis Assay
Cells were harvested after treatment with different concentrations of AD for 24 h and then stained by using Annexin V-FITC/PI stain kit following the manufacturer’s instructions (BD Pharmingen, New Jersey, United States). The stained cells were analyzed with flow cytometry (BD, New Jersey, United States).
Gene Silencing Using Small Interfering RNA
The siRNA oligonucleotides were transfected into cells by using Lipofectamine 2000. Briefly, Opti-MEM (Invitrogen) was used to incubate with siRNA and Lipofectamine 2000 separately for 5 min at room temperature and mixed for 20 min, and then the mixture together with the serum-free medium were applied to the cells (final concentration of siRNA is 20 nM). All siRNAs were synthesized by GenePharma (Shanghai, China). The sequences of the siRNA were as follows: negative control: 5′-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3′; siATF4: 5′-GCC​UAG​GUC​UCU​UAG​AUG​A-3′; siNoxa#1: 5′-GUA​AUU​AUU​GAC​ACA​UUU​C-3′ (Alves et al., 2006); and siNoxa#2: 5′-GGU​GCA​CGU​UUC​AUC​AAU​UUG-3′ (Yao et al., 2014).
Statistical Analysis
Data were displayed as mean ± standard deviation. All data represented three independent experiments. Significant differences between groups were assessed by the two-tailed unpaired Student’s t-test of GraphPad Prism software. Four levels of significance were used for all tests (*p ≤ 0.05, **p ≤ 0.01, ***p≤ 0.001, and ***p≤ 0.0001).
RESULTS
Andrographolide Inhibited the Proliferation of Lung Cancer Cells
The chemical structure of AD is shown in Figure 1A. To evaluate the inhibitory efficacy of AD on the proliferation of lung cancer cells, we determined the half-maximal inhibitory concentration IC50 of AD in five cell lines including squamous carcinoma cells (SK-MES-1), adenocarcinoma cells (A549, H1299), murine Lewis lung cancer cells (LLC), and normal human bronchial epithelial cells (BEAS-2B) at 48 h. As shown in Figure 1B, the IC50 values were approximately 8.72, 3.69, 10.99, 5.2, and 52.10 μM in A549, H1299, SK-MES-1, LLC, and BEAS-2B cells, respectively. The results indicated that AD has a broad-spectrum inhibitory effect on lung cancer cells but has a weaker inhibitory effect on the normal human bronchial epithelial cells.
[image: Figure 1]FIGURE 1 | Andrographolide inhibited the proliferation of lung cancer cells. (A) The chemical structure of AD. (B) Cells were seeded in ATPlite plates in triplicate, 2000 cells per well, cultured overnight, and treated with 1‰ DMSO or various concentrations of AD (100, 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78 μM) for 48 h. The ATPlite cell viability assay was used to determine the half-maximal inhibitory concentrations IC50 of A549, H1299, SK-MES-1, LLC, and BEAS-2B cells, respectively. (C–D) Cells were seeded in ATPlite plates in triplicate, 2000 cells per well, cultured overnight, and treated with 1‰ DMSO or indicated concentrations of AD for 24 h and 48 h, followed by the ATPlite cell viability assay.
Considering the morbidity and prognosis of lung adenocarcinoma, we next focused on lung adenocarcinoma cells to explore the antitumor property of AD. First, we selected four concentrations of AD for further studies according to the IC50 values. Then, we examined the inhibitory effect of these concentrations of AD on the proliferation of the two lung adenocarcinoma cells. As shown in Figures 1C,D, AD significantly suppressed the cell proliferation of the two lung adenocarcinoma cells in a dose- and time-dependent manner.
Andrographolide Triggered Apoptosis of Human Lung Adenocarcinoma Cells
To further investigate the underlying mechanisms of AD-induced cell growth inhibition, we determined cell apoptosis by Annexin V-FITC/PI stain and FACS in both A549 and H1299 cells after AD treatment for 24 h. As shown in Figure 2A, a significant dose-dependent increased apoptosis was detected in the two cells, especially in high concentration groups. Then, we examined c-PARP and c-Casp3 by immunoblotting to further confirm the induction of apoptosis by AD in A549 and H1299 cells. The results indicated that the expression levels of c-Casp3 and c-PARP were greatly increased in a dose- and time-dependent manner (Figures 2B,C). These findings demonstrated that AD induced apoptosis of the human lung adenocarcinoma cells.
[image: Figure 2]FIGURE 2 | Andrographolide triggered apoptosis in human lung adenocarcinoma cells (A) Cells were treated with 1‰ DMSO or indicated concentrations of AD for 24 h, then subjected to Annexin V-FITC/PI staining, followed by the flow cytometric analysis. (B–C) After being treated with 1‰ DMSO or AD at indicated concentrations and different times, cell protein was extracted and detected by Western blotting with antibodies against PARP, c-PARP, Casp3 and c-Casp3, and β-actin (** p ≤ 0.01; **** p ≤ 0.0001).
The BH3-Only Protein Noxa Was Upregulated by Andrographolide Treatment
Given that the role of the classical pro-apoptotic Bcl-2 family proteins in regulating apoptotic cell death, we next determined the expression of the pro-apoptotic proteins, including BH3-only proteins Puma, Bim, Bik, Bid, and Noxa, as well as their downstream pro-apoptotic proteins Bak and Bax in A549 and H1299 cells. These results indicated that only Noxa was significantly upregulated in the protein level in a dose-dependent manner (Figure 3A). Moreover, the mRNA level of Noxa was also substantially elevated by treatment of AD (Figure 3B). These findings indicated that Noxa was transcriptionally activated by AD treatment and suggested that Noxa plays a crucial role in AD-induced apoptosis.
[image: Figure 3]FIGURE 3 | The BH3-only protein Noxa mediated andrographolide-induced apoptosis. (A) Cells were treated with 1‰ DMSO or the indicated concentrations of AD for 24 h. Cell protein was extracted and detected by Western blotting with antibodies against Noxa, Puma, Bid, Bim, Bik, Bax, Bak, and β-actin. (B) The mRNA level of Noxa was quantified by RT-PCR (normalized to β-actin) (*** p ≤ 0.001; **** p ≤ 0.0001).
Noxa Knockdown Inhibited Andrographolide-Induced Apoptosis
To confirm the role of Noxa in AD-induced apoptosis in A549 and H1299 cells, Noxa was knocked down by small interfering RNA (siRNA). As shown in Figure 4A and supplementary Figure S1A, Noxa knockdown significantly diminished AD-induced apoptosis as well as the expression levels of c-Casp3 and c-PARP (Figure 4B and Supplementary Figure S1B). These findings demonstrated that AD induced Noxa-dependent apoptosis of human lung adenocarcinoma cells.
[image: Figure 4]FIGURE 4 | Noxa knockdown significantly decreased andrographolide-induced apoptosis in human lung adenocarcinoma cells. (A) Cells were transfected with siControl or siNoxa#1 and treated with 1‰ DMSO and AD (A549 25 μM and H1299 10 μM) for 24 h. Apoptosis was determined and quantified with Annexin V-FITC/PI staining analysis. (B) Cell protein was extracted and detected by western blotting with antibodies against Noxa, PARP, c-PARP, Casp3, c-Casp3, and β-actin (* p ≤ 0.05; ** p ≤ 0.01).
Andrographolide-Induced Apoptosis in Human Lung Adenocarcinoma Cells via ATF4/Noxa Axis
Previous studies in our laboratory unveiled that ATF4 transcriptionally activated Noxa in esophageal squamous cell carcinoma cells after treated by small-molecule compound MLN4924 (Chen et al., 2016). In contrast, it was c-Myc but not ATF4 that transactivated Noxa to trigger cell apoptosis in head and neck squamous cell carcinoma cells after treated by MLN4924 (Zhang et al., 2019). To confirm the transcription factors responsible for Noxa induction upon AD treatment in both A549 and H1299 cells, we examined the protein and mRNA expression of c-Myc and ATF4. The results indicated that AD treatment strongly induced the upregulation of ATF4, but not c-Myc at both protein and mRNA levels (Figures 5A,B). Furthermore, ATF4 knockdown suppressed the transactivation of Noxa as well as the cleavage of PARP and caspase 3 in AD-treated A549 and H1299 cells (Figure 5C). Consistently, the apoptotic population of AD-treated cells was significantly diminished in both two ATF4 knockdown cells (Figure 5D). Taken together, AD transcriptionally activated ATF4, which induced the transcriptional activation of the pro-apoptotic protein Noxa to trigger apoptosis in both A549 and H1299 cells.
[image: Figure 5]FIGURE 5 | Andrographolide induced apoptosis in human lung adenocarcinoma cells via ATF4/Noxa axis. (A–B) Cells were treated with 1‰ DMSO or indicated concentrations of AD for 24 h; cell protein was extracted and detected by western blotting with antibodies against ATF4 and c-Myc. The mRNA level of ATF4 and c-Myc was quantified with RT-PCR (normalized to β-actin). (C–D) Cells were transfected with siControl or siATF4, then, treated with 1‰ DMSO or AD (A549 25 μM, H1299 10 μM) for 24 h, cell protein was extracted and detected by western blotting with antibodies against ATF4, Noxa, PARP, c-PARP, Casp3, c-Casp3, and β-actin. Apoptosis was determined and quantified by AnnexinV-FITC/PI staining analysis (* p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.0001.).
DISCUSSION
In the present study, we found that AD exhibits a broad-spectrum inhibition of proliferation in lung cancer cells, and firstly demonstrated that AD activated the ATF4/Noxa axis to induce apoptosis of human lung adenocarcinoma cells (Figure 6). In recent years, emerging evidence has indicated that AD could exert an antitumor effect by inducing apoptosis of diverse cancer cells. Yang et al. reported that AD induced apoptosis of T-cell acute lymphoblastic leukemia cell (Jurkat) via inhibition of the PI3K/Akt pathway (Yang et al., 2016). Wu et al. reported that AD activated the LKB1/AMPK signal pathways and induced apoptosis of human nasopharyngeal carcinoma cells (C666–1) (Wu et al., 2018). Peng et al. also reported that AD induced apoptosis of nasopharyngeal carcinoma cells (HK1 and CNE-1) via inhibiting the NF-κB signal pathway (Peng et al., 2015). These findings collectively indicated that the mechanisms of AD-induced apoptosis may be cancer-type dependent.
[image: Figure 6]FIGURE 6 | Working model of andrographolide-induced ATF4/Noxa-dependent apoptosis. AD triggered human lung adenocarcinoma cells apoptosis by transcriptionally activating ATF4 and subsequently transactivating the pro-apoptotic BH3-only protein Noxa.
While addressing the mechanisms of apoptosis induced by AD in human lung adenocarcinoma cells, we defined that the BH3-only protein Noxa mediated AD-induced apoptosis of human lung adenocarcinoma cells (A549 and H1299). BH3-only proteins Puma, Bim, Bik, Bid, Noxa, and their downstream proteins Bak and Bax all play critical roles in pro-apoptotic cell death (Gross et al., 1999; Cory et al., 2003; Breckenridge and Xue, 2004). It has been reported that some of the BH3-only proteins could mediate AD-induced cell apoptosis. Zhou et al. reported that AD promoted the cleavage of the BH3-only protein Bid to induce apoptosis of breast cancer cells (MDA-MB-231), cervical cancer cells (HeLa), and hepatoma cells (HepG2) (Zhou et al., 2006). Yang et al. reported that Bax and Bak are necessary for AD-induced apoptosis of lymphoma cells (Yang et al., 2010). In our study, we found that Noxa was significantly upregulated by AD in human lung adenocarcinoma cells, and Noxa knockdown significantly decreased AD-induced apoptosis. These results demonstrated that AD induced Noxa-dependent apoptosis of human lung adenocarcinoma cells.
The present study demonstrated that ATF4 transcriptionally activated Noxa in AD-treated lung adenocarcinoma cells. As a universal stress-responsive gene, ATF4 can be activated by several stimulations, such as oxidative stress, endoplasmic reticulum (ER) stress, and oxygen deprivation (Harding et al., 2003; Blais et al., 2004). A large number of studies indicated that activated ATF4 could induce cancer cell apoptosis for the oncotherapy (Jiang et al., 2013; Nunez-Vazquez et al., 2020; Xu et al., 2020). Zong et al. reported that radiation could upregulate ATF4 expression to induce cell apoptosis, and the overexpression of ATF4 could increase cell sensitivity to apoptosis in response to radiation (Zong et al., 2017). Sharma et al. found that cisplatin induced Noxa-dependent apoptosis through the upregulation of ATF4 in head and neck squamous cell carcinoma cells (Sharma et al., 2018). In this study, we found that both protein and mRNA levels of Noxa were upregulated after AD treatment, which suggested that Noxa was transcriptionally activated. Further studies showed that both the protein and mRNA levels of ATF4 were upregulated after AD treatment. Moreover, ATF4 knockdown inhibited the upregulation of Noxa as well as AD-induced apoptosis in human lung adenocarcinoma cells. Therefore, we confirmed that ATF4 transcriptionally activated Noxa in AD-induced apoptosis of human lung adenocarcinoma cells.
In summary, the present study firstly demonstrated that AD induced Noxa-dependent apoptosis by transactivating ATF4 in human lung cancer cells. These findings provided a scientific basis for developing AD as a promising candidate for the new era of chemotherapy.
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Epigenetics, including DNA methylation, histone modification, and noncoding RNA regulation, are physiological regulatory changes that affect gene expression without modifying the DNA sequence. Although epigenetic disorders are considered a sign of cell carcinogenesis and malignant events that affect tumor progression and drug resistance, in view of the reversible nature of epigenetic modifications, clinicians believe that associated mechanisms can be a key target for cancer prevention and treatment. In contrast, epidemiological and preclinical studies indicated that the epigenome is constantly reprogrammed by intake of natural organic compounds and the environment, suggesting the possibility of utilizing natural compounds to influence epigenetics in cancer therapy. Flavonoids, although not synthesized in the human body, can be consumed daily and are common in medicinal plants, vegetables, fruits, and tea. Recently, numerous reports provided evidence for the regulation of cancer epigenetics by flavonoids. Considering their origin in natural and food sources, few side effects, and remarkable biological activity, the epigenetic antitumor effects of flavonoids warrant further investigation. In this article, we summarized and analyzed the multi-dimensional epigenetic effects of all 6 subtypes of flavonoids (including flavonols, flavones, isoflavones, flavanones, flavanols, and anthocyanidin) in different cancer types. Additionally, our report also provides new insights and a promising direction for future research and development of flavonoids in tumor prevention and treatment via epigenetic modification, in order to realize their potential as cancer therapeutic agents.
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Introduction

Cancer is a chronic consumptive disease that has not been overcome yet and has become a global health problem threatening human life (1, 2). Developments in the field of oncology suggest that cancer is regulated not only by genetics but also by epigenetic programming (3). First, epigenetic mechanisms can circumvent changes in the DNA sequence and directly target the expression of proto-oncogenes and tumor suppressor genes to induce carcinogenesis (4, 5). Second, epigenetic abnormalities occur in the early stage of carcinogenesis and precede mutations which also occur in somatic cells (6); therefore, such mechanisms have become a new therapeutic avenue to conquer tumors. More importantly, in the complex and multi-dimensional process of carcinogenesis, these mechanisms, which differ from genetics, are frequently bidirectional and reversible (7). And defects of epigenetics are largely a consequence of lifestyle and habits such as inadequate consumption of natural compounds, smoking, and drinking (8, 9), and they can also reverse abnormal epigenetic effects through proper intake of natural compounds (10, 11). These facts make epigenetics attractive for the development of new treatments.

Flavonoids are phytochemicals that are frequently consumed on a daily basis. Because of their remarkable biological activities, flavonoids have recently attracted scientific interest as they are beneficial to health and reduce the risk of disease (12, 13). In the field of cancer, evidence of cancer treatment effects of flavonoids through epigenetic pathways is continuously being investigated. For example, kaempferol, which occurs in grapefruit, broccoli, and other plants, can regulate the activity of histone deacetylase (HDAC) in various cancers (14). Epigallocatechin-3-gallate (EGCG) in tea can affect expression of DNA methyltransferases, HDACs, and noncoding RNAs in cancer cells (15–17). Key evidence such as this improves our understanding of the importance of diet for cancer prevention and suggests the potential of dietary flavonoids for epigenetic therapy against cancer.

Epigenetic mechanisms of cancer have been described in detail in previous studies (18, 19). Thus, we review the core mechanism of epigenetics and abnormal regulation in cancer to provide a clear groundwork. Recent research progress regarding anticancer efficacy of all types of flavonoids targeting epigenetic regulation pathways is reviewed here, and their potential for cancer prevention and treatment is elaborated to provide evidence for the anticancer effects of food and improve the understanding of respective epigenetic mechanisms to support the development of new treatment strategies and chemoprophylaxes.



Epigenetics and Cancer

Epigenetics are heritable changes in gene expression without alterations in DNA sequences. There are numerous such phenomena, including DNA methylation, histone modification, genomic imprinting, maternal effects, and RNA editing (20). However, regarding physiological and pathological gene regulation of mammals, epigenetic effects predominantly refer to three aspects, i.e., DNA methylation, histone modification, and noncoding RNA regulation (21). Flavonoids also regulate cancer epigenetic abnormalities through these three aspects.


DNA Methylation

In the field of epigenetics, DNA methylation regulation is the most studied mechanism which can directly modify gene expression without changing genetic information and participates in various biological processes such as genomic stability, regulation of gene transcription, embryonic development, and tumorigenesis (22–24). DNA methylation modifications are common in human genomic DNA, covalently binding methyl groups to the fifth carbon in the cytosine group of CpG dinucleotides to form 5-methylcytosine. CpG dinucleotides are distributed inhomogeneously in the human genome and are more abundant in promoter regions of genes (25). Gene regions with a higher proportion of CpG are termed CpG islands and occur in promoters of more than 60% of genes (26). Hypermethylation of a promoter CpG island can inactivate the gene, whereas promoter CpG islands of transcriptionally active DNA sequences are typically not methylated (18). For example, even though the vast majority of CpG islands in developmental and differentiated tissues remain methylated, a small number of CpG islands are methylated in a tissue-specific manner to inhibit gene expression (27). In a few cases, DNA hypermethylation can lead to abnormal gene activation. This abnormal regulation has been described in detail in other reports (28), however, in-depth elaboration of this process is beyond the scope of this review.

DNA methylation requires catalysis by DNA methyltransferases (DNMTs) (29). Five types of DNMTs including DNMT1, DNMT3a, DNMT3b, DNMT2, and DNMT3L have been identified (30). The first three types are considered to exert methyltransferase activity: DNMT1 is mainly responsible for maintenance methylation (i.e., identifying the DNA strand that has been methylated and then methylating the complementary strand), while Dnmt3a and Dnmt3b are involved in de novo methylation to methylate unmethylated DNA double-strands (31). Abnormal DNA methylation leads to epigenetic imbalance which is an important mechanism underlying tumorigenesis (32). Compared with somatic cells, cancer cells are hypermethylated in the promoter regions of multiple cancer suppressor genes (e.g. MGMT, CdH1, E-cadherin, BRCA1) which is considered a common regulator of transcriptional silencing of tumor suppressor genes, while hypomethylation is observed in the whole genome of cancer cells and is associated with upregulated expression of proto-oncogenes (such as cyclinD2, PAX2, PAX2, and ABCB1) (33, 34). Most flavonoids exert strong effects on DNA methylation (Figure 1), and hesperidin and naringenin are candidate drugs that inhibit DNMTs.




Figure 1 | Flavonoids reshape the epigenetic landscape of cancer. Flavonoids exert epigenetic anticancer activity by regulating the level of DNA methylation, histone modification, and the expression of noncoding RNA. The addition of epigenetic markers depends on writers (such as DNMT, HMT, and HAT), except for erasers (such as HDAC and HDM) which depend on readers (not marked in the figure). ①The level of CpG island methylation (Me) in the promoter region of the target gene is increased under the catalysis of DNMT, thus downregulating the activity of the gene. ②Histone modification occurs on lysine (K) and arginine (R) residues in the histone tail, in which K is the site of histone acetylation (Ac) modification. HAT promotes gene expression, while HDAC can reduce the level of histone acetylation to reduce gene activity. ③Histone methylation can occur in K and R. HMT and HDM catalyze epigenetic regulation, and their effects on gene activity vary with amino acid sites and methylation patterns. ④Noncoding RNAs are also an important part of epigenetic networks. Noncoding RNAs, represented by miRNA and lncRNA, can interact with DNA, mRNA, and proteins, and participate in gene expression processes such as chromosome modification, transcriptional interference, posttranscriptional modification, and translation regulation. In general, flavonoids can play the role of DNMTi, HDACi and HDMi, and can promote or inhibit the activity or expression of HAT,HMT and ncRNA.





Histone Modification

In addition to DNA methylation which occurs directly on gene sequences, the chromatin structure is also affected by histone modification which is associated with DNA replication, transcription, and repair through histone-DNA or histone-histone interaction (35). Histones are basic proteins of eukaryotes that bind to chromosomal DNA. A histone octamer formed by two molecules of H2A and H2B and two molecules of H3 and H4, together with 147 base pairs of DNA form nucleosomes which participate in the formation of chromosomes (36). Histones in nucleosomes can undergo a variety of epigenetic regulation through the free N-terminal. According to the different modes of action, histone modification can be assigned to methylation, acetylation, phosphorylation, adenylation, ubiquitin, and ADP ribosylation (37). Acetylation and methylation are well-studied regulation modes (36, 38), which are also the main histone modifications mode of natural anti-tumor drug flavonoids (Figure 1).


Histone Acetylation

Histone acetylation is the best characterized histone modification and plays an important role in gene regulation, chromatin structure, and tumorigenesis (39–41). It is generally accepted that high acetylation activates and low acetylation inhibits gene expression (42–44). Histone acetylation is frequently modified on N-terminal lysine sites of H3 and H4 and is regulated by histone acetyltransferase (HAT) and HDAC (18, 45). There are three HAT families, i.e., the Gcn5-related N-acetyltransferase (GNAT) family which occurs in the nucleus and is associated with transcription; the MYST family, mainly comprising Ybf2-Sas3, Sas2, MOZ, and Tip60, which occur in the cytoplasm and participate in posttranslational modification; and the p300/cbp family which is responsible for transcription and posttranslational modification (46, 47). Based on structural characteristics and catalysis, HDACs are assigned to the following four categories – class I: HDAC1, 2, 3, and 8; class II: HDAC4, 5, 6, 7, 9, and 10; class III: sirtuins (SIRT1-7); and class IV: HDAC11. HDACs such as those of classes I, II, and IV show structural homology and require zinc ions to activate their catalytic effects, while sirtuins require NAD+ as a cofactor to exert catalysis (48).

Histone acetylation plays an important role in the development of cancer. HDAC and HAT can interact with proto-oncogenes and tumor suppressor genes and thereby interfere with the regulation of these genes during tumor cell proliferation, metastasis, and apoptosis (49, 50). For example, during promyelocytic leukemia, the mSin3-HDAC complex can deacetylate key genes and block transcription, leading to tumorigenesis. An imbalance in HAT activity can also lead to cancer. For example, p300/cbp can be reduced by the binding of viral oncoprotein (E1A), indicating the relationship between HAT and tumorigenesis.



Histone Methylation

Methylation is also involved in epigenetic regulation of histones. The N-terminal lysine and arginine residues of H3 and H4 are reversibly modified through catalysis of histone methyl invertase (HMT) and histone demethylase (HDM) (51). Histone methylation regulates the silencing and activation of gene transcription, and the specific biological behavior depends on the amino acid residue sites (different parts of lysine or arginine) and on the form of methylation (monomethylation, dimethylation, or trimethylation) (52). For example, methylation at lysine 9 (H3K9) of histone H3 leads to transcriptional inhibition, whereas trimethylation at lysine K4 (H3K4) and at K9 (H3K9) of histone H3 is responsible for transcriptional activation (53, 54). Imbalances in histone methylation and demethylation are closely associated with cancer. For example, MLL1 can cause H3K4 methylation, leading to acute lymphoblastic leukemia (55); LSD1 is both a classical oncogene and an active lysine demethylase(KDM) that removes the methyl group from H3K4 and H3K9 sites and is considered a therapeutic target for acute leukemia cases (56).




Regulation of Noncoding RNA


miRNA

The current understanding of miRNAs suggests that they are important epigenetic vectors and key factors in anticancer-targeting regulation by flavonoids. miRNAs, which comprise approximately 22 nucleotides, are single-stranded RNAs that are responsible for posttranscriptional silencing of target genes, thereby regulating cell proliferation, differentiation, migration, and other biological processes. As effectors of negative regulation of gene transcription, miRNAs participate in the expression of genetic information in two ways; first, perfect pairing of miRNA transcriptional sequences genes leads to degradation of the target mRNA and interrupts mRNA translation; second, miRNAs may inhibit the transcription process by binding to the incomplete complementary site of the 3’-untranslated region of mRNA. miRNAs can regulate 1/3 human gene and form a complex regulatory network with target genes. A given miRNA may correspond to multiple target genes, and a target gene may also be regulated by multiple miRNAs (57–59).

There is increasing evidence for the relationship between miRNAs and cancer. miRNA expression profiles can be used to distinguish normal tissue from cancerous tissue and to classify different types of cancer (60, 61). In addition, miRNAs play a role in carcinogenic and tumor-inhibitory signaling pathways, e.g., miRNAs of the miR-34 family act as a signal regulator in the p53 pathway, and miR-16 negatively regulates mitogenic signals and blocks the cell cycle. Interestingly, regulation of miRNAs in cancer is also affected by DNA methylation and histone modification, as discussed above. For example, hypermethylation of miR-9-1 was observed in breast cancer, and the MIR-17-92 cluster in hepatocellular carcinoma may be regulated by HDAC inhibitors (62, 63). Taken together, epigenetics is not an isolated complex of processes but a multilevel interrelated regulatory network, and miRNAs play an indispensable role in this regulatory mechanism.



lncRNA

Unlike miRNA, lncRNA, which is noncoding RNA exceeding 200 bp in length, is well-known for its regulatory effects on the cell cycle, cell differentiation, and epigenetic effects on biological processes (64, 65). Some recent studies examined epigenetic effects of lncRNAs. Their long chain structures enable lncRNAs to form complex secondary and tertiary structures which can bind to DNA, RNA, or proteins, reshape chromatin structures, and participate in transcriptional and posttranscriptional regulation (66–68). Although the specific functions of lncRNAs remain to be elucidated, their unregulated expression patterns have been shown to be related to diseases such as cancer. This type of long-chain RNA participates in malignant mechanisms such as proliferation, migration, and drug resistance and is of clinical importance regarding early diagnosis and prognosis of tumors (69). For example, lncRNA-p21 can induce apoptosis. Highly upregulated in liver cancer is considered a potential biomarker for breast cancer with liver metastasis. High expression of HOX antisense intergenic RNA in breast cancer is associated with invasiveness. lncRNAs have become one of the core targets of tumor research as they may be highly informative regarding cancer. lncRNA therapy can be an adequate tumor treatment option, and dietary phytochemicals such as flavonoids have been examined in the past few years to assess their therapeutic potential to regulate lncRNAs (Figure 1).





Epigenetic Effects of Flavonoids During Cancer

Cancer is affected by interactions of genetics and epigenetics (1). Compared with the genome, the epigenome is often affected by acquired factors such as environment and diet (70, 71). To date, more than 4,000 flavonoids have been identified in plants, and these compounds are common in vegetables, fruits, and tea. The role of flavonoids in the treatment of diseases has been studied extensively (72–74). Prophylactic flavonoids can chemically reverse adverse epigenetic marking in cancer cells, which may inspire researchers to explore novel avenues of cancer prevention and early treatment (73).

Flavonoids, the largest group of secondary metabolites in the polyphenol family, are produced by plants where they provide flavor, color, and health effects (75, 76), and they have attracted research attention because of their effective antioxidant effects which may prevent environmental damage (73). Table 1 shows different subtypes of flavonoids from dietary and medicinal plant sources. Flavonoids exert various pharmacological activities in mammals and have been commonly used in studies on various diseases (99, 100). In vivo and in vitro studies showed that these plant compounds exert beneficial effects such as antitumor, antibacterial, antiviral, liver-protective, anti-inflammatory, antipyretic, analgesic, antihypertensive, and anti-aging effects, in addition to neutralization of free radicals, improvement of immune functions, and beneficial effects on the cardiovascular system (101, 102).


Table 1 | Dietary and plant sources of the different types of flavonoids.



Flavonoids share a particular molecular structure which is formed by the connection of two benzene rings with three carbon atoms, by which these compounds differ from other plant compounds (99, 100) (Figure 2). Flavonoids are assigned to six subcategories based on their structures (103). Figure 3 describes the structural characteristics and representative compounds of the six flavonoid subgroups in detail. In the following sections, we revisit epigenetic cancer effects of flavonoids including flavonols (kaempferol, myricetin, and quercetin), flavones (diosmin, apigenin, luteolin, and chrysin), isoflavones (daidzein and genistein), flavanones (naringenin, naringin, hesperidin, phlorizin, taxifolin, and silibinin), flavanols (EGCG and theaflavins), and anthocyanidins (delphinidin and pelargonidin).




Figure 2 | Basic structure of flavonoids.






Figure 3 | Structural characteristics and representative compounds of six flavonoids subclasses. C6-C3-C6 shows the core structure of flavonoids with twobenzene rings linked to each other by three carbon atoms. After different modifications, flavonoids can occur in six subclasses with different characteristics: flavonols, flavones, isoflavones, flavanones, flavanols, and anthocyanidins; structures are shown in the figure. (A) Flavonols: contain 3-hydroxyl flavone analogs. (B) Flavones: the ketone of C4 in the C-ring is connected with C2-C3 by a double bond. (C) Flavanols: 3-hydroxy derivatives of flavanones; the hydroxyl is located at the third position of the C-ring. (D) Anthocyanidins: glavylium cation binding hydroxyl and/or methoxy groups at the R, R, and R sites. (E) Isoflavones: the B-ring is connected at C3 of the C-ring instead of C2. (F) Flavanones: contain flavone analogs with a C2-C3 single bond structure.




Flavonols


Kaempferol

Kaempferol, a flavonol compound, is derived from Zingiberaceae plants and commonly occurs in Ardisiae Japonicae Herba, Dysosmae Verspiellis Rhixoma Et Radix, Lobeliae Chinensis Herba, strawberries, grapefruit, grapes, broccoli, and other vegetables, fruits, and teas. Its physiological functions include antioxidation, prevention of cancer, inhibition of fat formation, protection of the nervous system and the heart, and antidiabetic and anti-allergy effects (104–106). Recent studies suggested that kaempferol intake is associated with reduced cancer incidence. In a study of epithelial ovarian cancer, the population with the highest intake of kaempferol had a 40% reduction in the incidence of ovarian cancer compared with the lowest fifth (107). In a cohort study, total flavonol intake was associated with reduced risk of pancreatic cancer, with kaempferol showing the highest reduction in cancer risk. In addition, total flavonol intake and kaempferol intake were negatively correlated with the risk of pancreatic cancer in smokers (108). Epidemiological investigations such as these demonstrated anticancer effects of kaempferol.

Part of the antitumor effect of kaempferol is due to its strong epigenetic effects such as targeting histone acetylation. In a previous study by Kim et al., kaempferol exerted the effect of an HDAC inhibitor (HDACi), inhibited expression of G9a, blocked the HDAC/G9a axis, and induced autophagy in gastric cancer cells (14). A different study also reported significant inhibitory effects of kaempferol on HDAC and found that kaempferol hyperacetylated histone complex H3 and inhibited the proliferation and survival of cancer cells in HCT-116 colon cancer cells and human hepatocellular carcinoma cell lines HepG2 and Hep3B (109).

Kaempferol is also thought to regulate DNA methylation. In HCT116, HT29, and YB5 colorectal cancer cell lines, kaempferol was found to bind to DNMT1, and it significantly downregulated DACT2 methylation, upregulated expression of this tumor suppressor gene, blocked the Wnt/β-catenin signaling pathway, and inhibited tumor cell proliferation and migration. This study also found that DACT2, regulated by kaempferol demethylation, reduced tumor load to some extent, indicating the potential of this compound for cancer therapy (110).



Myricetin

Exploring flavonols, numerous studies have shown that myricetin derived from myricanagi, Mori Fructus, ippophae Fructus, Ginkgo Folium, etc. has excellent nutritional value and biological activity, and plays a beneficial role regarding antitumor activity, prevention of cardiovascular diseases, lowering blood pressure, lowering blood lipid levels, and reducing complications associated with diabetes and bacteriostasis (111–114). In recent years, with the rise of epigenetic therapy, an increasing number of epigenetic effects of myricetin has been revealed.

Lee et al. observed that several bioflavonoids can inhibit epigenetic regulation of SssI DNMT and DNMT1 in a concentration-dependent manner and reduce the level of DNA methylation. Compared with fisetin and quercetin, myricetin has a more prominent inhibitory ability on the two enzymes. Myricetin (20 μM) inhibited SssI DNMT-related methylation by up to 60%. When mediated by COMT, the IC50 value of myricetin inhibiting methylation of DNMT1 was 1.2 μM (115). This study reflects the epigenetic effects of flavonoids such as myricetin, particularly regarding inhibitory effects on DNMT.

Furthermore, epigenetic effects of myricetin nanoparticles have been reported. Silver nanoparticles(AgNPs) made from myricetin can promote oxidative stress responses and DNA damage and induce apoptosis in NIH3T3 mouse embryonic fibroblasts. Subsequent gene ontology analysis revealed that AgNPs promote nucleosome assembly and DNA methylation in the process of inducing apoptosis. A heat map showed that histones hist2h2ac and hist1h2ah of the necroptosis pathway were significantly upregulated after treatment with AgNPs (116). This study showed that this new material plays an important role in the epigenetic regulation of apoptosis, especially at DNA-methylation and histone levels.

JMJD3, a member of the Jmj-C HDM family, is considered a key factor in inflammation and tumorigenesis. Numerous recent studies showed that myricetin exerts significant inhibitory effects on JMJD3. Mallik et al. screened eight compounds, including ZINC15271426, from 65 myricetin analogs in the ZINC database using the molecular model method. They observed excellent docking affinity (all exceeding 9.0 kcal/mol), showing promising application prospects of these compounds as JMJD3 inhibitors (117). In addition, myricetin indirectly regulates deacetylation. Myricetin can activate HDAC SIRT1 to promote HIF-1α expression and inhibit cMyc and β-catenin (118).



Quercetin

Quercetin occurs in Hedyotis Diffusae Herba, Radix Bupleuri, Toosendan Fructus, onions, apples, hawthorn, etc. and naturally occurs in the form of glycosides. It is a commonly used natural flavonol which can neutralize free radicals and directly inhibits tumors; furthermore, it exerts biological activities such as anti-inflammatory, antibacterial, antiviral, immune-regulating, neuroprotective, anti-hypertensive, and hypolipidemic effects (119–121). Recent studies showed that quercetin modifies tumor epigenetics and can enhance the effects of epigenetic treatments when administered in combination with other drugs.

During synergistic action of quercetin and curcumin, prostate cancer cell lines PC3 and DU145 showed decreased DNMT activity and increased AR expression which induced apoptosis through the mitochondrial pathway. Compared with the single-drug group, combined administration was more effective and led to increased sensitivity of androgen-resistant prostate cancer cells to androgen receptor-induced apoptosis (122), suggesting the potential of quercetin and curcumin administration for prevention and treatment of prostate cancer.

Flavonoids quercetin and sodium butyrate can change histone acetylation modifications in cancer. Zheng et al. reported that curcumin and sodium butyrate can inhibit tumor cell growth in a dose-dependent manner. In the human esophageal cancer cell line Eca9706, both drugs can restrict cell growth, and combined administration produced stronger inhibitory effects on the proliferation of tumor cells. Western blotting showed that expression of NF-κBp65, HDAC1, and cyclin D1 was downregulated, whereas that of caspase-3 and p16INK4α was upregulated in treatments with quercetin, sodium butyrate, or a combination thereof. The authors also observed a trend of downregulation of HDAC1-IR and upregulation in E-cadherin-IR after combined treatment (123). This study suggests that quercetin and B, particularly in combination, can regulate abnormal epigenetic changes through the HDAC1-IR-NF-κB signaling axis and inhibit growth of the human esophageal cancer cell line Eca9706.

Wang et al. conducted a study on increased antitumor effects of quercetin due to combined administration with arctigenin. Quercetin and/or arctigenin were used to treat prostate cancer cell lines (androgen-dependent LAPC-4 and LNCaP), and compared with the controls and single-drug treatments, combined administration enhanced the pharmacological effects on anticancer cell proliferation. Combined administration of the two drugs also inhibited expression of AR and PI3K/Akt signaling pathways and that of various cancer-related miRNAs such as miR-21, miR-19b, and miR-148a, and it exerted stronger inhibitory effects on tumor cell migration than single-drug treatments (124). The combination of these two natural compounds may provide a new approach for the treatment and prevention of prostate cancer.

Using cell experiments and xenograft models, Pham et al. found that combination of quercetin with the epigenetic drug BET inhibitor JQ1 can enhance anticancer effects on pancreatic and thyroid cancer by inhibiting tumor cell proliferation and inhibit sphere-formation ability of tumor cells, which shows the effect of targeted therapy on tumor stem cells. In addition, knocking out HnRNPA1 can enhance the inhibiting effect of JQ1 on expression of survivin and the sphere-forming ability of cancer cells, which is consistent with the effects of quercetin (125). This shows that quercetin enhances the effects of BET inhibitor JQ1 by inhibiting expression of the hnRNPA1 gene, and combined administration may have promising application prospects for cancer patients, especially regarding patients with thyroid and pancreatic cancer.

Quercetin also showed broad-spectrum epigenetic activity when used in single-drug treatments in which miRNA regulation was most prominent, as confirmed in various forms of cancer. When carcinogenicity of hexavalent chromium Cr(VI) was reduced, long-term administration of BEAS-2B human bronchial epithelial cells Cr(VI) upregulated miRNA-21, downregulated programmed cell death 4 (PDCD4), promoted ROS expression, and induced cell malignancy. This process can be inhibited by quercetin. In a nude mouse model, the tumor incidence in nude mice injected with Cr(VI) + quercetin BEAS-2B cells was significantly lower than that in the Cr(VI) group. Furthermore, after collecting tumors from nude mice and administering quercetin, promotion of miR-21 was associated with inhibition of PDCD4 (126). These results suggest that quercetin can regulate the miRNA-21-PDCD4 axis to inhibit malignant transformation of human bronchial epithelial cells induced by Cr(VI).

Moreover, quercetin inhibits the self-renewal and proliferation of AsPC1 human pancreatic cancer cells by regulating a variety of miRNAs. After cells were treated with quercetin for 12 h, changes in miRNA expression associated with Notch signaling and cell fate were analyzed, and 11 types of miRNAs including let-7c and miR-200b-3p were observed. miR-200b-3p was further examined and was shown to be a key factor controlling cell fate. Subsequent in vitro experiments showed that miR-200b-3p enhanced by quercetin inhibited the Notch signaling pathway, adjusted the transformation of the CSC division mode from symmetry to asymmetry, inhibited self-renewal and proliferation of CSCs, promoted cell differentiation, and reduced invasiveness (127).

Anticancer mechanisms of miRNAs regulated by quercetin have also been reported in hepatocellular carcinoma. In HepG2 hepatoma cells, quercetin promoted expression of miRNA-34a and mediated the p53/miR-34a/SIRT1 signaling mechanism to transmit apoptosis signals of cancer cells (128).

Quercetin plays a key role in inhibiting invasion and proliferation of breast cancer cells. The mechanism underlying the regulation of cancer cells is to promote expression of miR-146a, activate caspase-3 and Bax, and induce apoptosis through a mitochondrial-dependent pathway in human breast cancer cell lines MCF-7 and MDA-MB-231 to inhibit proliferation of tumor cells, inhibit expression of EGFR, and reduce invasiveness of tumor cells (129).

In osteosarcoma studies, quercetin enhanced the efficacy of cisplatin by regulating the miR-217-KRAS signaling axis. When human osteosarcoma 143 B cells were treated with quercetin and/or cisplatin, expression of KRAS was downregulated and miR-217 was upregulated, and a combined treatment significantly increased the expression of miRNA-217 (130). This also confirms previous reports which suggested that miR-217 targets KRAS in lung cancer cells to reverse cisplatin resistance (131).




Flavones


Diosmin

Diosmin is a well-known natural flavonoid used for the treatment of chronic venous insufficiency and varicose veins. Numerous recent studies showed that diosmin exerts various pharmacological activities including anti-inflammatory, antioxidative, antidiabetic, anticancer, antimicrobial, liver-protective, neuroprotective, cardiovascular-protective, kidney-protective, and retina-protective effects (132, 133).

Diosmin is effective against tumors on a genetic and epigenetic level. Epigenetic intervention effects of three flavonoids and their genotoxicity and apoptosis-inducing effects were assessed in DU145 prostate cancer cells. Naringin, diosmin, and hesperidin reduced the number of cancer cells and proliferation to varying degrees, and diosmin showed the strongest gene toxicity and considerable proapoptotic activity. This study also assessed changes in global DNA methylation, and diosmin downregulated the level of 5-methyl-20-deoxycytidine in DU145 cell lines and mediated DNA demethylation to regulate the epigenome of tumor cells (134).



Apigenin

Apigenin, which is common in medicinal plants, vegetables and fruits, including Menthae Herba, Radix Salviae, Codonopsis Radix, Chrysanthemi Flos, celery, onions, and oranges, is a kind of natural flavonoids with various pharmacological activities (135–137). It has been used in studies on many diseases because of its low toxicity and strong biological effects, and it has been reported to exert substantial anti-inflammation, antioxidation, antidiabetic, antitumor, antibacterial, and antiparasitic effects. Moreover, this compound can improve the symptoms of chronic diseases, such as depression, insomnia, amnesia, and Alzheimer’s disease (138–140).

Tseng et al. reported that apigenin downregulated the expression of cyclins A, B, and CDK1 in the MB-231 breast cancer cell line in a time-dependent manner, and expression of CDKI p21WAF1/CIP1 was also upregulated in a time-dependent manner. In addition, apigenin promotes acetylation of histone H3 and thus transcription of p21WAF1/CIP1. A nude mouse model experiment using xenotransplantation also supported this conclusion (141). This study revealed for the first time the epigenetic targeting mechanisms and effects of apigenin on breast cancer.

Paredes-Gonzalez et al. evaluated epigenetic effects of apigenin in the prevention of skin cancer. Apigenin can inhibit expression of DNMT1, 3a, 3b, and HDAC in mouse skin epidermal JB6 P+ cells, demethylate 15 CpG sites, and silence Nrf2 to promote antioxidation and prevent skin cancer (142).

Apigenin can play the role of an HDACi in inducing apoptosis in prostate cancer cells. In prostate cancer cells and xenotransplantation models, apigenin decreases expression of apoptotic protein inhibitors such as XIAP, survivin, c-IAP1, and c-IAP2, inhibits HDAC1, upregulates acetylation of Ku70, destroys the Ku70-Bax interaction, and mediates apoptosis of prostate cancer cells by separating Bax and Ku70 (143). Similar anti-HDAC effects of apigenin were also reported by a different study on prostate cancer. Apigenin (20–40 μM) inhibited HDAC activity in human prostate cancer cell lines PC-3 and 22Rv1 and reduced expression of HDAC1 and 3. Histone acetylation was also increased by apigenin-mediated downregulation of HDAC, while the cell cycle regulatory protein p21/waf1 and apoptosis protein Bax were upregulated at the transcriptional level. As shown in a mouse model, bcl2 was downregulated and Bax was upregulated in animals treated with apigenin, and growth of transplanted tumors was inhibited (144).



Luteolin

Luteolin is a natural flavone extracted from plants and is commonly found in traditional Chinese herbal medicines such as Lonicerae Japonicae Flos, Schizonepetae Herba, Chrysanthemi Flos and in vegetables such as broccoli, carrots, and celery. Luteolin exerts various pharmacological activities such as anti-inflammatory, anti-allergy, antitumor, anti-aging, antibacterial, antiviral, heart-protective, neuroprotective, and uric acid-reducing effects and is used to treat diabetes and Alzheimer’s disease (145–147).

Selvi et al. confirmed that luteolin regulates epigenetics multidimensionally and inhibits growth of head and neck squamous cell carcinoma cells. Treatment of mice with luteolin inhibited p300 acetyltransferase, upregulated miR-195/215 and let7C, induced by p53, downregulated miR-135a, and significantly decreased tumor growth within four weeks (148).

Kanwal et al. found that flavonoids such as luteolin, apigenin, and chrysin can inhibit DNA methylation and trimethylation of lysine 27 on histone H3, and luteolin showed the strongest inhibitory effects on DNMT. Different concentrations of luteolin (10 μM and 20 μM) inhibited DNMT in a dose-dependent manner, and molecular docking showed that luteolin can interact with DNMT residues through six hydrogen bonds. Luteolin can inhibit H3K27me3 and downregulate the expression of EZH2 in human prostate cancer DU145 cells in a concentration-dependent manner (149).

Ganai et al. found that luteolin can stably bind to class-I HDAC isomers. Luteolin, as a natural product, may have better anticancer application prospects than synthetic HDACi’s which are associated with more side effects (150).

Luteolin has been reported in many studies to be a regulator of epigenetic effects in various cancer signaling pathways. Zuo et al. found that luteolin can inhibit DNMTs and HDACs in HCT116 and HT29 colon cancer cells and promote Nrf2 demethylation and upregulate its expression, which activates the Nrf2/antioxidant responsive element(ARE) pathway and inhibits cancer cell proliferation (151). Their results show that luteolin positively regulates the epigenetic effects of anticancer signaling pathways. A study on the effects of luteolin on prostate cancer cells showed that it changed the acetylation state of the gene promoter histone, downregulated expression of 22 key genes of the cell cycle pathway such as cyclin A2 and cyclin E2, and upregulated expression of cyclin-dependent kinase inhibitor 1B (152).

Luteolin also alters histone H4 acetylation levels and regulates estrogen levels and cell proliferation in breast cancer cells. The estrogen signal pathway gene and the cell cycle pathway gene in MCF-7 breast cancer cells are regulated by this natural compound, and PLK-1 histone H4 acetylation modification which regulates the cell cycle is inhibited (153). This shows that luteolin regulates gene expression through epigenetic properties involving modified histone acetylation, which is consistent with the anti-estrogenic and cell proliferation activities of luteolin.

Luteolin, a natural inhibitor of EGFR tyrosine kinase, is also used in the development of targeted therapies. Markaverich et al. found that epigenetic regulation effects of luteolin on the epidermal growth factor signaling pathway may involve upregulation of c-Fos and p21, caused by histone H4 binding in PC-3 human prostate cancer cells (154).



Tangeretin

Similar to naringenin and diosmin, tangeretin is a phytochemical compound derived from citrus fruits, and it shows good antifungal, anti-inflammatory, antioxidant, and anticancer effects in vivo and in vitro. Tangeretin can inhibit tumor progression through various signaling pathways and epigenetic mechanisms (155–157).

Wei et al. examined antitumor and epigenetic activities of tangeretin (PMF1) and its derivative 4’-didemethyltangeretin (PMF2). In human prostate cancer LNCaP cells, both compounds inhibited cell growth, but PMF2 exerted stronger effects and less cytotoxicity to normal cells. PMF2 also induced apoptosis by increasing expression of proapoptotic proteins Bad and Bax, downregulating antiapoptotic proteins Bcl2, and activating caspase-3 and PARP. This study also confirmed epigenetic regulation of PMF2. PMF2 can demethylate the p21 promoter and inhibit expression of DNMT3B, HDAC1, HDAC2, and HDAC4\5\6. In addition, PMF2 can interact with DNMTs in vitro, which may lead to a decrease in DNMT catalytic activity (158).



Chrysin

Chrysin is a flavonoid extracted from Artemisia mandshurica, and it is also abundant in propolis, honey, and passion fruit. It exerts a wide range of pharmacological activities such as antioxidative, antitumor, antiviral, antihypertensive, antidiabetic, antibacterial, and anti-allergy effects. Due to its wide distribution in plants and low toxicity, it has become an important substrate for drug discovery (159).

Sun et al. examined anticancer effects of chrysin extracted from Chinese propolis. When breast cancer MDA-MB-231 cells were treated with chrysin, tumor cell growth and proliferation were inhibited. In a xenotransplantation model, oral administration of chrysin to immunodeficient mice reduced the size and weight of tumors. Concurrent enzyme activity analyses showed that chrysin, an HDACi, may inhibit HDAC8 activity. This study confirmed that chrysin has anti-HDAC8 activity and can inhibit chromatin remodeling in breast cancer cells to exert anticancer effects (160). Sun et al. proposed that the anti-HDAC activity of chrysin may be related to its anticancer effects (160), which was confirmed by other experiments (161).

For instance, the anti-melanoma activity of chrysin was found to be related to its anti-HDAC activity. After melanoma A375 cells were treated with chrysin, cell proliferation was inhibited, the cell cycle was blocked at the G1 phase, HDAC-2, 3, and 8 were downregulated at the translation level, and the degree of H3me2K9 methylation was decreased. In addition, chrysin upregulates expression of apoptosis-related protein p21 through protein methylation and hyperacetylation, which is considered an important factor leading to melanoma cell apoptosis (161).

TET1, which is involved in the demethylation of 5-methylcytosine, is a promising target for gastric cancer therapy, and chrysin can promote its expression to inhibit tumor progression. In gastric cancer MKN45 cells treated with chrysin, expression of TET1 and 5hmC increased, and the increase in TET1 levels promoted apoptosis and inhibited migration and invasion of gastric cancer cells. Furthermore, a CRISPR/Cas9 system was used to knock out TET1 to promote tumor growth, which showed that TET1 expression is closely associated with tumor growth, thus chrysin is expected to become an effective target for this emerging gastric cancer (162).




Isoflavones


Daidzein and Genistein

Isoflavone is a flavonoid that mainly occurs in legumes. Due to similar characteristics regarding molecular structure and biological activities, isoflavones are also known as phytoestrogens. In addition to producing estrogens and antiestrogens, participating in lowering blood sugar, inhibiting obesity and type-2 diabetes, controlling inflammation, and protecting nerves, isoflavones can also be used to treat tumors related to hormone disorders, cardiovascular diseases, and human reproductive functions (163–166). The representative compounds are daidzein and genistein, which are often discussed together because of their similar origin and function.

It has been reported that isoflavones are epigenetic modulators of the Wnt pathway involved in tumorigenesis and epithelial mesenchymal transformation (EMT) intervention (167–169). In a study on colon cancer, genistein affected demethylation, upregulated the Wnt antagonist gene SFRP2, and inhibited Wnt signal transduction. Methylation-specific-PCR analysis showed that the demethylation degree of SFRP2 was up to 50% (168). In a different experiment involving the Wnt pathway, genistein led to demethylation of the CpG island of Wnt5a, a Wnt antagonist, and induction of re-expression of Wnt5a to inhibit proliferation of colon cancer cells (169); notably, these changes facilitated Wnt5a-associated demethylation regulation in early tumor cells, which may be a method for early intervention in colon cancer.

Epigenetic regulation of Wnt by isoflavones has also been demonstrated in vitro. Zhang et al. found that genistein included in the diet of rats can affect Wnt gene expression through DNA methylation regulation and histone modification and maintain normal Wnt signal transduction in rat colonic epithelium after exposure to the carcinogen azomethane (167), prompting the preventive effect of genistein supplementation through food intake on cancer.

The DNA methylation regulation activity of soybean isoflavones is an important mechanism for its anti-prostate cancer. Genistein and daidzein can down-regulate the methylation level of tumor suppressor gene promoter in human prostate cancer cells. When VARDI and his colleagues treated cancer cells with genistein and daidzein, EPHB2 and GSTP1 methylation was down-regulated, while BRCA1 methylation was not affected (170). Immunohistochemical results showed that the expression of BRCA1 and RASSF1A did not change, while the expression of GSTP1 and EPHB2 increased. In a different study on prostate cancer, daidzein and genistein inhibited cancer cell growth and promoted apoptosis by altering the methylation status of several genes involved in the NF-κB and p53 pathways in prostate cancer cells (171).

Genistein exerts a demethylation effect on tumor suppressor genes in esophageal squamous cell carcinoma cells. Approximately 2–20 μmol/L genistein inhibited DNMT, promoted activation of α-O6 methylguanine methyltransferase, and downregulated methylation of RARβ, p16INK4a and promoted their expression. Activity of DNMT was reduced in a dose-dependent manner with 20–50 μmol/L genistein, and HDAC activity was also inhibited by genistein (5–100 μmol/L) in a concentration-dependent manner. Additionally, the authors found that addition of 5-Aza-DCYD and trichostatin or SFN can enhance genistein effects through demethylation of tumor suppressor genes and inhibition of cell growth (172). However, the use of genistein alone or in combination with other drugs to reverse hypermethylation requires further research.




Flavanones


Naringenin

Naringenin is a common citrus flavonoid which mainly occurs in the peel of citrus fruits such as oranges, lemons, and grapefruit. It exerts pharmacological activities such as liver-protective, antioxidative, antiviral, cardiovascular-protective, kidney-protective, antidiabetic, and anticancer effects and can be used to treat sepsis (173–175).

Curti et al. examined the regulation of miRNA (miR-17-3p and miR-25-5p) by naringenin in the process of anti-inflammation and antioxidation treatments of human colon adenocarcinoma. When Caco-2 cells were treated with racemic and enantiomeric Naringenin at subtoxic concentrations, expression of miR-17-3p and miR-25-5p decreased. The decrease of miR-17-3p is accompanied by the up-regulation of the transcription levels of two antioxidant enzymes, glutathione peroxidase 2 and manganese superoxide dismutase, which are encoded by it. however, downregulated expression of miR-25-5p was not consistent with mRNA expression of tumor necrosis factor-α and interleukin-6, which are pro-inflammatory cytokines and Encoded by miR-25-5p (176). These results suggest that Naringenin can achieve antioxidant activity by targeting the epigenetic mechanism of miRNAs, even though anti-inflammatory effects may be mediated by other mechanisms.



Hesperidin

Hesperidin occurs in fruits of Rutaceae plants such as bergamot, orange, and lemon, and are also the important active components of some botanical drugs such as Schizonepetae Spica, Citri Fructus Retinervus, Citri Reticulatae Pericarpium Viride. Hesperidin regulate epigenetic processes and exert anti-inflammatory, antioxidant, anti-obesity, and cardiovascular and anticancer effects. Hesperidin significantly reduced the growth of liver nodules in rats with liver cancer induced by diethylnitrosamine and significantly ameliorated liver histological damage. In addition, cytotoxicity of Hesperidin to HL60 cells was dose-dependent, with an IC50 of 12.5 mM, and at this concentration, it produced the maximum value of LINE-1 sequence hypomethylation (47%). Hesperidin also downregulated methylation of ALUM2 repeats, and the highest hypomethylation level of 32% was observed at a concentration of 6 mM (177). This study suggests that hesperidin, an active demethylation drug, can play a significant role in the treatment of liver cancer.



Phlorizin

Phlorizin/phloridzin is a dihydrochalcone flavonoid that mainly occurs in Rubi Fructus, and fruits, leaves, and roots of apple trees, and it has been studied for many years to examine antioxidant, anti-inflammatory, and antitumor effects on mammalian cells (178).

Sandhya et al. found that in HepG2 human liver cancer cells, MDAMB human breast cancer cells, and THP-1 leukemia cells, phlorizin and its derivatives can significantly inhibit proliferation of tumor cells, and the antiproliferative activity of fatty esters of phloridzin (a phlorizin derivative) is similar to that of sorafenib and other chemotherapeutic drugs. Furthermore, Sandhya et al. explored the antitumor mechanism of several drugs and found that fatty esters of phloridzin can inhibit DNA topoisomerase IIa activity, downregulate growth factor receptors such as the antiapoptotic genes BCL2 and PDGFR, and block the cell cycle. In addition, a variety of HDACs (HDAC1, 4, 6, 7, and 11) are downregulated by phlorizin derivatives (179). This study suggests that the chemotherapeutic effect of this phlorizin derivative may be associated with downregulation of DNA topoisomerase IIa activity, cell cycle arrest, and epigenetic activity.



Taxifolin

Taxifolin, a natural flavonoid which is common in Cinnamomi Ramulus, Fructus Ligustri Lucidi, Viticis Fructus, milk thistle, larch, and other plants, shows cardiovascular-protective, antibacterial, and free-radical scavenging effects and has shown good anticancer activity through a variety of pathways in vivo and in vitro (180, 181). For example, in breast cancer cells, taxifolin can inhibit cell proliferation and migration by down-regulating β-catenin to promote EMT (182). Taxifolin has also been reported to inhibit cancer cell growth in scar cancer cells by inhibiting the PI3K/Akt/mTOR pathway (183).

Epigenetic effects of taxifolin have also been reported. After treatment with taxifolin, colony formation of mouse epidermal JB6 P+ cells was inhibited, and Nrf2, heme oxygenase-1, and NAD(P)H quinone oxidoreductase 1 were upregulated at transcriptional and translational levels. Bisulfite genome sequencing showed that methylation levels of the Nrf2 promoter were decreased by taxifolin, and expression of DNMT and DHAC were also reduced by taxifolin (184). This suggests that taxifolin can play a role in chemoprevention by promoting the expression of Nrf2 through an epigenetic pathway.



Silibinin

Silibinin, a representative flavanone compound, is a bioactive substance extracted from dried fruit of thistle which belongs to the family Compositae. It shows strong antioxidant functions and liver-protective, free-radical scavenging, and anti-aging, effects, among others, and it is commonly used in medicine, health care, food, and other applications.

Silibinin exerts considerable epigenetic effects and can be administered in combination with other epigenetic drugs. Mateen et al. reported that silibinin combined with an HDACi modified epigenetics and inhibited growth of non-small cell lung cancer. In vitro experiments showed that after administration of silibinin to tumor cells, acetylation of histones H3 and H4 was upregulated, accompanied by a decrease in HDAC activity, and expression of HDAC1, 2, and 3 were downregulated. After using several HDACi’s and silibinin in combination, p21 acetylation was upregulated, cytotoxicity was increased, and cell cycle arrest and apoptosis were induced (185). In vivo experiments also revealed similar epigenetic effects of silibinin, and growth of transplanted tumors was inhibited. Similarly, in a different study on non-small cell lung cancer, silibinin combined with an HDACi or DNMTi restored E-cadherin expression and reduced tumor cell migration and invasion (186).

A previous study claimed that silibinin exerts substantial preclinical anticancer activity and that it is an epigenetic regulator of prostate cancer. When human prostate cancer cell lines DU145 and PC3 were treated with silibinin, expression of EZH2, SUZ12, and EED was downregulated, accompanied by an upregulation of H3K27me3 methylation. In addition, silibinin increased the activity of DNMT and suppressed the expression of HDAC1-2 (187). Silibinin also played an epigenetic targeting role in the process of antiproliferation of bladder cancer. Silibinin showed considerable cytotoxicity to bladder cancer cells with different TP53 statuses. In the highest grade tumors (TP53 mutation status is level 3), silibinin induces global DNA hypomethylation. In low-grade tumor cells (wild type TP53 gene), silibinin downregulated expression of HDAC and HAT (188).

Like many flavonoids, silibinin also regulates noncoding RNAs. In the exploration of anti-breast cancer, Silibinin has been found to induce apoptosis by regulating microRNA. When MCF-7 cells were treated with silibinin, decreased expression of miR-21 and miR-155 was detected, and apoptosis occurred in a dose- and time-dependent manner. Shengxin analysis was used to predict the potential targets of two kinds of microRNAs, caspase-9 and bid. PCR results showed that expression of caspase-9 and bid were increased, which was consistent with the results of the dry and wet experiments (189).




Flavanols


EGCG

Tea is the second most commonly consumed beverage in the world after water and is particularly common in Asia. Catechins are flavanols, and they are the main functional components of tea, comprising various monomer structures among which EGCG is most prominent due to its regulatory effects on many aspects of human physiological and pathological processes. EGCG has neurotrophic, anticancer, and antifibrotic pharmacological activities and plays an important role in inhibiting oxidation and inflammation (190–192). Epigenetic regulation of cancer by EGCG alone or in combination with other compounds was described in many recent studies.

Sheng et al. examined methylation regulation of EGCG in breast cancer. The tumor suppressor gene SCUBE2 is frequently methylated and silenced in breast cancer, while EGCG has been reported to regulate the levels of methylation in the promoter region of various tumor-related genes. In this study, MDA-MB-231 and MCF-7 cell lines were treated with EGCG, and an MTT assay showed that growth of breast cancer cells was inhibited and the cell viability was significantly decreased; migration and invasion abilities of breast cancer cells were also inhibited. Regarding the underlying mechanism, EGCG reactivated SCUBE2 gene expression. Real-time PCR revealed that transcription of DNMT1, DNMT3a, and DNMT3b was downregulated, and the degree of DNA methylation was also reduced (15).

EGCG has been reported to reverse both DNA methylation and histone acetylation abnormalities to induce apoptosis in breast cancer cells and inhibit cancer development. When EGCG and sulforaphane (SFN) were used in a breast cancer-transformed cell system, cell viability decreased and apoptosis and cell cycle arrest were induced. EGCG decreased the activities of DNMT1 and HDAC1, and combined administration was more effective in regulating epigenetics. To further explore the regulation of epigenetic aberrations, histone H3 acetylation and DNA methylation levels were examined, and cotreatment with EGCG and SFN significantly promoted global acetylation of histone H3 in the breast cancer-transformed cell system. Cluster analysis and screening of methylation status using probes showed that the methylation status of tumor-related genes was changed to varying degrees. In addition, combined treatment inhibited oncogene Septin9 and promoted expression of the tumor suppressor gene DCBLD2. EGCG and/or SFN inhibited xenograft tumor growth in breast cancer mice, and the combined effect of the two drugs was stronger (193). This new dietary combination shows promising prospects for the prevention and treatment of breast cancer.

Deb et al. conducted experiments and proposed that green tea polyphenol (GTP) and its main active ingredient EGCG can remedy epigenetic disorders caused by abnormal expression of matrix metalloproteinase-3 (TIMP-3) in prostate cancer. GTP/EGCG decreased invasiveness and migration of prostate cancer cells and decreased the activity of matrix metalloproteinases (MMPs) such as MMP-2 and MMP-9. TIMP-3 was upregulated at a transcriptional and translational level, whereas acetylation of class-I HDAC, EZH2, and H3K9/18 and H3K27 trimethylation were downregulated; low expression of class-I HDAC and EZH2 was due to activation of TIMP-3. Deb et al. then used clinical samples for verification. After analyzing data of patients treated with EGCG, they found decreased expression of MMP-2, MMP-9, class-I HDAC, and EZH2, and TIMP-3 was upregulated, which was consistent with experimental results at a cellular level (16).

Zhao et al. reported that EGCG can regulate lncRNAs and miRNAs to reverse gastric cancer. When gastric cancer AGS and SGC7901 cell lines were treated with different doses of EGCG, growth of tumor cells was inhibited in a time- and dose-dependent manner. Bioinformatics showed that EGCG altered gene expression in gastric cancer cells and participated in the regulation of cell metastasis. Expression of LINC00511, which promotes tumor metastasis and proliferation, can be downregulated by EGCG, and miR-29b, as a downstream target of LINC00511, can be inhibited by this lncRNA, thus increasing expression of carcinogenesis-related KDM2A (a kind of KDM) (17). This study reflects epigenetic effects of EGCG on proliferation, metastasis, and invasion of gastric cancer, particularly regarding targeting of the LINC00511/miR-29b/KDM2A axis.

Multilevel epigenetic effects of EGCG on hematological tumors have also been examined. During acute promyelocytic leukemia (APL), GTP has been shown to inhibit cell proliferation and cause tumor cell apoptosis. Borutinskaitė et al. proposed that during the antitumor process, EGCG regulates expression of cell cycle-related genes, promotes expression of transcriptional regulatory protein families C/EBPα and C/EBPϵ, and upregulates PCAF and p27. RT-qPCR results showed that DNMT1, HDAC1, and HDAC2 were inhibited by EGCG, and G9A, which is related to H3K9me2 methylation, was also downregulated. Expression of genes related to PRC2 with HMT activity was inhibited at the protein level, and the binding effect of these genes with acetylated histone H4 and acetylated H3K14 is reduced, while in cell cycle-related genes such as C/EBPα and acetylated H3K14, the relationship between H4 and H4 has become closer (194). EGCG is not only used as a cell cycle blocker but also has an epigenetic remedy, and it has considerable potential for application in the treatment of APL.



Theaflavins

EGCG is a representative biologically active constituent of green tea, and theaflavins are natural flavonoids which are highly abundant in black tea where they are responsible for color and taste; moreover, these compounds are considered effective antioxidant and anticancer agents (195–197).In an enzyme inhibition test, theaflavins were identified as natural DNMT inhibitors. it inhibits DNMT1 by 65%, and the IC50 value of DNMT1 inhibition was 85.33 µM (198).

A different study found that theaflavins can reduce the activity of DNMT1 and DNMT3a and inhibit the proliferation of colon cancer cells HCT-116 and the progression of solid tumors induced by EAC in mice. The authors found that theaflavins can downregulate the activity of DNMT, both in vivo and in vitro. In addition, immunohistochemical analysis of mouse tumor tissues showed that theaflavins inhibited the expression of DNMT (199). This study demonstrates that theaflavins act as potential DNMT inhibitors in colorectal cancer.




Anthocyanidins

Anthocyanidins are natural water-soluble pigments belonging to the group of flavonols which are commonly found in plant petals and fruits. Because of their active biological activity and coloring function, they are commonly used in the production of food, drinks, and medicine. These flavonoids exert beneficial functions including vision-protective, antioxidative, antitumor, and anti-cardiovascular disease effects, and they can be used for preventing and treating type-2 diabetes and treating obesity (200–202). Due to the similarity of source and structure, different types of anthocyanidins show similar epigenetic effects in function.

In a report on the prevention of skin cancer, anthocyanidins were shown to modulate epigenetic activation of the NRF2-ARE pathway and inhibit carcinogenesis in JB6 P+ cells. Kuo et al. treated JB6 P+ cells with the anthocyanidin delphinidin and found that ARE-driven luciferase activity was markedly upregulated, Nrf2 and its downstream antioxidant and carcinogenic detoxion-related genes were upregulated, and Nrf2-ARE was activated. Kuo et al. further investigated epigenetic activity of anthocyanidins during skin cancer. Delphinidin not only demethylates the Nrf2 promoter, but also inhibits expression of DNMTs and HDACs (203).

A different study on skin cancer study discussed the epigenetic regulation of Nrf2-ARE by pelargonidin, which is a commonly studied anthocyanidin. Similar to delphinidin, pelargonidin promoted activation of the Nrf2-ARE signaling pathway, upregulated expression of the Nrf2 target gene, demethylated the Nrf2 promoter at an epigenetic level, and inhibited expression of DNMT and HDAC (204).

The activity of anthocyanidins that target miRNAs has also been examined. Black raspberry anthocyanins (BRB) inhibit growth of human colon cancer cells by upregulating miR-24-1-5p. BRB upregulated the expression of miR-24-1-5p in a human colorectal cancer cell line and downregulated β-catenin in an AOM/DSS-induced mouse model. In addition, the authors used bioinformatics to predict β-catenin as a target gene of miR-24-1-5p and confirmed this using RT-qPCR and western blotting. The results showed that miR-24-1-5p inhibited the expression of β-catenin. In cell experiments, miR-24-1-5p regulated the downstream target genes of the Wnt/β-catenin signaling pathway, and cyclinD1, c-Myc, and CDK4 were downregulated at the transcriptional and translational level (205). This study suggests that miR-24-1-5p may act as a regulator of the Wnt/β-catenin signaling pathway to inhibit colorectal cancer, which is one of the possible mechanisms of anthocyanin anticancer effects through epigenetic pathways.




Discussion


Epigenetics as a Link Between Flavonoids and Prevention and Treatment of Cancer

The epigenetic genome is affected by acquired factors, and natural compounds consumed by dietary and medicinal plants are involved in shaping the dynamic balance of epigenetic state (206, 207) (Figure 4). Natural compounds derived from natural medicines and foods which may act as epigenetic regulators to remedy adverse gene expression patterns have been accepted by the scientific community. Flavonoids are indispensable compounds in in human body, and their epigenetic effects may help counteract a variety of diseases.




Figure 4 | The epigenetic cascade network mediated by endogenous and exogenous factors interferes with tumorigenesis and progression by affecting gene expression.



Flavonoids show activity against various modifications in the multilevel epigenetic interaction network of cancer, from DNA histones to noncoding RNAs. Specifically, one kind of flavonoids can be involved in the remodeling of a variety of related enzymes or non-coding RNA in modifying one level of cancer epigenetic regulation. Also, one flavonoid compound can modify multi-level epigenetic network, playing a role in regulating DNA methylation, histone modification and regulating non-coding RNA, and at the same time up-regulate tumor suppressor genes and down-regulate oncogenes to interfere with the occurrence and progression of cancer (Figure 1). Remodeling of these epigenetic links eventually leads to the accumulation of changes in cell metabolism and self-renewal and ultimately results in the loss of tumor cell carcinogenicity (208–210).

Considering the heterogeneity of the population and the multi-target complexity of the epigenetic modification network, population-based clinical trials and observational studies have not yet shown sufficient clear links for flavonoids to target epigenetics. However, the success of in vivo and in vitro studies has fully demonstrated the driving force of flavonoids on epigenetics and has shown considerable therapeutic effects on different cancers (Table 2). This also encourages people to design more feasible solutions to search for the chain of evidence that these phytochemicals is effective in maintaining the human body’s epigenetic balance and disease prevention.


Table 2 | Epigenetic effects of flavonoids on different types of cancers in vitro and in vivo.





Current Challenges for Flavonoid-Targeted Epigenetic Antitumor Research and Development

Research on flavonoids is inspired by their biological effects, including, but not limited to, antioxidation, free-radical scavenging, cell cycle regulation, anti-estrogens affects, protein tyrosine kinase inhibition, and epigenetic activity (211–214). Plant compounds may exert a plethora of effects (215), which may, however, harbor some disadvantages (216, 217). Flavonoids produce anticancer effects through various mechanisms, and unspecific action may be problematic for potential drug administration. This is also a clinically important consideration regarding the use of phytochemicals (213, 218). In addition, the hierarchical interaction and reversibility of the epigenetic network suggests that when flavonoids modulate epigenetic modifications in multiple dimensions, they may cause deviations in efficacy and expected results, This is also a problem faced by other epigenetic drugs in the application (219, 220). However, based on a large number of experimental studies, we believe that flavonoids have beneficial preclinical benefits of regulating cancer epigenetics. Their broad biological activities, however, should not be a reason to dismiss flavonoids from disease research and treatment; instead, the underlying mechanisms warrant further research to exploit the inherent therapeutic potential.

Even though clinical flavonoid research focusing on tumor epigenetics has made considerable progress recently, current evidence for clinical application is still insufficient (218). A series of problems such as insufficient bioavailability currently prevent clinical application of various plant products including flavonoids. Fortunately, the academic community has begun to tackle this problem and has provided effective solutions such as combined administration with other plant compounds or anticancer drugs to improve anticancer efficacy and nano-drug carrier system to improve the pharmacokinetic characteristics of flavonoids. In addition, considering that dosages used in cell culture and animal models may not be physiological and may thus not be transferable to humans, determining the most effective dosage of flavonoids is a crucial part of basic and clinical research to effectively and safely exploit epigenetic antitumor effects of flavonoids (221).




Conclusions and Future Prospects

Dysfunctional epigenetics have been confirmed in various tumors in numerous studies. Flavonoids are important epigenetic regulators and are commonly consumed worldwide. In vivo and in vitro studies confirm that flavonoids can inhibit cancer by restoring dysfunctional epigenetics and intervening in DNA methylation, histone modification, and expression of noncoding RNA. Whether used alone or as an adjuvant therapy, flavonoids have shown significant efficacy. Despite many challenges, the application prospects of flavonoids are promising. Future research will provide further insights into the targeted epigenetic dimensional adjustment of flavonoids. More clinical trials are required to elucidate effects on cancer and the feasibility of clinical administration of flavonoids. 
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Glioma is the most common form of malignant brain cancer. It is very difficult to cure malignant glioma because of the presence of glioma stem cells, which are a barrier to cure, have high tumorigenesis, associated with drug resistance, and responsible for relapse by regulating stemness genes. In this study, our results demonstrated that anticarin β, a natural compound from Antiaris toxicaria, can effectively and selectively suppress proliferation and cause apoptosis in glioma cells, which has an IC50 that is 100 times lower than that in mouse normal neural stem cells. Importantly, cell sphere formation assay and real time-quantitative analysis reveal that anticarin β inhibits cancer stemness by modulating related stemness gene expression. Additionally, anticarin β induces DNA damage to regulate the oncogene expression of signal transducer and activator of transcription 3 (STAT3), Akt, mitogen-activated protein kinases (MAPKs), and eventually leading to apoptosis. Furthermore, anticarin β effectively inhibits glioma growth and prolongs the lifts pan of tumor-bearing mice without systemic toxicity in the orthotopic xenograft mice model. These results suggest that anticarin β is a promising candidate inhibitor for malignant glioma.
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Introduction

Glioma is the most common and lethal kind of brain tumor, accounting for about 50% of malignant brain tumors. The average survival time from diagnosis to death for glioma patients is less than 15 months, and the 5-year survival rate is about 4.7% (1–4). Subpopulations of cancer cells with high tumorigenic potential and unlimited self-renewal capacity, termed cancer stem cells, were found to have high stemness properties (5–7). It has been demonstrated that these stemness-high malignant cells have high tumorigenic potential, enhanced DNA repair capacity, and resistance to conventional chemotherapies and radiation. Moreover, standard chemotherapy and radiation have been found to induce stemness genes in cancer cells, converting stemness-low cancer cells to stemness-high cancer cells. These stemness cells are likely to survive after therapy and ultimately lead to disease recurrence (7–13). Therefore, developing novel effective therapies for precise targeting stemness-high glioma is urgently needed.

Anticarin β is a natural product isolated from the bark of Antiaris toxicaria. Anticarin β is a coumarin derivative with a special structure that has been reported previously (14). The coumarins are an important class of heterocyclic compounds with diverse pharmacological activities and outstanding optical properties. Precious studies have demonstrated that coumarin and its derivatives have a variety of biological activities, including anti-inflammatory, antibacterial, antiviral, and anti-cancer activities which are associated with apoptosis (15–20).

In our study, anticarin β showed attractive bioactive properties to glioma in vitro and in vivo including selectively inhibit proliferatively and stemness, induce glioma apoptotic and DNA damage, suppress the growth of glioma on mice tumor model. Our finding suggested anticarin β is a potential inhibitor for human glioma.



Materials And Methods


Purification and Characterization of Anticarin β

The powdered bark of Antiaris toxicaria was socked in EtOH and concentrated to give a crude extract after removal of the solvents. The crude extract was extracted successively with petroleum ether, dichloromethane, ethyl acetate, and n-butanol. The n-butanol phase extract exhibited a significant cytotoxic activity on glioma cells. We then performed column chromatography on the crude extract, using Macro-porous resin column, Medium Pressure Liquid Chromatography (MPLC), and High-Performance Liquid Chromatography (HPLC). The extract was divided into several peaks by C18 column according to absorbance at 365 nm (Figure 1A). Peak 15# (indicated by arrow) was further purified by a C18 reverse-phase (HPLC) (Figure 1B) column and identified by ESI-MS spectrum (Figure 1C), 1H NMR spectrum (DMSO, Figure 1D), and 13C DEPT NMR spectrum (DMSO, Figure 1E). The compound, anticarin β, is consistent with previous reports (14).




Figure 1 | Purification and characterization of anticarin β from Antiaris toxicaria. (A) Crude extract containing anticarin β was separated by a C18 column and absorbance at 365 nm was recorded. (B) Fractions containing anticarin β (indicated by arrow in A) was further purified by a C18 reverse phase (HPLC) column and the anticarin β was indicated by a red arrow. (C–E) Anticarin β was characterized by ESI-MS spectrum (C), 1H-NMR spectrum (DMSO, D), and 13C DEPT NMR spectrum (DMSO, E).





Cells and Culture

All human cell lines were obtained from the Conservation Genetics CAS Kunming Cell Bank (Kunming, Yunnan, China), which performs authentication on its cell lines. Human cell lines were cultured in DMEM/F12 supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37˚C and 5% CO2 in a humidified incubator.

Normal mouse neural stem cell line (mNSC) was obtained from Sigma-Aldrich (Darmstadt, Germany). Neural stem cells were cultured in glioma stem cell medium that consisted of DMEM/F12, 1 x B27, 50 ng/mL bFGF, and 50 ng/mL EGF supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin. Culture dishes were pre-coated with 10 µg/mL laminin for 8 h at 37˚C in a humidified incubator before neural stem cells were seeded and maintained at 37˚C in a humidified incubator with 5% CO2.



Morphological Observation

The morphology of 10 µM anticarin β-treated cell lines (U87-MG, T98G, and mNSC) at 24 h after treatment was examined and images were observed by phase-contrast microscopy (magnification, 40x).



MTS Assay

A total of 2 x 104 cell lines (U87-MG, T98G, and mNSC) in 150 µl per well were seeded into 96-well plates and treated with 50 µl anticarin β at 10 μM, 5 μM, 2.5 μM, 1.25 μM, 625 nM, 312.5 nM, 156.25 nM, 78.125 nM, 39.0625 nM, respectively. Cells treated with the same volume of phosphate buffer saline (PBS, 0.01 M) were used as normal control. All groups of cells were incubated for 24 h at 37˚C with 5% CO2 after treatment with anticarin β. MTS reagent was diluted 1:10 with fresh complete medium and added 100 μL per well. After incubating for 1 hour, the absorbance was measured at 490 nm. The inhibition of cells treated with anticarin β was compared with the control group and expressed as a percentage. The half-maximal inhibitory concentration (IC50) was calculated using GraphPad Prism 6.0 (GraphPad Software).



Colony Formation Analysis

Human glioma cells, U87-MG and T98G, were plated in 6-well plates (100 cells each well) and incubated for 7 days with treatments of anticarin β (0.5 μM). The control groups were treated with the same volume of PBS. The cells were then fixed with 4% formaldehyde for 20 min and stained with 0.25% crystal violet for 15 min. The number of colonies, defined as > 50 cells/colony, was counted and quantified. The data were analyzed using ImageJ.



Cell Sphere Formation Assay

3.2% soft agar was made by 0.4 g low gelling agar, mixed with 13 mL water, and sterilized by high-pressure steam sterilization. Then, 3.2% soft agar was diluted to 0.8% with medium and plated 1 mL per well in a 6-well plate as the bottom layer of agar. After colling at room temperature, 2 x 104 cells were mixed with 0.8% soft agar to 0.4% and plated 1 mL per well in a 6-well plate, cooled, and added 1 mL medium each well. The plate was cultured in a humidified incubator at 37˚C with 5% CO2 and the medium was supplemented every 3 days. After the clonal spheres had reached 20 µm, they were treated with 1 μM anticarin β or the same volume of PBS every 3 days. After two weeks, the clonal spheres were collected, washed, and fixed with 4% paraformaldehyde containing 0.005% crystal violet for 2 h at room temperature. Images were obtained and the clonal spheres were counted.



Transwell Migration and Invasion Assays

Cell migration and invasion abilities were detected via Transwell assay (8-μm filter). For the migration assay, 5 x 104 cells resuspended in 200 μL culture medium with treatments of anticarin β (0.5 μM) without FBS were inoculated into the top chambers, the control groups were treated with the same volume of PBS; the bottom chambers were supplemented with 500 μL medium supplemented with 10% FBS. After 48 h, the non-migrating cells were removed, and the cells migrating through the membrane were fixed with methanol for 30 min and stained with 0.1% crystal violet for 15 min. The migrating cells were counted and the data were analyzed using GraphPad Prism 6.0 (GraphPad Software). For the invasion assay, the same number of cells was seeded into the top chambers that were precoated with Matrigel solution (BD Diagnostics), and the following experimental steps were the same as the migration assay.



Cell Proliferation Assay

Cell proliferation assay was performed using EdU Cell Proliferation Kit with Alexa Fluor 594 (Beyotime, Shanghai, China) and following the protocol described by the manufacturer. Cells were seeded onto a 24-well plate with coverslips, with 1x105 cells/per well. Anticarin β (0.5 μM) was added and the control wells were treated with the same volume of PBS. Cells were treated for 12 h at 37˚C in a humidified incubator. Then, cells were treated with EdU (10 µM) for 2 h at 37˚C in a humidified incubator with 5% CO2. Following incubation, the cells were fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 in PBS containing 3% BSA (PBS - BSA) for 20 min. Then, the cells were immersed in Click reaction mixture for 30 min and in Hoechst 33324 (10 mg/mL; diluted 1:1,000 in PBS) for 10 min at room temperature protected from light. Before the observation, the cells were washed twice with PBS and mounted onto a glass slide. Images were obtained using a fluorescent microscope at the magnifications 20x.



Real Time-Quantitative Analysis

The total RNA extraction of cells was performed using Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 1 μg of total RNA was reverse transcribed using FastKing gDNA Dispelling RT SuperMix (Tiangen Biotech). The action was carried out at 42°C for 15 min and terminated by deactivation of the enzyme at 95°C for 5 min. PCR was conducted using EvaGreen 2X qPCR MasterMix (ABM, BC, Canada) in StepOne™ Real-Time PCR System (ThermoFish Scientific, MA, USA) using the manufacturer’s default settings for relative quantification of standard Ct. Baseline and threshold values were automatically detected using the StepOne™ Software v2.3 (ThermoFish Scientific, MA, USA) with default settings. Gene expression was calculated using the comparative ΔΔCT method with the housekeeping genes GAPDH for normalization. The primers used are provided as follows. Oct4: forward: 5’-TAG TCC CTT CGC AAG CCC T-3’, Reverse: 5’-CGA GAA GGC GAA ATC CGA AG-3’; Nanog: forward: 5’-CAA TGG TGT GAC GCA GGG AT-3’, Reverse: 5’-GGA CTG GAT GTT CTG GGT CTG-3’; Klf4: forward: 5’-ATG CTC ACC CCA CCT TCT TC-3’, Reverse: 5’-TTC TCA CCT GTG TGG GTT CG-3’; Sox2: forward: 5’-ACC AGC GCA TGG ACA GTT AC-3’, Reverse: 5’-CCG TTC ATG TAG GTC TGC GA-3’; Stat3: forward: 5’-ACC ATT GAC CTG CCG ATG TC-3’, Reverse: 5’-TAG GCG CCT CAG TCG TAT CT-3’; Cd133: forward: 5’-AGT CGG AAA CTG GCA GAT AGC-3’, Reverse: 5’-GGT AGT GTT GTA CTG GGC CAA T-3’; GAPDH: forward: 5’-GAA AGC CTG CCG GTG ACT AA-3’, Reverse: 5’-GCA TCA CCC GGA GGA GAA AT-3’.



Neutral Comet Assay

DNA damage was assessed by single-cell gel electrophoresis assay under neutral conditions as described (21). Human glioma cell lines U87-MG treated with anticarin β (1 μM) for 12 hours were suspend at 2 x 105 cells/mL in PBS. Combine the cell suspension with 1% molten low melting point agarose and immediately pipette it onto a slide. After placing slides at 4°C for 10 min, immerse slides in lysis solution overnight. Then, slides were immersed in freshly Neutral electrophoresis solution (pH = 9.0) for 30 min. Electrophoresis was carried out at the rate of 1.0 V/cm for 45 min at 4°C. After electrophoresis, the slides were immersed with DNA precipitation solution for 30 min and ice-cold 70% ethanol for 30 min. Subsequently, the slides were dried at room temperature, and DNA was stained with 50 μL of SYBR Green I dye [MCE, 1:10,000 in Tris-EDTA buffer (pH 7.4)] for 15 min and immediately analyzed using a fluorescence microscope. Data were analyzed using CometScore (TriTek, Sumerduck, VA).



Apoptosis Assay

Apoptosis assay was performed using GreenNuc™ Caspase-3 Assay Kit for Live Cells (Beyotime, Shanghai, China) and fluorescent terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay for tissue sections.

For cells, human glioma cell lines U87-MG (1 x 105 cells/well) were plated in a 6 cm glass-bottom dish. Cells were treated with 1 μM anticarin β for 24 h. Each dish was incubated with 5 μM GreenNuc™ Caspase-3 Substrate and Hoechst 33324 (10 mg/mL; diluted 1:1,000 in PBS) for 30 min in dark at room temperature. Before observing, the dishes were washed with PBS. Images were obtained using a fluorescent microscope at the magnification of 20x and 40x.

For tissue sections, Sections were de-paraffinized and rehydrated by incubation in a xylene and ethanol gradient. Antigen retrieval was performed in sodium citrate buffer (pH 6.0) at 95°C for 5 min. Tunel assay was performed using TUNEL FITC Apoptosis Detection Kit (Vazyme, Nanjing, China) according to the manufacturer’s protocol. The nuclei were counterstained with DAPI for 5 min. Images were obtained using a fluorescent microscope, and the staining was scored using ImageJ.



Western Blot Analysis

Human glioma cell lines U87-MG, treated with or without 1 μM anticarin β for a different time, and tumor tissues were collected and lysed in RIPA buffer (Sigma, St. Louis, MO), containing Protease Inhibitor Cocktail (MCE, Shanghai, China) and Phosphatase Inhibitor Cocktail II (MCE, Shanghai, China). Lysates were sonicated, clarified by centrifugation, and protein concentrations were measured using the BCA protein assay (Biosharp, Hefei, China). Proteins were separated on 10% acrylamide SDS–PAGE gels, transferred to PVDF membranes. After blocking, the membranes were incubated with primary antibodies at 4°C overnight and then incubated with secondary antibodies at room temperature for 1 h. The signal detection was performed using enhanced chemiluminescence ECL substrate (Bio-Rad, Hercules, USA). Band images were acquired using a LAS 4000 mini system (GE Healthcare, Little Chalfont, England). Each experiment was independently repeated in triplicate. The antibodies used as followed: Primary antibodies Phospho-p38 (Thr180/Tyr182) (4511, CST), p38 (8690, CST), phospho-Erk1/2 (Thr202/Tyr204) (9101, CST), Erk1/2 (4695, CST), phospho-JNK (Thr183/Tyr185) (9255, CST), JNK (9252, CST), phospho-Akt (Ser473) (4060, CST),Akt (pan)(4691, CST), p-STAT3 (Ser727) (9134, CST), STAT3 (12640, CST), E-cadherin (14472, CST), N-cadherin (13116, CST), β-catenin (8480, CST), vimentin (5741, CST), CD44 (5640, CST), Nanog (4903, CST), Sox2 (3579, CST), Oct4 (2840, CST), CD133 (64326, CST), Bcl-2 (15071, CST), Bax (89477, CST), clv-caspase3 (9661, CST), clv-PARP (5625, CST), GAPDH (97166, CST); secondary goat anti-mouse HRP-IgG (7076, CST) and goat anti-rabbit HRP-IgG (7074, CST) antibodies were used for immunoblotting.



Animal Experiment

Male NOD/SCID mice (5 weeks old, 15-18 g, N = 18) were purchased from Beijing Vital River Laboratory Animal Technology Company. Before the experiments, mice were performed to adapt to the environment for a week. A total of 18 male NOD/SCID mice were injected with 2 x 105 U87-MG cells in the right hippocampus. The injection position of each mouse was relatively consistent, and the injection depth was 3 mm. 3 days post-inject, the mice were randomly divided into three groups (6 mice per group). The intracranial administration of PBS or anticarin β (1 mg/kg) using Alzet Osmotic Pumps was started on animals each day, and the intragastric administration of temozolomide (TMZ, 50 mg/kg) was started on animals once. All mice were used in vivo research after death. The critical organs (heart, liver, spleen, lungs, and kidneys) and brains were harvested. The brain is divided into two parts according to the location of injection, and the tumor area was measured. Half of tissues were formalin-fixed, cut into small pieces, paraffin-embedded, sectioned, and stained with haematoxylin & eosin (H&E) or antibodies. The effect of anticarin β was evaluated on specimens in at least three different sections. Half of tissues were frozen at -80°C for other experiments.



Cell Detection

Flow cytometry was used to analyze the percentage of cancer stem cells in T98G and U87-MG. Tumor cells were collected, rinsed, and fixed in 4% polyoxymethylene for 30 min. Then, cells were incubated with anti-CD44 antibodies for 60 min at room temperature in the dark. After washing with PBS, cells were incubated with FITC-labled secondary antibodies for 60 min at room temperature in the dark. The cells were resuspended in PBS and analyzed using an LSRFortessa flow cytometer (BD, San Jose, CA, USA). The data were analyzed using FlowJo software (Beckman Coulter). Each experiment was carried out in triplicates.



Statistical Analysis

The quantitative data are represented as the mean ± s.d. of triplicate experiments. The difference between two groups was compared with Student’s t-test. Ordinary one-way ANOVA with multiple comparisons tests was used for examining differences among multiple groups. The overall survival of mice was analyzed by the Kaplan-Meier method and compared with the Log-rank test. All statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software), and p-values were calculated, significance is represented as follows, * (P < 0.05), ** (P < 0.01), and *** (P < 0.001).




Results


Anticarin β Selectively Inhibits the Proliferation of Human Glioma Cells

A function-based purification strategy was guided the potential anti-glioma compound identification in Antiaris toxicaria. Anticarin β was purified and characterized (Figure 1). The structure of anticarin β was established as 4’-β-glucosyl-khellactone, angular dihydropyrano- coumarin, shown in Figure 2A. Then, the proliferation-inhibiting efficacy of anticarin β against human glioma cells (U87-MG and T98G) and normal mouse neural stem cells (mNSCs) was evaluated. Anticarin β effectively inhibited the proliferation of glioma cells with concentration-dependent manner and no significant cytotoxicity was observed in normal mouse neural stem cells (Figure 2B). Anticarin β effectively inhibits human glioma cells (U87-MG and T98G) with half-maximal inhibitory concentration (IC50) ~1.01 ± 0.10 and 1.20 ± 0.11 μM at 24 h, respectively. For the mNSCs, the IC50 value was more than 500 μM. Furthermore, the colony formation assay was performed to determine the effect of anticarin β on cell proliferative potential of human glioma cells. The colonies formed after anticarin β treatment was reduced 25% in U87-MG and 35% in T98G compare with the control (Figure 2C). As shown in Figure 2D, EdU-positive proliferative cells decreased by more than 70% in cells treated with anticarin β compared with PBS group. Anticarin β had no significant inhibitory effect on proliferation in mNSCs (Figure S1A). This result indicated that anticarin β could suppress proliferation by reducing DNA synthesis. Additionally, transwell cell migration, matrigel invasion assay, and western blot analysis showed that the treatment of anticarin β can suppress cell migration and invasion in both human glioma cell lines U87-MG and T98G compared to control (Figures 2E–G), and has no effects on migration and invasion in mNSC (Figures S1B, C). These results above illustrated that anticarin β selectively inhibit the human glioma cells and has no toxic to normal neural stem cells, suggesting anticarin β may targeting tumor-specific pathways.




Figure 2 | Anticarin β inhibits the proliferation of human glioma cells. (A) The chemical structure of anticarin β. (B) Morphological changes and dose-dependent cytotoxicity on human glioma cell lines (U87-MG and T98G). Cells were treated with 0-10 μM anticarin β for 24h and then observed by phase-contrast microscopy. Cell viability was calculated using MTS analysis. (C) The colony formation results of U87-MG and T98G after treatments of anticarin β (0.5 μM) for 7 days were exhibited. (D) The number of proliferative cells labeled by EdU (red) and cell nucleus labeled by Hoechst 33324 (blue) was different between anticarin β (0.5 μM, 12 hours) and PBS group in U87-MG and T98G. Scale bar, 200 μm. (E) Migration and (F) invasion ability of human glioma cell lines U87-MG and T98G treated with anticarin β (0.5 μM) for 48 hours were measured with transwell migration assay and transwell invasion assay. (G) Western blotting analysis of E-cadherin, N-cadherin, β-catenin, vimentin in T98G and U87-MG treated with or without anticarin β (0.5 μM). Data are presented as mean ± s.d. of three independent experiments conducted in duplicate, ***P < 0.001 versus the control group.





Anticarin β Inhibits the Stemness of Human Glioma Cells

The stemness of cancer plays an essential role in tumorigenic, drug resistance, and relapse. The stem cells contain self-renewal capacity and give rise to the various cell lineages that comprise the tumor; they have been postulated as responsible for recurrence, and drug resistance of glioma (5). Thus, here we attempted to explore the effects of anticarin β on the stemness of glioma. CD44 have been identified as cancer stem cell markers for isolating and enriching cancer stem cells (22). Flow cytometric analysis showed that the high expression of CD44 in T98G and U87-MG. These results indicated that the high percentage of cancer stem cells in the T98G and U87-MG (Figure S2A). We examined whether anticarin β affects the self-renewal of glioma through cell sphere formation assay. U87-MG and T98G were treated with 1 μM anticarin β, clonal spheres were damaged, and the number of clonal spheres decreased dramatically compared with control (Figure 3A). Further, the expression of several stemness-associated factors and markers was examined in U87-MG with anticarin β (1 μM) for the different times by RT-qPCR analysis and Western Blotting analysis (Figures 3B, C). The treatment of U87-MG with anticarin β significantly decreased mRNA expression of many stemness factors and markers, including Nanog, Oct4, Sox2, Cd133, and Stat3. The protein expression of CD44, CD133, Nanog, Oct4, Sox2, and p-STAT3(Tyr705) was suppressed by anticarin β treatment for increasing time. Taken together, these results demonstrate that anticarin β destroy the self-renewal capacity of glioma cancer stem cells.




Figure 3 | Anticarin β inhibits the stemness of human glioma cells. (A) Human glioma cell lines U87-MG and T98G clonal sphere morphology were damaged following treatment with anticarin β (1 μM). Cells sphere formation was stained with 4% paraformaldehyde and 0.005% crystal violet for 2 hours. The quantitative data of the number of clonal spheres were shown. (B) The mRNA expression of the stemness-related genes was measured in U87-MG cells with anticarin β (1 μM) for different times using RT-qPCR analysis. (C) The expression of the stemness-related proteins and CD44 was detected by Western Blotting in U87-MG cells after treated with anticarin β (1 μM) for different times. Data are presented as mean ± s.d. of three independent experiments conducted in duplicate, *P < 0.05 and ***P < 0.001 versus the control group.





Anticarin β Induces Apoptosis and DNA Damage in Human Glioma Cells

In cancer therapies, DNA damage is a countermeasure to control cancer cell fate, death, or survival, to limit cancer progression. Upon DNA damage, cells initiate several response pathways to activate DNA repair or apoptosis (23). Previous experiments have shown that anticarin β can suppress DNA synthesis. For this reason, to further explore the mechanism of anticarin β’s cytotoxicity, we performed Comet Assay to assess DNA damage. Anticarin β treatment could lead to obvious DNA damage (Figure 4A). Then, the caspase3 probe fluorescence analysis indicated that anticarin β (1 μM, 24 h) induced caspase-3 activation in human glioma cells and suppressing glioma cell growth (Figure 4B). This data indicated that anticarin β-induced cell death was, at least partly, associated with apoptosis induction.




Figure 4 | Anticarin β induces apoptosis by DNA damage in human glioma cells. (A) The DNA damage in human glioma cell lines U87-MG treated with anticarin β (1 μM) for 12 hours was measured using the neutral comet assay. Scale bar, 1000 μm. (B) U87-MG and T98G cells were treated with anticarin β (1 μM) or PBS for 24 hours, followed by fluorescence analysis of caspase 3 probe (green) and Hoechst 33324 (blue). Scale bar, 100 μm. (C, D) Western blotting analysis showed the time-dependent effects of anticarin β (1 μM) in U87-MG cells on Akt, MAPKs signal pathways, and apoptotic-related proteins. Data are presented as mean ± s.d. of three independent experiments conducted in duplicate, ***P < 0.001 versus the control group.



To further explore the underlying molecular mechanism, western blot analysis was used to investigate signaling pathways. Akt, p38, extracellular-signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), Bax, B-cell lymphoma-2 (Bcl-2), caspase3, and PARP both play important roles in regulating cancer cell proliferation and apoptosis (24, 25). Therefore, related proteins were examined in anticarin β-treated U87-MG cells by Western blotting (Figures 4C, D). Anticarin β treatment caused activation of p-p38 (Thr180/Tyr182), Bax, caspase3, and PARP. p-JNK (Thr183/Tyr18), and p-ERK1/2 (Thr202/Tyr204) were activated from 3 to 12 h then decreased. p-Akt (Ser473), and Bcl-2 was suppressed. These results elucidated that anticarin β inhibits cell growth and induces apoptosis in U87-MG cells via affecting Akt, MAPKs pathways, and apoptotic-related proteins.



Anticarin β Inhibits the Glioma Growth in Orthotopic Xenograft Mice Model

We next tested whether anticarin β can suppress glioma growth in vivo using an orthotopic xenograft NOD/SCID mice tumor model. Human glioma cell line U87-MG (2 x 105) was injected into the right hippocampus of mice. Mice were randomly divided into 3 groups (negative group (PBS), positive group (temozolomide, the most commonly used alkylating agent in glioma chemotherapy), and anticarin β group. Consistent with our in vitro results, anticarin β significantly suppressed the growth of glioma cells (Figures 5A, B). Mice weight has no significant change until ~23 days after glioma cell injected, and the survival of tumor-bearing mice has been prolonged in anticarin β group (Figure 5C, D). There was no obvious toxicity in the major organs of mice treated with anticarin β (Figure S3A). Tumor samples were collected, and western blot analysis showed that the expression of stemness-related proteins and apoptosis proteins in vivo was similar to that in vitro. In anticarin β-treated tumor tissues, CD44, CD133, Nanog, Oct4, Sox2, p-STAT3 were suppressed, and caspase3, PARP was activated (Figure 5E). Furthermore, Nanog and phosphorylated STAT3 in anticarin β-treated tumor tissues were decreased by immunofluorescent stain (Figure 5F). TUNEL staining confirmed a higher percentage of apoptotic cells in brain tumors treated with anticarin β than PBS (Figure 5G). Our data suggested that anticarin β block tumorigenesis, prolong overall survival duration, and has no obvious systemic toxicity in vivo, thus highlighting the potential of anticarin β to develop an inhibitor for glioma in the future.




Figure 5 | Anticarin β inhibits the tumor growth of the human glioma orthotopic xenograft in vivo. U87-MG (2 x 105) cells were inoculated in the right hippocampus of NOD/SCID mice. 3 days post inject, the intracranial administration of PBS or anticarin β (1 mg/kg) using Alzet Osmotic Pumps was started on animals each day, and the intragastric administration of temozolomide (TMZ) (50 mg/kg) was started on animals once. All mice were used in vivo research after death. The tumor area was measured by brain sections, tumor areas are highlighted in black circles on the brain sections (A, B), and the comparison of weight and Kaplan-Meier curves among each group is presented (C, D). (E) Tumor samples were collected, and protein was extracted for western blot analysis. Stemness-related proteins and apoptosis proteins were detected, with GAPDH used as control. (F) Tumors were subjected to immunofluorescent stain and the level of Nanog and p-STAT3 was evaluated. Cells were stained for the DAPI (blue), Nanog (red), p-STAT3 (red). Scale bar, 100 μm. (G) Tumors were subjected to TUNEL assay and the percentage of TUNEL-positive cells were calculated. Data represent mean ± s.d. N = 6. ***P < 0.001 versus the Control group.






Discussion

The current standard therapeutic strategy for glioma is mainly relied on surgical treatment, followed by radiotherapy and chemotherapy. The limitations of surgical treatment make it impossible to completely remove tumors, and glioma cells are often tolerant to chemotherapy and radiotherapy. The prognosis for patients is still poor with a low five-year survival rate (1–4). Preciously, some novel strategies of therapy have been investigated. Many chemotherapeutic agents isolated from natural plants are served as the effective drug of cancer cells (13, 26–28).

Anticarin β, a coumarin derivative isolated from the bark of Antiaris toxicaria Lesch, has been reported to have potential anticancer activities (14). However, the molecular mechanisms underlying anticarin β-mediated suppression of tumors remain poorly understood. In this study, we determined the anticancer effector and associated mechanisms of anticarin β on human glioma cell lines in vitro. With the concentrations used in our study, anticarin β effectively suppressed the proliferation of human glioma cell lines (U87-MG and T98G) in a dose-dependent manner and showed no significant cytotoxicity to mouse neural stem cells. Additionally, our study indicated that anticarin β could suppress the migration, invasion, and proliferation of human glioma. In vivo, anticarin β had no obvious systemic toxicity, dramatically reduced tumor growth, and prolong overall survival duration. However, as for its specific adverse effects on mice, further study is still necessary for the future.

Stemness, initially defined by the expression of stem cell genes, is a property shared by embryonic stem cells and adult stem cells (7, 29). Glioma stem cell markers differentially expressed on glioma stem cells and functionally associated with the maintenance of glioma stem cells are ideal targets for glioma stem cells (6, 30). CD133, one of the earliest stem-cell surface markers, is essential for glioma stem cell maintenance and neurosphere formation. It is also an indicator of resistance to conventional therapy (31). CD44 is cancer stem cell marker and critical player in regulating self-renewal, tumor initiation, metastasis, and chemoradio-resistance (22). Some transcriptional factors with well-recognized functions in embryonic development, such as Nanog, Oct4, Sox2, STAT3, have been identified as oncogenic drivers which can affect the fate of glioma stem cells and regulation of glioma development (32). In addition to different gene expressions, stemness can be measured by a cell’s ability to form spheres (33). In our study, we found that anticarin β inhibits clonal spheres forming in human glioma cells and reduces the expression of stemness-related markers, such as Nanog, Oct4, Sox2, CD133, STAT3, and CD44. Besides, anticarin β suppresses stemness-related protein expression in tumor model. These data indicated that anticarin β could inhibit cancer stemness by modulating the expression of several stemness-related genes.

Apoptosis is modulated by death receptors and death factors, to control cell proliferation and a reaction to cell injury. Tumorigenesis includes the occurrence of an imbalance between cell proliferation and apoptotic cell death, leading to the escape of apoptosis and over-proliferation. DNA damage can result in genomic instability, apoptosis, cell cycle checkpoint alteration, or postmitotic death (1, 34, 35). Signaling through MAPKs, Akt, STAT3 are known to play important role in various cell functions in gliomas, such as cell proliferation, angiogenesis, apoptosis, inflammation, oncogenesis, and differentiation (25, 36–43). Previous studies have shown that STAT3 promotes cell proliferation and inhibits apoptosis by increasing the expression of oncogenes, including survivin, c-Myc, Bcl-2 (44). The pro- or anti- apoptotic effects of MAPK activation depend on the duration of the signal. Persistent activation of JNK, p38, and ERK1/2 induce apoptosis (24, 25, 45, 46). In this study, our data demonstrated that anticarin β can induce DNA damage and apoptosis in human glioma cells. Western blotting results showed that anticarin β decreased the levels of Bcl-2, and increased the levels of Bax, clv-capase3, and clv-PARP, which indicated apoptosis-induced. Besides, anticarin β significantly decreased the phosphorylation levels of Akt, STAT3, and cause prolonged JNK, p38, ERK1/2 activation. These results demonstrated that the functional importance of the Akt, STAT3, and MAPKs pathways in anticarin β-induced DNA damage and apoptosis in human glioma cells.

In conclusion, our findings above suggested that anticarin β effectively and selectively suppress the growth, proliferation, and stemness of human glioma cells by inducing apoptosis and DNA damage, which likely through modulation of STAT3, Akt, MAPKs pathways, and apoptotic-related proteins. In the human glioma orthotopic xenograft models, administration of anticarin β exhibited obvious anti-cancer activity. Furthermore, anticarin β with low cytotoxicity has the potential to be a promising compound to prevent human glioma tumorigenesis. The anti-tumor effect of anticarin β against glioma could be combined with other FDA-approved DNA-damaging anti-cancer drugs in future studies.
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Objectives: Cancer is well-known as a collection of diseases of uncontrolled proliferation of cells caused by mutated genes which are generated by external or internal factors. As the mechanisms of cancer have been constantly revealed, including cell cycle, proliferation, apoptosis and so on, a series of new emerging anti-cancer drugs acting on each stage have also been developed. It is worth noting that natural products are one of the important sources for the development of anti-cancer drugs. To the best of our knowledge, there is not any database summarizing the relationships between natural products, compounds, molecular mechanisms, and cancer types.
Materials and methods: Based upon published literatures and other sources, we have constructed an anti-cancer natural product database (ACNPD) (http://www.acnpd-fu.com/). The database currently contains 521 compounds, which specifically refer to natural compounds derived from traditional Chinese medicine plants (derivatives are not considered herein). And, it includes 1,593 molecular mechanisms/signaling pathways, covering 10 common cancer types, such as breast cancer, lung cancer and cervical cancer.
Results: Integrating existing data sources, we have obtained a large amount of information on natural anti-cancer products, including herbal sources, regulatory targets and signaling pathways. ACNPD is a valuable online resource that illustrates the complex pharmacological relationship between natural products and human cancers.
Conclusion: In summary, ACNPD is crucial for better understanding of the relationships between traditional Chinese medicine (TCM) and cancer, which is not only conducive to expand the influence of TCM, but help to find more new anti-cancer drugs in the future.
Keywords: ACNPD, natural products, pharmacological mechanism, database, cancer
INTRODUCTION
Cancer, with the continuously increasing morbidity and mortality, is the second most deadly disease in the world, which seriously threaten people’s life and health. (Fidler et al., 2017). At present, continuous proliferation, invasion and metastasis, angiogenesis and apoptosis resistance have been founded to be closely related to the occurrence and development of cancer (Hisano and Hla, 2019; Wimmer et al., 2020). For example, tumor metastasis is a common process in the development of malignant tumors, in which cancer cells undergo the invasion–metastasis cascade, including five main steps: leaving the primary lesion, passing through blood vessels, spreading through blood circulation and lymphatic circulation, or directly spreading through body cavity, continuing to proliferate and grow in other parts, and eventually forming colonization at a remote site of the body (Mittal, 2018). In this process, occurred autophagy and apoptosis inhibition may equip cancer cells with enhanced ability to divide and proliferate (Dower et al., 2018). In addition, abnormal metabolic and immune escape, as well as changes in the tumor microenvironment, are also considered to be crucial hallmarks of cancer (McGranahan et al., 2017; Counihan et al., 2018; Hinshaw and Shevde, 2019). Currently, many kinds of clinical treatments, including surgery, chemotherapy, radiotherapy, immunotherapy and gene therapy have been applied to treat cancer. (Fesnak et al., 2016; Chen and Mellman, 2017; Chen et al., 2019). However, the limited application scope and severe side effects restrain of above methods make the use of anticancer drugs crucial in treating cancer.
Notably, natural products (referring to natural compounds derived from Traditional Chinese Medicine (TCM) plants and derivatives are not considered herein) constitute an important source of anti-cancer drugs, and about 50% of the anti-cancer drugs currently in use are directly or indirectly derived from natural products, including flavonoids, alkaloids and terpenoids and others (Mondal et al., 2019; Deng et al., 2020; Kopustinskiene et al., 2020). Over the past two decades, a large number of natural anti-cancer products have been extracted, isolated and purified from Chinese herbal medicines. For example, paclitaxel, extracted from the bark of Taxus chinensis, is recognized as one of the most potent and broad-spectrum anti-cancer drugs especially for advanced, metastatic ovarian cancer, breast cancer, lung cancer (Abu Samaan et al., 2019; de Goeje et al., 2019; Zhu and Chen, 2019; Lau et al., 2020). Recently, accumulating evidences have shown that compounds derived from natural products could regulate various targets and signaling pathways and displayed great therapeutic potential in cancer. Curcumin, a polyphenolic compound mainly extracted from Curcuma longa, Curcuma zedoaria and Acorus calamus L., has been shown to induce autophagy through 5'AMP-activated protein kinase (AMPK) activation, resulting in the degradation of Akt, thereby inhibiting cell proliferation and migration of human breast cancer MDA-MB-231 cells (Guan et al., 2016). Additionally, curcumin induces apoptosis and autophagy in human non-small cell lung cancer A549 cells by inhibiting the phosphatidylinositol 3 kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway (Liu et al., 2018). Berberine, an isoquinoline alkaloid, induces autophagic cell death in cancer cells by increasing the level of Glucose regulated protein 78 (GRP78) and enhancing its ability to bind to vacuolar protein sorting 34(VPS34) (La et al., 2017). Berberine also inhibits the epithelial mesenchymal transformation of mouse melanoma B16 cells through PI3K/Akt pathway (Kou et al., 2016). Moreover, ursolic acid, isolated from Spreng (bearberry), Rhododendron hymenanthes Makino, Eriobotrya japonica, etc., plays an anti-cancer role in human ovarian cancer cells through apoptosis induction, cell cycle arrest and down-regulation of PI3K/AKT pathway, which is mediated by reactive oxygen species (Ros) and matrix metalloprotein (MMP). Interestingly, monomer compounds isolated from natural products can also be used as lead compounds for the synthesis of anticancer drugs. Through structural modification, they eventually play an important role in the treatment of many malignant tumors such as breast cancer, cervical cancer and leukemia, and greatly promote the development of new candidate drugs. (Rodrigues et al., 2016; Spradlin et al., 2019; Wang et al., 2019; Patel et al., 2020).
Currently, a few traditional Chinese medicine web servers are available online to facilitate resource search, such as and Traditional Chinese Medicine database (TCM-database) and Traditional Chinese Medicine Systems Pharmacology database and Analysis Platform (TCMSP). However, few databases of natural anti-cancer products have been constructed, and the existing databases only constitute the framework of active ingredient-targets-disease, while no databases holds a systematic summary of the specific mechanism of natural products against cancer. (Zhang et al., 2019). Thus, we have constructed an online database, ACNPD, focusing on the information of compounds (referring to natural compounds derived from Traditional Chinese Medicine (TCM) plants) and their pharmacological mechanisms. ACNPD is expected to help deepen the understanding of the intricate molecular mechanism of natural products in treating cancer, with a view to providing new clues for the development of anticancer drugs.
MATERIALS AND METHODS
Data Collection and Integration
ACNPD is a collection of anti-cancer compounds in traditional Chinese herbal medicine, which can be divided into chemical and pharmacological parts, especially focusing on the anti-cancer molecular mechanism of natural products. Markedly, considering the variety and complexity of natural products, the pharmacological mechanisms of the compounds in the database are supported not only by systematic in vivo and in vitro studies, such as targets, signaling pathways, validation of animal models, etc., essential in vitro cytotoxicity tests are also included. These information and data come from the related network database and the text mining of the published articles. The names of natural products, IUPAC names, SMILES and CAS numbers were obtained primarily by PubChem (https://pubchem.ncbi.nlm.nih.gov/) and supplemented and verified by ChemicalBook (https://www.chemicalbook.com/) and Reaxys (http://new.reaxys.com). The TCMSP database (http://tcmspw.com/tcmsp.php), the Chemical composition database of natural products in China (pharmdata.ncmi.cn/cnpc/) are used to search and collect herbal sources of natural anticancer products. We retrieved and sorted the pharmacological information of the compounds from a series of databases such as PubMed, SciFinder and Web of Science, and finally integrated them into six categories: inhibition of proliferation, promotion of apoptosis, autophagy, necrosis, inhibition of invasion and molecular mechanism. In brief, ACNPD is a comprehensive, high-quality, freely available database of natural products against cancer (Table 1).
TABLE 1 | Data source.
[image: Table 1]Web Server Generation
ACNPD builds Apache network server (version 2.4, The Apache Software Foundation, Wakefield, MA, United States) based on Linux operating system, PHP (Versions 7.1, Zend Technologies, Cupertino, CA, United States) scripting language for MySQL (version 5.1.48-log, Oracle Corporation, Redwood Shores, CA, United States). As the background system of ACNPD database, the system or software used is not only free and open source, but also has good stability and high security. The database interface is built on Web technology, Including CSS (Cascading Style Sheets), HTML (Hypertext Markup Language) and JavaScript (Oracle Corporation, Redwood Shores, CA, United States). Adopt Web server technology to develop and serve Web applications. Currently, the ACNPD database supports retrieval by all major Web browsers.
Web Server Construction and Structure
The integrated anti-cancer natural product data is composed of two main EXCEL tables, which are basic chemical information and pharmacological mechanism, respectively. Name, IUPAC Name, SMILES, CAS number, and Herb source of each compound are included in chemical information. The IUPAC Name is the Name of the International Union of Pure and Applied Chemistry, standardizing the names of all compounds in order to convert them into structural formulas corresponding to natural products. Importantly, information about pharmacological mechanism is the focus of our work, which is classified into six categories, including inhibition of proliferation, induction of apoptosis, autophagy, necrosis, inhibition of invasion. The above data and information are obtained from the network database and text retrieval, with guaranteed accuracy. Of note, the two datasheets can be interchanged by hyperlinking to meet different retrieval needs of users.
RESULTS
The Extracted Information of ACNPD
ACNPD brings together the chemical information and pharmacological mechanism of anti-cancer natural products to elucidate the intricate relationship between anticancer active compounds in herbs and cancers (Figure 1). Interestingly, we searched related literatures in PubMed, SciFinder and Web of science by text-mining, and classified the pharmacological contents in detail, focusing on the related target proteins and pathways. By contrast, given the large number of existing databases of compounds, such as PubChem, ChemicalBook and others, the chemical information of natural products in ACNPD provides only basic information, including the IUPAC Name, SMILES, CAS number, and herbal source. Hitherto, a wide variety of cancers have been uncovered. Focusing on the statistical data published by the World Health Organization's International Agency for Research on Cancer (IARC), considering morbidity and mortality, the final 10 cancer types were determined to be included in ACNPD, such as breast, cervical, ovarian, lung, gastric, liver, colorectal, prostate, leukemia, and melanoma. In addition, the 13 common cancers provided by The Cancer Genome Atlas (TCGA) database and the literature search results were also included as a reference condition (Supplementary Table S1) (Figure 2). Currently, the database contains 521 compounds and most of them show anti-cancer activity against a variety of cancers. For example, berberine, an alkaloid that isolated from herbs such as Achyranthis Bidentatae radix; chelidonii herba; Coptidis Rhizoma, etc., displays activity against 10 cancer cells mentioned above (Zhao et al., 2017; Mohammadlou et al., 2021). Studies have shown that berberine inhibits proliferation of colon cancer cells by inhibiting the Wnt/β-catenin signaling pathway (Wu et al., 2012). In another study, Berberine was found to inhibit TNF-α-induced matrix metalloprotein 9 (MMP-9) and cell invasion through inhibiting activating protein-1 (AP-1) in MDA-MB-231 human breast cancer cells (Kim et al., 2008). Additionally, 153 compounds such as Licoricidin, Limonin and Wogonin have been found to have anti-cancer effects by affecting the corresponding signaling pathways, mainly involving the Signal Transducer and Activator of Transcription 3 (STAT3) signaling pathway, PI3K/Akt/mTOR signaling, Wnt/β-catenin signaling pathway (Rasul et al., 2012; Ji et al., 2017; Chen et al., 2018). Compounds in ACNPD were subdivided into five categories according to different pharmacological mechanisms, among which 262 compound induced programmed cell death and 109 compound inhibited cell invasion.
[image: Figure 1]FIGURE 1 | Database structure. ACNPD is composed of compounds, traditional Chinese medicine sources, cancer types, and regulatory mechanisms. The relationship between the four key modules in ACNPD are described. Notably, the yellow triangle area represents the basic chemical information and the green triangle area represents the pharmacological mechanism contents.
[image: Figure 2]FIGURE 2 | Classification of compounds in the ACNPD. (A) Classified by cancer types: 521 compounds derived from natural products were involved in 10 cancer types and percentages, including: Breast, cervical, ovarian, lung, gastric, liver, colorectal, prostate, leukemia and melanoma. (B) Classified by pharmacological mechanisms: all compounds are classified into five groups according to text retrieval: proliferation inhibition, apoptosis, autophagy, necrosis, invasion inhibition. Note: Groups are marked with different colors. The percentage of compounds contained in each group is shown in the pie chart.
Database Query
We built a friendly web interface that allows users to easily search across multiple browsers. Users can obtain the desired results through fuzzy search as follows: 1. Enter the type of cancer (currently limited to the 10 mentioned above), and the results page displays the relevant natural product items with the links to access the basic chemical information and pharmacological mechanism. For example, users can query 164 compounds with anti-breast cancer activity by entering breast cancer. Click the desired compound arbitrarily, and the corresponding database number, Herb source, pharmacological activity and other information will be displayed. 2. Users can use ACNPD to query the mechanism information of natural products. For example, by entering the name of a compound or CAS number, users can obtain the corresponding anticancer mechanism of this compound and intuitively know whether the natural product can inhibit proliferation, inhibit invasion, and whether it is related to autophagy. The relevant content can be verified by the references we provide for more detailed information. (Figure 3).
[image: Figure 3]FIGURE 3 | Interface of ACNPD website. Users can search the database in two ways and query the detailed information through a link. For example, users can query not only by entering a cancer type name (such as Breast cancer) as a keyword, but also by entering the name of a compound from a natural product for field retrieval (e.g., arctigenin). (A) Query Home Page; (B) Breast cancer Search Result; (C) Search Result of Compound Arctigenin; (D) Submit Interface.
DISCUSSION
Cancer, also known as malignant tumor, is characterized by cells with abnormal proliferation, which is caused by mutated genes generated by external and internal factors. Hitherto, malignant tumors have been threatening human health in modern society. Recently, with the continuous upgrading of tumor biology and the emergence of drug problems such as anti-cancer drug resistance in clinical use, it is urgent to develop novel anti-cancer drugs. Notably, natural products, with their potent anti-cancer effectiveness and abundant resources, have become the top priority of anti-cancer drug research and development.
Accumulating evidence has indicated that small-molecule compounds derived from natural plant products inhibit cell proliferation, metastasis, and invasion, regulate cell cycle, and induce cell apoptosis in various types of cancer through different targets and signaling pathways. For example, a large group of natural products, flavonoids, display pro-apoptosis effect, with Genistein, which acts on the p53 non-apoptotic pathway, and quercetin, which acts on the cytochrome C pathway. (Safarzadeh et al., 2014; George et al., 2018). Resveratrol inhibits the metastasis of cancer cells by down-regulating the expression of MMP-2, 9 by inhibiting the c-Jun N-terminal kinase (JNK) pathway (Bae et al., 2017). Quercetin, shikonin, and nobiletin are also demonstrated to inhibit cancer metastasis through suppressing MMP. (Jang et al., 2014). In addition, many compounds, including evodiamine, oridonin and jaceosidin, act on the PI3K/Akt pathway, which is a common inflammatory and cancer transformation pathway. Phosphorylation of its substrate GSK-3β can inhibit the translocation of Bax and the degradation of Bcl-2, leading to apoptosis inhibition of cancer cells (Mohan et al., 2016; Woo and Kwon, 2016). Arctigenin, a lignanolids isolated from Arctium lappa L. inhibits the angiogenesis through downregulating MMP-2, MMP-9 and heparinase (Lou et al., 2017). In recent years, emerging research suggested that the number and diversity of therapeutic targets in cancer far exceeds the oncogenes identified so far, expanding the understanding of cancer biology and corresponding therapeutic strategies (Hahn et al., 2021). In addition to traditional anti-cancer targets, natural products have also been found to act on several emerging targets, including targeted inhibition of histone deacetylase (HDAC), targeted inhibition of heat shock protein HSP90, targeted glycolysis, and others (Palermo et al., 2005; Yoon and Eom, 2016). Although natural products have unique anti-cancer properties, there is a lag in the construction of relevant mechanism databases, thus, the development of ACNPD has broad application prospects and far-reaching practical significance.
Importantly, ACNPD is an online webserver that provides users with the pharmacological mechanisms of natural anti-cancer products. The database contains 10 common cancer types, 521 compounds, 131 pharmacological pathways, including PI3K/Akt, STAT3, PI3K/Akt/mTOR, Wnt/β-catenin and other signaling pathways. The web interface allows users to query related information in a variety of ways, providing basic chemical information, such as IUPAC Name and CAS number, and detailed pharmacological mechanisms of natural compounds. Importantly, we divided the pharmacological effects in a more detailed way and provided the signaling pathways involved, which is a supplement to the previous database and helps users to obtain information quickly and intuitively. At present, ACNPD only contains 10 common cancer types with high incidence, and the number of compounds remains to be expanded. With the extraction and separation of more natural products and the in-depth study of their pharmacological mechanism, we will continue to expand the scope of cancer and add new natural compounds to update ACNPD.
In summary, we believe that ACNPD is a valuable database to fill the gaps between the therapeutic mechanism and natural anti-cancer products. The database is expected to help study the biological function and pharmacological activity of natural products in cancer, break the development bottleneck between natural anticancer compounds and modern anticancer drugs, and usher in a promising prospect for the innovative anticancer drugs.
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Natural products are well-characterized to have pharmacological or biological activities that can be of therapeutic benefits for cancer therapy, which also provide an important source of inspiration for discovery of potential novel small-molecule drugs. In the past three decades, accumulating evidence has revealed that natural products can modulate a series of key autophagic signaling pathways and display therapeutic effects in different types of human cancers. In this review, we focus on summarizing some representative natural active compounds, mainly including curcumin, resveratrol, paclitaxel, Bufalin, and Ursolic acid that may ultimately trigger cancer cell death through the regulation of some key autophagic signaling pathways, such as RAS-RAF-MEK-ERK, PI3K-AKT-mTOR, AMPK, ULK1, Beclin-1, Atg5 and p53. Taken together, these inspiring findings would shed light on exploiting more natural compounds as candidate small-molecule drugs, by targeting the crucial pathways of autophagy for the future cancer therapy.
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INTRODUCTION
The term of autophagy was first reported in 1963 (Yang and Klionsky, 2010), with gradually understanding that autophagy plays a role in the regulation of human life activities. Autophagy, through its conservative mechanism, decomposes macromolecules and provides a lot of nutrients, so it plays an irreplaceable role in regulating metabolism and cell growth (Yan et al., 2019). Importantly, autophagy has dual effect on cancers, which may protect cancer cells from extreme nutrient conditions, while it also causes destruction of energy homeostasis and kill cancer cells (Chen et al., 2021). In physiological state, autophagy maintains cell homeostasis by degrading and removing damaged or dead organelles, misfolded proteins and other substances, while abnormal autophagy will break the original balance of cells, and even play a key role in the occurrence and development of cancer (Byun et al., 2017). Herein, a deep understanding of the biological relationship between autophagy and cancer is critical to explore potential targets for cancer treatment and provide new clues for anti-cancer drug development.
As we all know, natural compounds (refer to the small and large molecules extracted and separated from natural products) come from a variety of sources, including plants, animals, and even microbes. For example, curcumin, a diketone compound extracted from the rhizomes of some plants in the family Zingiberaceae and Araceae, and oridonin is a bioactive diterpenoid compound isolated from Rabdosia (Iabtea). In addition, there is a secretion from the animal toad - Bufalin. Accumulating evidences have shown that natural compounds play an important role in the treatment of cancer, including inhibiting cancer cell proliferation and inducing apoptosis, as well as inhibiting cancer cell metastasis and angiogenesis (Liu et al., 2019a; Sun et al., 2019; Liu et al., 2020; Kang et al., 2021). More interestingly, in the treatment of tumors, multiple natural compounds are reported to exert therapeutic effect by targeting autophagy (Towers et al., 2020). For example, Resveratrol has been shown to induce protective autophagy and exert anticancer activity in non-small cell lung cancer by inhibiting Akt/mTOR and activating the P38-MAPK pathway (Wang et al., 2018b). Additionally, the antitumor bioactivity of curcumin is achieved by inhibiting PI3K/Akt/mTOR pathway and inducing apoptosis and autophagy of human lung cancer A549 cells (Liu F. et al., 2018).
In different types of tumors, natural compounds induce or inhibit autophagy and thus suppress tumor growth through a variety of different mechanisms of action. Notably, the exact mode of autophagy modulated by natural compounds derived from Mother Nature is highly complex, it needs to be further studied and explored deeply. Therefore, we write this review to clarify the complex biological relationship between natural compounds, autophagy, and cancer, in order to provide new ideas for the development of anticancer drugs.
AUTOPHAGIC PROCESS
Autophagy is a continuous process of dynamic development, mainly including the initial stage, extension stage and mature degradation stage of autophagosome, a bilayer membrane structure which fuses into lysosome, and further form autophagolysosomes to degrade the material encapsulated in it and release it for reuse. The autophagic process is regulated by many factors, and more than 40 autophagy related genes (ATG) and corresponding proteins have been found to participate in autophagy regulation (Chou et al., 2021; Ferreira et al., 2021).
Different from the lower autophagy level under normal physiological conditions, when cells undergo starvations, autophagy may produce intermediate nutrients for cells survival, which was exploit by cancer cells to establish chemoresistance and adapt nutrient depletion. On the contrary, some mutations of oncogenes and epigenic modifications occurring in cancer may negatively regulate autophagic level and suppress carcinogenesis, representing a tumor-suppressive role of autophagy (Morselli et al., 2009; Arroyo et al., 2014). Therefore, autophagy has the dual effects in the promotion and inhibition of cancer with cytotoxic and cytoprotective effects on tumor cells.
The Janus Role of Autophagy in Cancer
Autophagy could promote tumor progression under low-oxygen and low-nutrient conditions. Meanwhile, autophagy may exert a tumor suppressor effect through a variety of mechanisms, so the role of autophagy in cancer development appears to be paradoxical and complex. Depending on different environments, such as tumor type, stage and stress type, autophagy regulates pro-survival or pro-death signaling pathways in cancers (Singh et al., 2018).
At the molecular level, the occurrence and development of tumors involve numerous signaling pathways, and the signaling pathways of autophagy are still emerging, mainly involving protein 53 (p53), B cell lymphoma/leukemia-2 (Bcl-2), Akt, Bax-interacting factor-1 (Bif-1), Ras, mammalian rapamycin target (mTOR) and phosphoinositide 3-kinase (PI3K) I (Khandia et al., 2019). Moreover, these signaling pathways are often associated with each other, and can be integrated into the tumor regulatory network of autophagy related proteins, which ultimately affect the fate of tumor cells (Morselli et al., 2009).
Tumor Suppressive Role of Autophagy
At present, it is generally believed that autophagy that appears in the early stage of tumorigenesis has an inhibitory effect. Spontaneous tumors are found in Beclin-1 ± mouse, indicating that defective autophagy may promote tumorigenesis. In addition, research on Beclin-1, which is a common haploin-sufficient tumor suppressor missing in ovarian, breast and prostate cancers, establishes the first direct functional connection between cancer and autophagy and supports the theory that autophagy can inhibit the formation of initial tumors. In addition, deletions of other several Atg genes besides Beclin-1 have also been found to promote tumorigenesis. For example, systematic deletion of liver-specific Atg7 and Atg5 in mice will lead to an enhancement in the formation rate of liver tumors. These researches on the effect of defective autophagy on cancers using Atgs gene deletion mice support that autophagy suppresses tumor formation in the early stage. In addition, allelic deletion of Beclin-1–interacting proteins, such as Bif-1 and UVRAG also occurs in various cancers, and changes in the expression of them can increase the incidence of spontaneous cancer by altering the autophagy pathway. Beclin-1 synergistically activates lipid kinase vacuolar protein sorting 34 (Vps34) with activating molecule in Beclin-1-regulated autophagy (Ambra-1), Bif-1 and UVRAG to induce autophagy (Brech et al., 2009). However, in the lysosomal degradation pathway of autophagy, it can inhibit tumor function.
Forkhead box O (FOXO) is a key autophagy regulator that regulates cell proliferation and apoptosis by activating autophagy activity. FOXO1 regulated cell death may be related to tumor inhibitory activity (Zhao et al., 2010; Ling et al., 2011). The expression of tumor suppressor FOXO3a is usually down regulated in cancer (Liu Y. et al., 2018). Activated FOXO3a may induce autophagy via enhancing the transcription of autophagic regulators including BNIP3 and LC3, while mTORC2 blocks the activation of FOXO3a by activating Akt (Ni et al., 2013). Therefore, FOXO3a is a key molecule connecting autophagy and cancer, and its expression may be regulated by autophagy-related signaling pathways, and therefore it is hopeful that it will become a therapeutic target for cancer.
Sirtuin-1 (SIRT1), as a NAD+-dependent deacetylase, mainly regulates the deacetylation of FoxO (Wang and Tong, 2009; Kim et al., 2012; Hu et al., 2017). Under stress conditions, the complex of FOXO1 and sirtuin-2 (SIRT2) was dissociated and then acetylated and acetylated FOXO1 is balanced by histone acetylase and histone deacetylase (HDAC). FOXO1-Atg7 complex affects the autophagy process and eventually leads to cell death.
Oncogenic Role of Autophagy
When exposed to the two induction conditions of either hypoxia or nutrient deficiency, damaged organelles and unnecessary proteins can be decomposed by autophagy, and thereby promoting the viability of cancer cells, which indicates that autophagy can promote tumor growth and progression. In addition, in some cases, autophagy can be activated through some carcinogenic pathways. For example, oncogene pathways such as mTOR, Akt, PI3KCI, Bcl-XL, Bcl-2, BCR-ABL, and Ras play an irreplaceable role in determining the survival of cancer cells. In pancreatic colorectal tumors with high RAS (rat sarcoma) gene mutation frequency, the level of autophagy is observed to be correlatively high, where the increase of autophagy helps to maintain the proliferation of cancer cells. The dependence of tumor growth on autophagy similar to that of RAS-driven cancers has also been observed in lung cancer, which was due to the substitution drive of valine to glutamate at BRAF position 600 (BRAFV600E). Of note, the activation of some oncogenes such as kirsten rat sarcoma viral oncogene (KRAS) or the deletion of tumor suppressor genes such as p53 have been used to form spontaneous tumors to establish genetically engineered mouse tumor models (GEMMs).
Sustained Ras-Raf-MAPK may be necessary to maintain tumor survival through autophagy. Importantly, mTOR is the main negative regulator of tumor cell autophagy, which can be activated by Ras-Raf-1-MEK1/2-ERK1/2 and PI3KCI-Akt signaling pathways, while inhibited by kinase B1 (LKB1)-AMP-activated protein kinase (AMPK) pathway (Wang et al., 2011). mTOR pathway regulates autophagy through two mechanisms. MTORC1 acts on EIF-4E Binding Proteins (EIF4EBPs) and S6K1 through signal transduction pathway, which may start the transcription and translation of related genes and regulate autophagy (Wang and Zhang, 2019). mTOR kinase may also act directly on Atg and regulate autophagy (Petherick et al., 2015). As a negative regulator of translation that can be phosphorylated by mTORC1, 4E-BP1 is inactivated and separated from eIF-4E after phosphorylation, so as to activate eIF-4E. EIF-4E can affect cancer progression by regulating the translation of a variety of proteins including RAS and cyclin D-MYC, which are closely related to the proliferation, cell cycle regulation and growth of cancer cells. (Huang et al., 2019; Joseph et al., 2019). In addition, BCR-ABL may function as a key factor to stimulate mTOR transcription in chronic myeloid leukemia (CML) through PI3KCI-Akt-FOXO signaling (Kang et al., 2011).
NATURAL COMPOUNDS AS AUTOPHAGIC MODULATORS IN CANCER
Based on the duality of autophagy in tumor cells, the current development and research of autophagy regulatory drugs mainly includes autophagy inducers and autophagy inhibitors. This section focuses on several representative natural compounds including Curcumin, Paclitaxel, Resveratrol, Bufalin and Ursolic acid, and summarize the autophagy-regulating mechanisms of other compounds (Supplementary Table 1).
Curcumin
Curcumin is a chemical component extracted from the rhizomes of some plants of Zingiberaceae and Araceae. Many preclinical studies in vitro and in vivo have proved that curcumin is safe and effectual in a variety of cancers. In recent years, curcumin was found to regulate autophagy, active apoptosis and inhibit the proliferation of tumor cells. (Li et al., 2020). The autophagy-related molecules such as Beclin-1, mTOR, ERK1/2, P53, play important roles in the initiation of autophagy (White, 2016; Xu et al., 2018; Shi et al., 2019). In human ovarian cells, lung cancer cells and human melanoma cells, curcumin inhibits the Akt/mTOR/p70S6K pathway to induce protective autophagy (Zhao et al., 2016; Liu et al., 2019b; Zhang et al., 2019). Curcumin is also found to activate the ERK1/2 pathway and inhibit the Akt/mTOR/p70S6K pathway and activate the ERK1/2 pathway to induce autophagy in malignant glioma cells (Aoki et al., 2007). Moreover, curcumin stimulates the p38 MAPK and phosphorylation of ERK1/2 in malignant mesothelioma cells (Masuelli et al., 2017). In SiHa cells and HCT116 cells, curcumin is found to upregulate p53 and Beclin-1 and induce reactive oxygen species (ROS) in activation of autophagy (Lee et al., 2011; Wang T. et al., 2020). Besides that, curcumin exerts its antitumor action inhibiting Bcl-2 and elevating the expression of Bax, p53, pro-caspases 3, 8, and 9 (Kuttan et al., 2007). YAP and P62 are observed to be reduced and LC3-Ⅱis enhanced with the treatment of curcumin in HCT116 and SW620. The results reveal that curcumin promotes autophagy and inhibits the proliferation of colon cancer cells (Zhu et al., 2018). Recently, studies have suggested that curcumin can modulate the expression of miRNAs, which induce apoptosis and suppress tumorigenesis and metastasis (Norouzi et al., 2018). Also, in human prostate cancer, curcumin could sensitize them to radiation by autophagy inhibition through miR-143 mediated pathway (Liu et al., 2017). Additionally, curcumin downregulates Bcl-xL by interfering with the PI3K/Akt and NF-κB signal pathways, as well as inducing the mitochondrial dysfunction together with caspase-3 activation (Liu et al., 2007) (Figure 1A).
[image: Figure 1]FIGURE 1 | Representative natural compounds targeting autophagic pathways in cancer (A) Curcumin (B) Resveratrol.
Resveratrol
Resveratrol, a constituent of red wine, is reported to exert therapeutic potential on various tumors, whose mechanism is closely associated with the regulation of autophagy (Fremont, 2000; Baur and Sinclair, 2006; Deng et al., 2019). Resveratrol was reported to induce autophagy by direct inhibition of mTOR-ULK1 pathway in an ATP-competitive way, and can kill MCF7 cells which are mTOR inhibitor sensitive, displaying anti-cancer potential (Park et al., 2016). Resveratrol may induce autophagic cell death by activating c-Jun N-terminal kinase (JNK) pathway, as well as inducing AMPK pathway and ultimately leading to inhibition of mTOR pathway (Puissant et al., 2010).Resveratrol was reported to trigger autophagy through suppressing Akt/mTOR and inducing p38-MAPK pathways in human non-small-cell lung cancer cells A549 and H1299, thereby hindering cancer cell proliferation (Wang et al., 2018b). Additionally, resveratrol evokes autophagic cell death in a stromal interaction molecule 1 (SIMI)-dependent way, while involving the downregulation of mTOR pathway in human prostate cancer cells PC3 and DU145 (Selvaraj et al., 2016). When combined with quercetin (QCT), resveratrol reduced the QCT-induced autophagy through AMPK phosphorylation and heme oxygenase 1 (HO-1) downregulation, sensitizing the therapeutic effect of QCT (Tomas-Hernandez et al., 2018). Notably, resveratrol was recently used as supplement drug for chemotherapeutic anti-cancer drugs such as temozolomide (TMZ) to enhance the therapeutic effect (Lin et al., 2012). In gliomas, resveratrol suppressed cytoprotective autophagy which is triggered by TMZ treatment through inhibiting the ROS/ERK pathway, thus enhancing the efficacy of TMZ. Moreover, combined treatment of resveratrol and TMZ may significantly reduce the tumor volume through suppressing the ROS/ERK pathway than either TMZ or resveratrol alone, suggesting the synergistic effect of these two drugs (Lin et al., 2012). In cisplatin-resistant human oral cancer CAR cells, resveratrol activates autophagy via regulating AMPK and Akt/mTOR pathways, by phosphorylating AMPKα on Thr172 and AMPKα and dephosphorylating Akt on Ser473 and mTOR on Ser2448, and ultimately inhibits CAR cell viability (Chang et al., 2017) (Figure 1B).
Paclitaxel
Paclitaxel is known as a plant alkaloid extracted from the dry root, branches, leaves, and bark of the Taxus (Wessely et al., 2006). Nowadays, paclitaxel has been a first-line drug for plenty of cancers, and greatly help improve patient survival in lung, ovarian and breast cancer (Yu et al., 2015). In a study, paclitaxel could be applied for metastatic or locally advanced breast cancer by inducing autophagy in lymphatic endothelial cell (LEC). This process was independent from lymph node lymphangiogenesis because paclitaxel can only strongly inhibit lymphangiogenesis in combination with autophagy inhibitors such as chloroquine (Zamora et al., 2019). Moreover, paclitaxel treatment can induce autophagy by increasing expression levels of Atg5 and Beclin-1, which are essential to autophagy initiation in the A549 cells (Xi et al., 2011). In breast cancer, paclitaxel could induce early autophagy and is associated with apoptosis (Notte et al., 2013). Interestingly, paclitaxel exerts the same function in cervical cancer (Zou et al., 2018). Hitherto, paclitaxel has been shown to induce autophagy in BGC823 gastric cancer cell line, thus playing an anticancer role in inhibiting cell proliferation (Yu et al., 2017). In addition, multidrug resistance is a great challenge for paclitaxel to exert effect on cancers (Wang et al., 2018a). While, it was found that esomeprazole could overcome drug resistance of paclitaxel and enhance its anticancer effects by inducing autophagy in A549/Taxol cells (Bai et al., 2021). In a randomized phase II preoperative study, combination of autophagy inhibitor hydroxychloroquine and gemcitabine and nab-paclitaxel could exert autophagy inhibition in pancreatic cancer patients (Zeh et al., 2020) (Figure 2A).
[image: Figure 2]FIGURE 2 | Representative natural compounds targeting autophagic pathways in cancer (A) Paclitaxel (B) Bufalin (C) Ursolic acid.
Bufalin
Bufalin was found to be a cardiac steroid derived from posterior auricular glands and the skin of Bufo gargarizans. As an active ingredient in traditional Chinese medicine, Bufalin has been shown to be biologically active against various cancers (Zhang et al., 1992; Lee et al., 2017; Wu et al., 2017; Yang et al., 2018). Bufalin has been reported to inhibit glycolysis-induced ovarian cancer cell growth and proliferation via the suppression of Integrin β2/FAK signaling pathway (Li H. et al., 2018). In addition, bufalin could induce cell death through reactive oxygen species mediated RIP1/RIP3/PARP-1 pathway, thus exerting pharmacological activity to inhibit the development of human breast cancer (Li Y. et al., 2018). Notably, autophagy plays an important role in Bufalin’s anti-tumor biological function, and it induces autophagy-mediated cell death through ROS production and JNK activation in colon cancer (Xie et al., 2011). In recent years, Bufalin has also been shown to induce autophagy in gastric cancer MGC803 cells through Akt/mTOR/P70S6K and ERK signaling pathways. It is worth mentioning that Cbl-b mediated inhibition of mTOR and activation of ERK1/2 may play key roles. (Qi et al., 2019). Bufalin and JNK pathway induced autophagy, which was closely related to down-regulation of Bid and BCL-2, and up-regulation of MAPK, TNF, ATG8 Beclin-1 (Hsu et al., 2013). Moreover, Bufalin also activated autophagy in HepG2 cells, enhancing LC3-I to LC3-II transformation and Beclin-1 expression, and decreasing mTOR signal activation and p62 expression. Intriguingly, inhibition of autophagy by selective inhibitor 3-MA decreased the rate of apoptosis of HepG2 cells treated with Bufalin, which indicated that Bufalin-induced autophagy could promote apoptosis (Miao et al., 2013). Interestingly, Bufalin not only induces apoptosis through autophagy, it also plays a crucial role in anti-metastasis and anti-invasion. Bufalin has been found to inhibit the metastasis and invasion of hepatoma cells via PI3K/Akt/mTOR signaling pathway (Sheng et al., 2021) (Figure 2B).
Ursolic Acid
Ursolic acid (UA) is well-known as a triterpenoid compound enriched in various plants, which has been widely reported to exhibit its antitumor activity by modulating autophagy in different types of cancers. And, it can inhibit breast cancer cell proliferation through the PI3K-Akt and NF-κB pathways, leading to autophagy and apoptosis (Luo et al., 2017). In addition, UA can also promote cytotoxic autophagy and apoptosis, associated with AMPK and ERK1/2 signaling pathways by targeting glycolysis in different types of breast cancer cells (Lewinska et al., 2017). Additionally, UA also shows the inhibition of cell migration and induces JNK-dependent lysosomal associated cancer cell death, which is similar to autophagy in glioblastoma multiforme cells (Conway et al., 2021). Moreover, UA modulates autophagy and apoptosis in oral cancer cells through the Akt-mTOR and NF-κB pathways (Lin et al., 2019). Interestingly, UA induces mitophagy via the Akt-mTOR signaling pathway and is dependent on PINK1 in A549 human lung cancer cells. And, UA induces a Reactive Oxygen Species production by regulating p62 and Nrf2. (Castrejon-Jimenez et al., 2019). Similarly, UA is also reported to inhibit metastasis of esophageal cancer cells by ROS-mediated autophagy (Lee et al., 2020). Additionally, UA induces apoptosis and inhibits autophagy progression, leading to PC-12 cell death (Jung et al., 2018). Also, UA can inhibit pigmentation by activating B16F1 cell melanosomal autophagy (Park et al., 2020). More importantly, autophagy (cytoprotective autophagy) inhibition has been recently reported to enhance the anti-tumor effects of UA on lung cancer cells by the mTOR (Wang M. et al., 2020). More importantly, in gemcitabine-resistant human pancreatic cancer cells, UA has been shown to induce apoptosis, autophagy, and chemosensitivity (Lin et al., 2020). Combined use of Zoledronic acid can augment UA-induced apoptosis via enhancing oxidative stress and autophagy in osteosarcoma cells, indicating a potential combination therapeutic strategy for UA (Wu et al., 2016). Taken together, the above-mentioned findings may elucidate the potential underlying molecular mechanisms of UA and provide a novel therapeutic strategy to improve cancer treatment. (Figure 2C).
OTHER NATURAL COMPOUNDS TARGETING AUTOPHAGY IN CANCER
In addition to the above five compounds, other natural compounds have also been reported in recent years to regulate autophagy and induce cancer cell death. Genistein could promote cancer cell death through autophagic activation by inhibiting Akt in the treatment of many tumor types (Gossner et al., 2007). Additionally, fixetine can regulate autophagy by acting as an inhibitor of PI3K/Akt/mTOR pathway in human NSCLC cells and prostate cancer (Sun et al., 2018). Angelica sinensis is psoralen, derived from Angelica sinensis polymorph, which has been proved to regulate autophagy and apoptosis (Rahman et al., 2016; Wang et al., 2019) Angelicin increases autophagic proteins including Atg3, 7 and Atg12-5 through the phosphorylation of mTOR (Wang et al., 2019; Uddin et al., 2020). In addition, Camptothecin, vincristine, podophyllotoxin, Betulinic acid and other Changchun herbs can trigger autophagy in multiple myeloma cells, breast cancer cells, colon cancer cells and other different types of tumors (Deng et al., 2019; Chen et al., 2021; Pang et al., 2021).
THERAPEUTIC POTENTIAL OF NATURAL COMPOUNDS IN CANCER
As we have known, autophagy plays a dual role in cancer. Natural compound could promote or inhibit autophagy to treat cancer cell. In the past decades, numerous natural compounds have been studied their function on cancer treatment by targeting autophagy. Some key regulators of autophagy, such as mTOR, Beclin-1, p53, Akt, ERK, NF-κB and reactive oxygen species (ROS) have been the target for natural compounds to modulate cancer development and exhibit therapeutic effects against various cancers. For example, regulation of PI3K/Akt/mTOR signaling is a classic pathway involved in autophagy regulation, thus G-protein-coupled receptor antagonists, PI3K inhibitors, Akt inhibitors and mTOR inhibitors can inhibit this signaling pathway and induce autophagy in cancer therapy. In addition, it has been reported that Beclin-1 plays a key role as an essential gene for autophagic vesicle formation, therefore these compounds also regulating Beclin-1 in autophagic cell death. Meanwhile, Bcl-2 and Bcl-xL may inhibit autophagy activation by binding to Beclin-1. Thus, natural compounds, such as gossypol, potently bind to Bcl-2 and Bcl-xL and release Beclin-1 to preferentially inducing autophagy. Of note, a series of natural compounds have also shown strong anti-tumor efficacy by directly targeting ROS production through multiple signaling pathways involved in the interaction of ROS and autophagy. All above, increasing autophagy pathways of natural compounds have been discovered and show anti-tumor effect by regulating these signaling. Therefore, natural compounds have a great clinical prospect in cancer therapy by regulation of autophagy. With the discovery of more new natural products, it will provide opportunities for the discovery of new anticancer drugs.
CONCLUDING REMARKS
Hitherto, autophagy has been widely considered to have a dual role in tumorigenesis, in which defective autophagy may facilitate cancer development whereas cytoprotective autophagy helps cancer cell escape stress including starvation and hypoxia and ultimately promote the progression of cancer. Growing numbers of natural compounds have been reported to modulate multiple signal pathways associated with autophagy, such as Ras-Raf-MEK-ERK, PI3K-Akt-mTOR and AMPK, thus exerting therapeutic effect on different cancers. Notably, natural compounds are multiple-targets and less toxic, and represent promising candidates for treating cancer. In this review, we focus on five widely-investigated compounds in regulating autophagy, namely curcumin, resveratrol, paclitaxel, Bufalin, and Ursolic acid, and summarize their corresponding molecular mechanism of regulating autophagy. However, plenty of studies on these natural compounds only investigate their anti-cancer effects in vitro, lacking experimental data of in vivo studies. However, with the further research, animal model validation and other methods will effectively solve these problems, and greatly promote the study of natural compounds pharmacological mechanism.
Interestingly, most of these natural compounds not only regulate autophagy, but also have effects on apoptosis, so they can be good candidates to target the Regulated Cell Death (RCD) network, which is a hot and promising researching field. Moreover, due to their modulative role of autophagy, they exhibit good property to supplement classical chemotherapy drugs and help to overcome drug resistance. Also, combination of natural compounds is benefit to reduce the effective dose and enhance efficacy, representing a future research direction. In summary, our review on natural compounds targeting autophagy in cancer therapy may shed new light on exploiting more natural compounds and provide clues for developments of anti-cancer drugs.
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Background

Tao Hong Si Wu Decoction (THSWD) is a well-known traditional Chinese medicine used clinically alone or combined with drugs to treat breast cancer. However, there has been no study to date on the underlying mechanisms of its therapeutic effects.



Objectives

To explore the potential mechanism of THSWD for the treatment of breast cancer using network pharmacology and experimental research.



Methods

The active ingredients of THSWD were screened according to Lipinski’s rule of five based on the 107 ingredients of THSWD identified by UPLC-Q-TOF-MSE. The targets of THSWD and breast cancer from multiple databases were collected, and a Compound-Target-Pathway network based on protein-protein interaction (PPI) was constructed. Gene ontology (GO) analysis and KEGG pathway analysis were performed via the DAVID server. Molecular docking studies verified the selected key ingredients and key targets. The results of network pharmacology were verified by in vitro experiments. Including the effects of THSWD drug-containing rat serum (THSWD serum) on cell proliferation, and on the targets HRAS, MAPK1, AKT1, GRB2, and MAPK14 were assayed by RT-qPCR and Western blot assays.



Results

In total, 27 active ingredients including 8 core components, were obtained from 107 ingredients and 218 THSWD target genes for the treatment of breast cancer were identified. THSWD is active in the treatment of breast cancer by targeting Ras, FoxO, PI3K-Akt and other signaling pathways. MCF-7 and MDA-MB-231 cell proliferation was inhibited by THSWD serum in a time and concentration dependent manner. THSWD could regulated the RNA and protein expression of core targets HRAS, MAPK1, AKT1, GRB2, and MAPK14 for treatment of breast cancer.



Conclusion

The results of network pharmacology study showed that THSWD is active against breast cancer by intervening with multiple targets and pathways. Luteolin, kaempferol, senkyunolide E, and other 8 compounds may be the core active ingredients of THSWD in the treatment of breast cancer. THSWD treatment of breast cancer may be related to targeting Ras, FoxO, PI3K-Akt, and other signal pathways associated with the core targets HRAS, MAPK1, AKT1, GRB2, and MAPK14.
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Introduction

The latest data from the International Agency for Research on Cancer (IARC) survey showed that Female breast cancer has surpassed lung cancer as the most commonly diagnosed cancer, with an estimated 2.3 million new cases (11.7%) in 2018 (1). Epidemiological data across Chinese cancer centers in 2019 showed that the incidence and mortality rates of breast cancer were first and fifth among female malignant tumors, respectively, and both rates have shown a rising trend. Breast cancer has become a serious disease that threatens the health of women in China and women across the world. At present, the most common clinical treatment interventions are surgical resection, radiotherapy, and chemotherapy, but surgical resection does not improve prognosis, while long-term radiotherapy and chemotherapy can cause serious side effects. Studies have shown that the combined treatment with traditional Chinese medicine (TCM) can improve the quality of life of breast cancer patients (2). Therefore, it is of great significance to search for the TCM treatment of breast cancer and to explore the prevention and treatment of breast cancer.

Tao Hong Si Wu Decoction (THSWD) was documented in “The Golden Mirror of Medicine” compiled by Wu Qian in the Qing Dynasty. It consists of six species of medicinal herbs: Prunus persica (L.) Batsch (Taoren, TR), Carthamustinctorius L. (Honghua, HH), Angelica sinensis (Oliv.) Diels (Danggui, DG), Ligusticum chuanxiong Hort (Chuanxiong, CX), Paeoniae Radix Alba (Baishao, BS), and Rehmannia glutinosa (Gaertn.) DC (Shudi, SD). THSWD eliminates blood stasis and promotes blood circulation and nourishment (3). Xia using network pharmacology and in vivo experiments, found that THSWD plays a therapeutic role in postpartum blood stasis by regulating oxidative stress through the mitochondria (4). THSWD promotes angiogenesis after cerebral ischemia in rats through activation of platelets (5). Further, THSWD may inhibit tumor angiogenesis in breast cancer patients by decreasing microvessel density (MVD) and vascular endothelial growth factor-A (VEGF-A) expression (6). Clinically, it is often added or subtracted on the basis of this prescription to treat cerebrovascular, gynecological cardiovascular and others, DG and CX have good therapeutic effects on gynecological conditions, especially breast diseases. Our group previously combined UPLC-Q-TOF-MSE technology to investigate the therapeutic effects of THSWD on breast cancer in a murine model and revealed its beneficial effects were closely related to apoptosis (7). However, research on the mechanism by which THSWD functions is still not fully clear, therefore, it is of great theoretical value and research significance to further explore the mechanism of action of THSWD in the treatment of breast cancer. Network pharmacology is an emerging discipline that combines pharmacology, computer science, and information networking on the basis of systems biology (8). Through network pharmacology, data on ingredients, diseases, and their related targets are often gathered through existing online databases, and visualization software is then used to systematically analyze TCMs by constructing an “ingredient-target-pathway” network, so as to define the drug intervention and the treatment effects on different diseases (9). The systematic nature of network pharmacology is consistent with the holistic view and syndrome differentiation theory of TCM has been widely applied to the study of TCM to generate new research data, methods and results (10–12). Based on this approach, we used network databases to construct an “ingredient-target” network, a PPI network for enrichment analysis. Next, we used molecular docking studies to further investigate the mechanisms through which THSWD exerts its therapeutic effects and these were accompanied by in vitro cell experiments, to provide a basis for its clinical application in breast cancer.



Materials and Methods


Network Pharmacology Study


Screening of Active Ingredients of THSWD

The in vitro chemical composition of THSWD was determined by ultraperformance liquid chromatography quadrupole time of flight mass spectrometry (UPLC-Q-TOF-MSE) (7), and compounds were selected according to the Lipinski’s rule of five (13)— MWT ≤ 500, H-bond donors ≤ 5, H-bond acceptors ≤ 10, and logP ≤ 5—to select the most likely active ingredients. Moreover, several active ingredients with relative high content or excellent bioactivity, which did not satisfy these criteria, were also manually supplemented as candidate compounds for further analysis (14).



Compound-Related Targets Prediction

The mol2 file or SDF file of the active ingredient was downloaded using the zinc website (zinc.docking.org) and PubChem website (pubchem.ncbi.nlm.nih.gov) and was uploaded to the PharmMapper database (www.lilab-ecust.cn/pharmmapper) and “Homo sapiens” was selected for the prediction results.



Breast Cancer-Related Targets Prediction

The terms for “breast cancer”, for breast cancer targets and the OMIM database (http://omim.org) and the Genecards database (http://www.genecards.org) search.



Intersection of Compound Targets and Breast Cancer Targets

After obtaining the targets related to THSWD and targets of breast cancer, overlapping targets were selected. The overlapping targets are the possible targets for THSWD to exert therapeutic effects on breast cancer, which can improve the accuracy of screening targets and increase the credibility of the results. Using the “Compounds-targets” network of Cytoscape 3.7.1 software, the ingredients and intersection targets are nodes in the network, and the edges represent connections between ingredients and their active targets. The network was topologically analyzed using the “network analyzer” function of the software. The key compounds of THSWD for breast cancer treatment were screened based on the analysis results.



Establishment of the Protein-Protein Interaction Network

Common targets were uploaded to the STRING database (https://www.string-db.org/) to construct a protein-protein interaction (PPI) network. Protein species were set as human origin, and minimum required interaction score was set as the “highest confidence (0.900)” while concealing free points, to obtain the PPI network. The PPI network data were input into Cytoscape 3.7.1 software, and the PPI network was analyzed using the “network analyzer” function, with nodes whose degree and betweenness centrality values were greater than those of mean values as the key targets. In the network, node means compound or target, high degree indicates greater probability that the compound or target is exerting its effect.



Gene Ontology and Pathway Enrichment Analysis

Gene Ontology (GO) functional enrichment and KEGG pathway enrichment were performed using the David database (https://david.ncifcrf.gov/), in which the GO analysis included 3 components: Biological Process (BP), Cellular Component (CC), Molecular Function (MF), and the False Discovery Rate (FDR) values were set to obtain GO and KEGG enrichment results, we used the cluster profiler R package to perform GO analysis and KEGG analysis for the potential targets of THSWD in the treatment of breast cancer.



Molecular Docking Validation of Key Components and Key Targets

The top three key compounds from the results of item “2.1.4” were output as mol2 format files in TCMSP database (https://tcmspw.com/tcmsp.php), and the top three key targets in the PPI network, in the PDB database (http://www.rcsb.org) were used to define the molecular structures. Molecular docking of key active ingredients with key targets was performed using Autodock VINA software, binding energies were evaluated as evaluation indexes, and PyMOL software was used to present the results.




In Vitro Experiments


Chemicals and Reagents

Prunus persica (L.) Batsch (Taoren, TR, batch number: 17033101), Carthamus tinctorius L. (Honghua, HH, batch number: 17041401), Angelica sinensis (Oliv.) Diels (Danggui, DG, batch number: 16070501), Conioselinum anthriscoides ‘Chuanxiong’ (syn. Ligusticum chuanxiong Hort) (Chuanxiong, CX, batch number: 17061601), Paeoniae lactiflora Pall. (Baishao, BS, batch number: 17050301), and Rehmannia glutinosa (Gaertn.) DC (Shudi, SD, batch number: 17042501) were purchased from Anqing Huashi Chinese Herbal Medicine Co. Ltd. (Anqing, China). All TCM materials were qualified by Professor Huasheng Peng (hspeng@126.com). For cell culture studies, Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco and fetal bovine serum (FBS) were purchased from Gemini(Shanghai China).



Sample Preparation

The herbs TR, HH, DG, SD, CX, and BS (3:2:3:4:2:3) were soaked then decocted twice with 10 volumes of 75% ethanol for 2 h and 8 volumes of 75% ethanol for 1.5 h. The extraction solutions were then filtered and combined. The filtrates were concentrated to 18 g/kg.



Animals

Healthy male adult Sprague-Dawley (SD) rats weighing 200 ± 20 g and aged 63–70 days were purchased from Shandong Experimental Animal Center (permit number: scxk-2019000). After adaptive feeding for 7 days, 25 rats each were randomly assigned to the rat serum control group and THSWD serum groups using a random numbers table.



THSWD Serum

Rats were administered the THSWD solution (9.0g/kg) intragastrically by gavage once daily for 7 days. Rats in the blank group were given saline. Blood samples were obtained from the aorta 1 h after the last gavage, all rats were anesthetized by intraperitoneal injection of chloral hydrate (350 mg-kg-1) and sacrificed by cervical vertebrae dislocation. The serum was separated from the blood. Subsequently, the serum was put in water bath 56°C for 30 min to be inactivated, after which the bacteria were eliminated by filtering through a 0.22-μm filter and stored at -20°C until use. All experiments were subject to approval by the Committee on the Ethics of Animal Experiments of Anhui University of Chinese medicine (Permit Number: AHUCM-Rats-2021023).



Cell Culture

Human breast cancer MCF-7 (Cat: 100137) and MDA-MB-231 (Cat: 339911) cell lines were obtained from Beina Biology (Beijing China), maintained in RPMI 1640 media supplemented with 10% FBS and 1% penicillin/streptomycin, then incubated in a humidified atmosphere at 37°C with 5% CO2. The media was changed daily and logarithmic growth cells were recorded for the experiment.



Cell Proliferation Assay

We seeded MCF-7 and MDA-MB-231 cells in a 96-well plate. The results of network pharmacology show that THSWD exerted therapeutic closely to Ras related Signaling pathways. GRB2, AKT1, MAPK1 and MAPK14 were located up/downstream of ras pathway. Lonafarnib (SCH-66336), is a potent and orally active farnesyl transferase (FTase) inhibitor that has shown anticancer activity. Lonafarnib inhibits the activities of H-RAS, K-RAS and N-RAS. The experimental conditions were divided into the blank control, negative control group, different concentrations of THSWD serum, and different concentrations of the inhibitor lonafarnib. Cells were incubated for 24 h, 48 h, and 72 h with the different concentrations of THSWD serum (1.25%, 2.5%, 5%, 10%, 20%, 40%, 50%), and different concentrations of the inhibitor Lonafarnib (1, 2.5, 5, 10, 20, 25, 30 μM). CCK-8 was added to each well, and cells were incubated for 2 h, and then the optical density at 450 (OD450) of each well was detected by enzymatic-reader (BioRad 680). There were six replicates for each treatment.



RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted with Trizol solution following the manufacturer’s instructions. cDNA was synthesized with a first strand cDNA synthesis kit. SYBR Green qPCR SuperMix was used for real-time quantitative polymerase chain reaction (qRT-PCR). The reaction conditions were 50°C 2 min; 95°C 2 min; 95°C 15 s, and 60°C 32 s, for 40 cycles; melting curve analysis was at 60°C–95°C. Each sample was assayed three times by qRT-PCR (Biorad IQ5). Relative mRNA expression was normalized to the corresponding β-actin expression and analyzed by the 2−△△Ct method. The nucleotide sequences of the primer pairs used for Quantitative gene expression are provided in Table 1.


Table 1 | The nucleotide sequences of the primer pairs used for Quantitative gene expression.





Western Blotting

RIPA lysate buffer (Beyotime Biotechnology, P0013B) containing 1% PMSF was used to extract the total proteins from cells, after SDS-PAGE, the target protein range was mapped according to a marker size position. The separated proteins were then transferred to nitrocellulose filter membranes. The membrane was blocked overnight at 4°C in TBS-Tween 20 (TBST) buffer containing 5% skimmed milk powder. The HRP‐labeled secondary antibody was used after washing membranes in TBST and was incubated with secondary antibodies for 1.5 hour at room temperature. Finally, the protein bands were imaged using an enhanced chemiluminescence system (P90720, Millipore).



Statistical Analysis

SPSS 23.0 software was used for statistical analysis. The results were expressed as mean ± standard deviation (x ± sd). Multiple groups of independent data were compared using single factor analysis of variance. Pairwise comparisons between multiple groups were performed using t-test. P-values were calculated to show statistically significant differences. P < 0.05 was considered statistically significant.





Results


THSWD Active Ingredients

Of the 107 ingredients of the THSWD, 27 active ingredients were screened in vitro using the Lipinski’s rule of five (shown in Table 2), including 3 from Taoren, 8 from Honghua, 6 from Danggui, 2 from Shudi, 4 from Baishao, and 10 from Chuanxiong. Among these, there were 5 common components between Danggui and Chuanxiong, 2 common components between Baishao and Honghua, and 1 common component between Shudi, Baishao and Honghua.


Table 2 | Active components of THSWD.





Common Targets of THSWD and Breast Cancer

Integration of the targets of the ingredients in the PharmMapper database produced 5757 gene targets. After removing duplicates, a total of 461 relevant human genes were obtained. In OMIM and Genecard databases, 3264 repetitive breast cancer-related targets were obtained, the 461 targets predicted with the active ingredients of THSWD were intersected using a Venn diagram, resulting in 218 intersection targets, which were potential active targets of THSWD acting on breast cancer (Figure 1).




Figure 1 | Venn diagram of component target and disease target.





“Components-Targets” Network Analysis

Twenty-seven active components and 218 common targets were imported into Cytocsape 3.7.1 software to construct the “Components-targets” network. There were 245 nodes (27 active ingredients and 218 targets) and 2855 edges in the network, shown in Figure 2. The network analyzer results showed, the average degree of node was 105.74, the average betweenness centrality was 0.034, the average closeness centrality was 0.511, and there were 11 compound nodes whose values all exceeded the average value (shown in Table 3), it is speculated that these compounds may be key compounds for THSWD to exert therapeutic effects against breast cancer.




Figure 2 | “Components-targets” interaction network.




Table 3 | Basic information of hub compounds of Tao-Hong-Si-Wu Decoction in the treatment of breast cancer.





PPI Network Analysis

In total, 102 nodes and 301 edges were included in the PPI network, indicating that 102 targets could interact with each other, resulting in a total of 301 interactions, shown in Figure 3. The network analyzer results showed, the average degree of nodes was 5.902, the average betweenness centrality was 0.022, and the average closeness centrality was 0.367; there were 14 compound nodes whose values all exceeded the average value, It was visualized and displayed by Cytoscape software, in which, node size represented the size of degree value, and the larger the node, the greater the corresponding degree value, and the higher the degree of interaction association of this protein with others, We speculated that these targets were be the key targets for THSWD for the treatment of breast cancer (Figure 4).




Figure 3 | PPI network of THSWD in treating potential targets of breast cancer.






Figure 4 | Selected 14 core targets.





GO Function Enrichment Analysis

To explore the dynamic activity of THSWD in breast cancer, we used the DAVID database to enrich the GO bioprocesses of 218 common targets; FDR and P-values <0.01 were used for filtering. The results of the GO enrichment analysis contained 62 BPs involved in negative regulation of apoptotic processes, protein autophosphorylation, steroid hormone-mediated signaling pathways, and peptidyl-tyrosine autophosphorylation; 32 MF involved protein tyrosine kinase activity, steroid hormone receptor activity, and ATP binding; 16 CC involved cytosol, extracellular space, and extracellular exosomes. The top 10 related entries for BP, MF, and CC are shown in bubble plots using the cluster profiler R package (Figure 5).




Figure 5 | Bubble Diagram of GO function enrichment of potential targets from the THSWD for Treatment of breast cancer. The larger the number of enriched targets, the larger the dots; the larger the P value, the bluer the dot color.





KEGG Analysis

The KEGG pathway enrichment function of pathways module in David database was used to explore the function of 218 potential gene targets in signaling pathways involved in the treatment of breast cancer by THSWD. KEGG enrichment analysis showed a total of 54 pathways with significant differences (FDR<0.01, P<0.01). The top 10 pathways are visually represented in a bubble plot in Figure 6. KEGG enrichment results indicated that THSWD might exert therapeutic effects by participating in the regulation of RAS, FOXO, PI3K/Akt, and other signaling pathways.




Figure 6 | Bubble Diagram of KEGG enrichment of potential targets from the THSWD for treatment of breast cancer. The larger the number of enriched targets, the larger the dots; the larger the P value, the bluer the dot color.





THSWD-Prescription Composition-Active Ingredients-Targets-Pathway

Based on the KEGG pathway enrichment results, the top 10 ranked signaling pathways that were identified to be closely related to breast cancer were combined with information of the THSWD active ingredients and intersection targets with breast cancer to construct a “THSWD-prescription composition-active ingredients-targets-pathway” network (Figure 7). This plot intuitively indicates that the processes of THSWD for the treatment of breast cancer involve multiple active ingredients, targets, and pathways.




Figure 7 | “THSWD-prescription composition-active ingredients-targets-pathways”. The yellow diamond represent THSWD, the cyan diamond represent medicinal herbs, the triangle represent the components, the red v-shaped represent the intersection targets, and the green diamond represent the signal paths.





Molecular Docking Results

The top 3 ingredients selected from 11 key ingredients with the corresponding top 5 of 14 key targets were subjected to molecular docking, and the results are shown in Table 4, and the partial docking conformations are shown in Figure 8. Different ligand molecules have greater affinity for the receptor protein through hydrogen bonding. The molecular docking results demonstrated that the key active ingredients of THSWD could tightly bind to the relevant targets, confirming the ingredient target prediction results. The binding energies between key components and corresponding target proteins did not exceed -4.5 kcal/mol, which indicated that the key components of THSWD had good binding ability to the corresponding target proteins. Most of the docked targets were distributed in pathways involving cancer, such as Ras, FoxO, PI3K-Akt, and other signaling pathways, thus demonstrating that the active ingredients of THSWD could have an impact on the occurrence and development of breast cancer by acting on the related targets and their corresponding signaling pathways.


Table 4 | Molecular docking results.






Figure 8 | Schematic diagram of docking results. (A) Kaempferol-AKT1; (B) Kaempferol-HRAS; (C) Kaempferol-MAPK14; (D) Luteolin-AKT1; (E) Luteolin-HRAS; (F) Luteolin-MAPK1; (G) Luteolin-MAPK14; (H) Senkyunolide E-AKT1; (I) Senkyunolide E-MAPK1; (J) Senkyunolide E-MAPK14 ARG, arginine; GLN, glutamine; LYS, lysine; GLY, glycine; ASP, aspartic acid; HIS, histidine; LEU, leucine; GLU, glutamic acid; VAL, valine; ALA, alanine; PRO, proline; ILE, isoleucine.





In Vitro Experiments


THSWD Serum and Inhibitor Lonafarnib Effects on Breast Cancer Cell Proliferation

The OD450 values and inhibition rate of cells in each group were calculated by treating the cells with different concentrations of THSWD serum and the inhibitor lonafarnib. The lgIC50=Xm-I(P-(3-Pm-Pn)/4). In MCF-7 cells, the IC50 dose of THSWD was determined to be 21.7% for 48 h, while for the inhibitor Lonafarnib the IC50 was 20.9 μM for 48 h. In MDA-MB-231 cells, the IC50 dose of THSWD was 19.5% for 48 h, while for the inhibitor lonafarnib the IC50 was 19.9 μM for 48 h (Figure 9).




Figure 9 | Inhibition curve of different concentrations of THSWD serum and inhibitor Lonafarnib on MCF-7, MDA-MB-231 cells. (A) THSWD serum (B) inhibitor Lonafarnib.





Effects of THSWD Serum on the mRNA Expression of HRAS, MAPK1, AKT1, GRB2, and MAPK14 in Breast Cancer Cells

The network pharmacology results identified potential key targets and pathways of THSWD active against breast cancer. To verify the reliability of the network pharmacology prediction results, mRNA levels of these key genes (HRAS, MAPK1, AKT1, GRB2, and MAPK14) were assessed by qRT-PCR in MCF-7 and MDA-MB-231. As shown in Figure 10, 48 h after the cell lines in each group were treated, the mRNA levels of HRAS, MAPK1, AKT1, GRB2, and MAPK14 were significantly down-regulated in THSWD serum and inhibitor-treated groups compared with controls and normal serum groups, respectively (P<0.01). The results suggested that THSWD serum and inhibitor could inhibit HRAS, MAPK1, AKT1, GRB2, and MAPK14 transcript levels.




Figure 10 | The expression of breast cancer-related genes in MCF-7 and MDA-MB-231 cells after treatment with THSWD (A) MDA-MB-231 (B) MCF-7. **P < 0.01 compared with blank control group.





Effects of THSWD Serum on Protein Expression of HRAS, MAPK1, AKT1, GRB2, and MAPK14 in Breast Cancer Cells

Western blotting analysis was used to examine the expression of HRAS, MAPK1, AKT1, GRB2, and MAPK14 proteins in MCF-7 and MDA-MB-231. As shown in Figure 11, based on triplicate experiments, the levels of HRAS, MAPK1, AKT1, GRB2, and MAPK14 were slightly decreased in THSWD serum compared to the controls and the normal serum group. The results showed that THSWD could down-regulate the protein levels of HRAS, MAPK1, AKT1, GRB2, and MAPK14 in MCF-7 and MDA-MB-231 cells.




Figure 11 | Effect of serum containing THSWD on the protein expression of HRAS, MAPK1, AKT1, GRB2 and MAPK14 in MCF-7 and MDA-MB-231 cells. *P < 0.05, **P < 0.01 compared with blank control group.







Discussion

Surgical resection, radiotherapy, and chemotherapy are the three most common therapies for clinical breast cancer treatment; however, surgical resection cannot improve prognosis, and long-term radiotherapy and chemoradiotherapy can cause severe toxic effects. THSWD is a combination of the classic prescription Siwu Decoction plus Prunus persica (L.) Batsch and Carthamus tinctorius L. THSWD can comprehensively exert it drug activity using multiple mechanisms. It is currently used clinically as an adjunctive treatment of diseases such as breast cancer and has good efficacy for improving the hypercoagulable state of blood and preventing thrombosis in cancer patients (15). In this study, in order to explore the therapeutic mechanism of THSWD in breast cancer, network pharmacology was used to explore the key pharmacodynamic agents and target pathways of THSWD activities for breast cancer treatment by constructing “ingredients-targets,” “ingredients-targets-pathway” and other networks; PPI, GO functional enrichment, KEGG pathway enrichment and molecular docking of key active ingredients and key targets were performed.

In total, 27 active ingredients and 218 common targets were used to construct the “ingredient-target” network. The results indicated that 11 compounds including luteolin, kaempferol, and senkyunolide E might be the key ingredients in THSWD able to exert therapeutic effects against breast cancer. Luteolin is a natural flavonoid, significantly inhibited proliferation and suppressed the expression of p-STAT3, p-EGFR, p-Akt, and p-Erk1/2 in EGF-treated MCF-7 breast cancer cells (16), it also inhibited proliferation and Notch signaling-associated protein expression and regulated miRNAs in MDA-MB-231 human breast cancer cells (17). Found that combination treatment with luteolin and celecoxib in MCF-7 and MCF7/HER18 cells disturbed cell progression through the G1 phase, enhanced the expression of death receptors (such as DR5), and activated the caspase cascade. Instead, luteolin could increase Bax expression by inhibiting Bcl-2 expression, enhancing mitochondrial membrane potential collapse, and cytochrome c release (18). In MCF-7 breast cancer cells treated with 12-O-tetradecanoylphorbol-13-acetate (TPA), luteolin suppressed the expression of interleukin 8 (IL-8) and the activation of matrix metalloproteinase 9 (MMP-9), which play important roles in breast cancer proliferation. Luteolin inhibits mRNA expression by inhibiting the mitogen activated protein kinase (MAPK) signaling pathway and down regulating the AP-1 and NF-κB. In addition, luteolin inhibited TPA-induced ERK1/2 phosphorylation, and inhibited the ERK1/2 pathway following IL-8 and MMP-9 expression (19). Kaempferol is a natural flavonoid widely distributed in nature. Modern pharmacological studies have revealed that kaempferol has anti-tumor, anti-oxidant, and anti-inflammatory effects (20), and exhibits suppressive effects on a variety of tumors, including gastric (21), esophageal (22), and breast cancers (23). Kaempferol treatment of MDA-MB-231 cells for 48 h resulted in a significant decrease in the number of cells in the G1 phase, from 85.48% to 51.35%, and a significant increase in the number of cells in the G2 phase, from 9.27% to 37.5%, indicating that kaempferol contributes to the induction of G2/M arrest, and can also induce apoptosis and DNA damage in MDA-MB-231 cells. Senkyunolide E belongs to the phthalides class of compounds with anti-inflammatory efficacy (24) and is speculated to be associated with modulating the tumor microenvironment.

KEGG pathway enrichment results indicated that THSWD might exert its therapeutic effects on breast cancer by regulating Ras, FoxO, and PI3K-Akt signaling pathways, which have been confirmed to be involved in breast carcinogenesis. Of these, the Ras pathway is the most significant pathway, Ras oncogenes are the most common oncogenes in human cancer, members of this superfamily of GTPases (KRAS, NRAS, and HRAS), which encode four highly conserved Ras proteins sharing 85% homology. Ras protein activity is regulated by binding to GTP or GDP and involves three main downstream signaling pathways: Ras/Raf/ERK, Ras/PI3K/AKT, and Ral-GEF (25). Based on the enrichment results, THSWD exerted its therapeutic effects mostly via Ras/Raf/ERK, Ras/PI3K/AKT, while both pathways were closely related to cell apoptosis and proliferation (26, 27).

The Ras-MAPK signaling pathway is involved in a variety of human tumors and development processes. MAPK signaling follows a tertiary enzymatic cascade, the Ras-Raf-MEK-MAPK pathway. Four subfamilies have been identified in the MAPK pathway, of which the extracellular signal regulated protein kinase (ERK) is the most studied. The main mechanism currently recognized for the Ras-MAPK/ERK signaling pathway is that this pathway, once aberrantly activated, auto mutation activation and sustained activation by upstream signaling, further activates downstream proteins, leading to cell proliferation, vascularization, apoptosis inhibition, tissue invasion, and ultimately promotes tumor development. The Ras-MAPK pathway can also act as a tumor suppressor by inducing cell senescence and apoptosis, and as a MAPK subfamily, active ERK is abnormally elevated in breast cancer cells during development and progression (28), aberrant ERK activation leads to proliferation and apoptosis inhibition in breast cancer (29).

Through in vitro experiments, using THSWD serum as an intervention, we selected two types of breast cancer cell lines, MCF-7 and MDA-MB-231, to conduct CCK-8 experiments, and found that THSWD exerted inhibitory effects on the proliferation of breast cancer cells, and the optimal concentration of THSWD serum was approximately 20%. Western blotting and PCR experiments proved THSWD induced down-regulation of HRAS, MAPK1, AKT1, GRB2, and MAPK14 protein and mRNA levels in two types of cell lines. These targets were the top five targets identified in the previous PPI network analysis, MAPK is mitogen activated protein kinases, a family of serine/threonine protein kinases, that are important transmitters of signals from the cell surface to the interior of the nucleus, and can transduce extracellular signals into the nucleus, through cascades that phosphorylate and activate downstream transcription factors, to regulate gene expression, and ultimately participate in various physiological processes, such as cell invasion, differentiation, proliferation, and apoptosis (30). MAPK1 is phosphorylated by upstream kinases and upon activation, it translocates to the nucleus of stimulated cells where it phosphorylates nuclear targets. MAPK1 has been shown to be involved in processes such as autophagy, lipid metabolism, proliferation, migration, and invasion (31, 32), HRAS belongs to the RAS family of small GTPases and is a frequently mutated oncogene in cancer, HRAS regulates a complex signal transduction network, including the RAF-MEK-ERK cascade, VEGF-PI3K-AKT pathway and Raf-1 signaling to promote cancer cell proliferation, migration, angiogenesis, and autophagy (33).

Thus, our findings show that THSWD regulates breast cancer in many ways through active ingredients and targets. THSWD can suppress breast cancer cell proliferation. Therefore, these results provide a valuable theoretical basis for THSWD as a potential drug for the treatment of breast cancer.



Conclusions

In the present study, the network pharmacology approach was adopted for the first time to explore the underlying mechanism of THSWD on breast cancer. Studies on the MCF-7 and MDA-MB-231 cells showed that THSWD had significant anti-cancer activities. By network pharmacology analysis, the results demonstrated that the anti-cancer mechanism of THSWD might be through modulation of the Ras, FoxO, and PI3K-Akt signaling pathways. THSWD serum regulated the expression of cancer-related genes and proteins. It induced apoptosis, and inhibited cell proliferation of MCF-7 and MDA-MB-231 cells. The anti-cancer effect of THSWD might by achieved via the down-regulation of MAPK1, HRAS, GRB2, AKT1, and MAPK14. Our study demonstrated the reliability of the network pharmacology method, as well as revealed the anti-cancer effect and potential mechanisms of action of THSWD.
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Lung cancer is the leading cause of cancer deaths in the world. At present, immunotherapy has made a great breakthrough in lung cancer treatment. A variety of immune checkpoint inhibitors have been applied into clinical practice, including antibodies targeting the programmed cell death-1, programmed cell death-ligand 1, and cytotoxic T-lymphocyte antigen 4. However, in the actual clinical process, about 30%–50% of patients still do not receive long-term benefits. Abnormal antigen presentation, functional gene mutation, tumor microenvironment, and other factors can lead to primary or secondary resistance. In this paper, we reviewed the immune mechanism of immune checkpoint inhibitor resistance, various combination strategies, and prediction of biomarkers to overcome resistance in order to accurately screen out the advantageous population, expand the beneficiary population, and enable precise and individualized medicine.
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Background

This article provides an update on the global cancer burden using the GLOBOCAN 2020 estimates of cancer incidence and mortality produced by the International Agency for Research on Cancer. Worldwide, an estimated 19.3 million new cancer cases and almost 10.0 million cancer deaths occurred in 2020. Lung cancer is one of the most commonly diagnosed cancers after breast cancer, with an estimated 2.3 million (11.7%) new cases and 1.8 million (18%) deaths in 2020. Lung cancer has not only become the leading cause of cancer death. It is also the leading burden on global health care (1). Through the traditional treatment methods [radiotherapy (RT), chemotherapy, targeting], lung cancer patients have little benefit. Recently, immune checkpoint inhibitors (ICIs) have become the most promising treatment for several kinds of cancer, especially in lung cancer. Nivolumab, pembrolizumab, and atezolizumab have been approved by the Food and Drug Administration (FDA). However, as clinical use becomes more widespread, approximately 30%–50% of patients receiving first-line ICIs experience temporary or no benefit. Immune drugs can also be divided into endogenous and exogenous drug resistance. Endogenous drug resistance refers to drug resistance caused by changes in tumor cells themselves, such as abnormal antigen presentation, functional gene mutation and inactivation, reduced immunogenicity, and tumor microenvironment. Exogenous drug resistance refers to external factors that affect all processes of T-cell activation. Therefore, in the current era of precision medicine, it is an urgent problem to clarify the mechanism of drug resistance and screen the beneficiaries. In this review, the known mechanisms of immune resistance and potential therapeutic strategies to reverse immune resistance and to predict poor prognosis are reviewed.



Drug Resistance Mechanism


Abnormal Antigen Presentation

The activation of T cells requires two signals. The first signal is the T-cell receptor (TCR) signal formed by the combination of TCR and peptide-major histocompatibility complex (MHC) molecules, but this signal is not enough to activate resting T cells. Only in the case of the second costimulatory signal provided by CD28 and its receptor, T-cell activation-related RNA and proteins will be synthesized, the key cytokine interleukin (IL)-2 will be secreted, and cells will enter from G0 phase to G1 phase. Therefore, it is the costimulatory signal and TCR signal that complete the activation of T cells. Studies have shown that B2M, as an important part of human leukocyte antigen (HLA)-I molecules, participates in the folding and transport of MHC-I molecules and plays an important role in the processing and presentation of tumor antigens. B2M mutation can lead to impaired expression of MHC-I molecules on the surface of antigen-presenting cells (APCs) and then lead to impaired antigen presentation, resulting in immunotherapy resistance (2). In addition, negative costimulatory molecules such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed cell death-1 (PD-1) and their ligands CD80, CD86, PD-L1, and PD-L2 can prevent the body from producing second signals, resulting in downregulation or termination of T-cell activation (3).



Immune Cells: Tumor-Associated Macrophages, Myeloid-Derived Suppressor Cells, Regulatory T Cells

A large number of studies have shown that immune cells play a key role in tumor progression and inflammation. First, tumor-associated macrophages (TAMs) showed significant plasticity toward environmental cues (4, 5). In the early stage of the tumor, TAMS mainly showed M1 phenotype, while in the late stage, TAMS mostly belonged to M2 phenotype (6). M1 macrophages are pro-inflammatory cells, but they have an antitumor effect, which is related to the cytotoxicity and immunostimulatory function to cancer cells. M2 macrophages expressing anti-inflammatory cytokines such as IL-10, C-C motif chemokine ligand 22 (CCL22), and CCL18 can reduce inflammatory response but can promote tumors due to immunosuppression and angiogenesis induction (4, 7, 8). In tumors, microenvironment, such as hypoxia, nitric oxide (NO), can promote TAMs to M2 polarization. In addition, macrophage colony-stimulating factor (M-CSF) produced by tumor cells can also promote the polarization of TAMs to M2, resulting in tumor escape. The main secretion of M2 suppresses cytokines IL-10 and transforming growth factor-β (TGF-β), and the presence of antigen is weak, which inhibits T-cell activation and contributes to tumor immunity (7, 8).

Second, regulatory T (Treg) cells exert their immunosuppressive function through a variety of mechanisms. The high expression of IL-2 receptor on the surface of Treg cells can neutralize IL-2 to limit the proliferation and activation of T cells and produce inhibitory cytokines (TGF-β, IL-10, and IL-35) and cytotoxic substances (perforin and granulase) to inhibit and kill the excitation of effector T cells (9). CTLA-4 expressed by Treg cells binds to CD80/86 to impair APC maturation and inhibit T-cell proliferation, such as dendritic cells (DCs) (10). In addition, Treg cells had low expression of Nrf2, which is a key transcription factor of antioxidant reaction. Oxidative stress can induce apoptosis of Treg cells and release a large number of ATP, which is metabolized into adenosine by CD39 and CD73, which are highly expressed in Treg cells. Adenosine binds to A2A receptor (A2AR) to inhibit effector T cells (9, 11).

Last, myeloid-derived suppressor cells (MDSCs) can promote tumor growth through immunological inhibition and non-immunological inhibition, in which immunosuppressive mediator ARG1 and inducible NO synthase (INOS) can decompose L-arginine into 1-ornithine and urea, NO and nitrite, an important mediator of the IL-2 pathway, resulting in T-cell expression incompetence (12, 13). MDSC also expressed a high level of indoleamine 2mine3-dioxygenase (IDO), which can degrade 1-tryptophan to N-formylcanine, inhibit the proliferation and activation of T cells and NK cells, and promote CD4+ T cells to differentiate into Treg (14, 15). In addition, MDSC secretes immunosuppressive cytokines and growth factors (TGF-β and IL-10) to reduce the antitumor activity of effector T cells, recruit Treg cells, and increase reactive oxygen species (ROS) and NO in the microenvironment to inhibit the antitumor activity of natural killer (NK) cells and effector T cells (7, 16–18). The latest research shows that MDSCs can exert an immunosuppressive effect by upregulating PD-L1 (19). In addition, MDSCs can also promote tumor progression through non-immunological mechanisms (20). MDSCs can produce a large number of matrix metalloproteinases (MMPs), especially MMP9, to promote the infiltration of metastatic cells (21) and secrete high levels of vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) to promote angiogenesis (22). To sum up, MDSCs play an important role in the occurrence and development of tumors.



Tumor Endothelial Cells

Solid tumors tend to secrete a variety of pro-angiogenic factors, such as VEGF, hepatocyte growth factor, and platelet-derived growth factor. In 1971, Folkman (23) proposed that tumor growth was angiogenesis dependent, with further research. From 1983 to 1989, Senger et al. (24) proposed vascular permeability factor (VPF)/VEGF and Ferrara et al. (25) established the important position of VEGF until Terman isolated and purified VEGFR2 in the 1990s. These results fully indicate that VEGF (VEGFR2) plays an important role in the process of tumor growth, recurrence, and metastasis. VEGF/VEGFR is expressed in most tumors, including non-small cell lung cancer (NSCLC), and it has been found to increase the risk of tumor recurrence, metastasis, and death. Angiogenic factors are continuously secreted in the tumor microenvironment, resulting in abnormal angiogenesis. On the one hand, neovascularization usually lacks some adhesion molecules, and the downregulation of adhesion molecules leads to T-cell extravasation (26). At the same time, circulating VEGF hinders the maturation and function of DCs and helps tumors escape immune surveillance. On the other hand, neovascularization cannot offset the increase in oxygen consumption, so the hypoxia environment will directly damage the function of tumor-infiltrating lymphocyte (TIL). In addition, on the one hand, hypoxia can upregulate the inhibitory signals of antitumor immune response, such as PD-L1, IDO, IL-6, and IL-10 (27).

On the other hand, hypoxia induces upregulation of chemokine expression, which makes Treg cells reenter the tumor (28, 29). In addition, hypoxia can also promote the polarization of TAM to M2-like phenotype of TAMs (30). To sum up, angiogenesis can participate in tumor growth and immune escape through a variety of ways.



Functional Gene Mutation and Inactivation

PTEN gene plays an important role in maintaining cell proliferation, differentiation, and apoptosis. PTEN can inhibit phosphoinositide 3-kinase (PI3K) pathway, which plays a regulatory role in some key cell processes such as tumor survival and proliferation. On the other hand, the lack of PTEN expression can activate the PI3K–AKT pathway, thus reducing the infiltration of lymphoid T cells and reduce the tumor killing effect of effector T cells (31). Similar to Janus kinase (JAK), it plays an important role in cytokine signal transduction. The JAK protein tyrosine kinase family consists of four members: tyrosine kinase (TYK)2, JAK1, JAK2, and JAK3. Patients with JAK1/2 gene mutations may be resistant to primary immunotherapy (32). Although JAK2 mutant tumor cells can produce interferon (IFN)-γ, the JAK2–signal transducer and activator of transcription _(STAT) signal pathway cannot be activated by IFN-γ and cannot upregulate the expression of PD-L1, which leads to the weak killing effect of IFN on JAK2 mutant tumor cells. However, the mutant cells of JAK1 were not sensitive to all kinds of effects of IFN. The above results suggest that the mutant tumor cells of the JAK1/JAK2 gene are not sensitive to the killing effect of IFN, and the expression level of PD-L1 is low, which makes the mutated tumor cells resistant to ICIs (33).




Raising Drug Resistance


Combined Application With Chemotherapy

Immune combined chemotherapy can not only increase the cross-presentation of antigens by dendritic cells (34) but also weaken the immunosuppressive components of the tumor microenvironment (35), such as Treg cells, MDSCs, immunosuppressive cytokines, etc., and then increase toxic lymphocytes and the ratio of Treg cells (36). In 2019, the American Society of Clinical Oncology (ASCO) published a three-phase clinical trial KEYNOTE-189 to evaluate the efficacy of NSCLC first-line treatment for advanced non-squamous NSCLC: pablizumab combined with chemotherapy compared with chemotherapy alone. The results showed that the immune combined chemotherapy group could significantly double the levels of overall survival time (OS), progression-free survival (PFS), and PFS2 [mean OS (mOS): 22.0 vs. 10.7 months, hazard ratio (HR): 0.56, 95% confidence interval (CI): 0.45–0.70; mean PFS (mPFS): 9.0 vs. 4.9 months, HR: 0.48, 95% CI: 0.40–0.58; and mPFS2: 17.0 vs. 9.0 months, HR: 0.49, 95% CI: 0.40–0.59]. From the safety analysis, the incidence of treatment-related select adverse events (AEs) of any grade in the combination chemotherapy group and the simple chemotherapy group was 26.4% vs. 12.9%. The grade 3–5 treatment-related select AEs were 10.9% vs. 4.5%. It further confirmed the safety and efficacy of this first-line chemotherapy regimen combined with pablizumab in the treatment of non-squamous NSCLC (37). In addition, KEYNOTE407 3-year follow-up data were released at this year’s European Lung Cancer Congress (ELCC) to evaluate the efficacy of immunotherapy combined with chemotherapy and chemotherapy alone. Studies have shown that immunotherapy combined with chemotherapy provides more lasting benefits to patients than chemotherapy (mOS: 17.1 vs. 11.6 months, HR: 0.71, 95% CI: 0.58–0.88; mPFS: 8.0 vs. 5.1 months, HR: 0.57, 95% CI: 0.47–0.69; mPFS2: 13.8 vs. 9.1 months, HR: 0.59, 95% CI: 0.49–0.72). Three-year follow-up data showed that OS: 29.7% vs. 18.2%, PFS: 16.1% vs. 6.5%; in terms of safety, the two groups of 3 and above treatment related adverse reactions were 74.8% vs. 70.0% (38). In the latest Camel-sq study released by the ELCC in 2021, carrizumab combined with carboplatin and paclitaxel combined with carboplatin chemotherapy regimen in the treatment of advanced non-small cell lung squamous cell carcinoma, objective response rate (ORR) and PFS were significantly prolonged (ORR: 64.8% vs. 36.7%, PFS: 8.5 vs. 4.9 months) (39).



Combined Radiotherapy With Immunotherapy

Preclinical evidence points to RT as a priming event for immunotherapy. By modulating the host’s immune system, RT can render tumor cells more susceptible to T cell-mediated attack. RT promotes the release of tumor neoantigens from dying tumor cells, enhances MHC-I expression, and upregulates chemokines, cell adhesion molecules, and other immunomodulatory cell surface molecules, thereby potentiating an antitumor immune response by triggering immunogenic cell death (40). Just as the PACIFIC trial evaluated the efficacy of durvalumab consolidation therapy in patients with NSCLC after simultaneous RT and chemotherapy, the results showed that the mPFS was 16.9 vs. 5.6 months (HR: 0.55, 95% CI: 0.45–0.68), and the mOS was 47.5 vs. 28.1 months (HR: 0.55, 95% CI: 0.45–0.68) (41). In addition, a retrospective study at the 2020 ASCO conference showed that local treatment can significantly improve survival benefits (42). After immune resistance, local therapy combined with immunotherapy can reverse drug resistance to some extent, providing new treatment ideas for patients with immune drug resistance.



Combined With Targeted Drugs

Anti-angiogenic therapy can change the function of tumor vascular endothelial cells to regulate immunosuppression and reduce the inhibitory effect of VEGF on DC migration and immune function (43, 44). Studies have shown that CTLA-4 or PD-1 inhibitors can reduce tumor vascular density, improve vascular perfusion, relieve hypoxia of tumor tissue, normalize blood vessels, and reduce the immunosuppressive effect of Treg, TAMS, and MDSCs (44–46). Therefore, the combination of immunosuppressive and anti-angiogenic drugs may play a synergistic role. As the latest results of the IMpower150 trial were presented at the American Association for Cancer Research (AACR) 2020 meeting of the AACR, the mOS of ABCP (atezolizumab+carboplatin+paclitaxel+bevacizumab) vs. BCP (carboplatin+paclitaxel+bevacizumab) was 19.5 vs. 14.7 months (HR: 0.80, 95% CI: 0.67-0.95), the mPFS was 8.4 vs. 6.8 months, and the ORR was 63.5% vs. 48.0%, mOS was 29.4% vs. 18.1%, respectively. In the liver metastasis subgroup, the mOS of ABCP vs. BCP was 13.2 vs. 9.1 months, and the PFS was 8.2 vs. 5.4 months. From the data survey, it can be seen that compared with BCP, ABCP can significantly improve the PFS and OS of patients (47, 48). From the above trial results, for epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) mutant population, the combination of four drugs can bring significant survival benefits to patients with advanced NSCLC (49).

The Phase I/II KRYSTAL-1 test (NCT03785249) included patients with KRASG12C mutation-positive, unresectable, or metastatic NSCLC. After adagrasib monotherapy, the results showed that in patients with NSCLC, the overall remission rate of adagrasib treatment reached 45% and the disease control rate (DCR) reached 96%, and for NSCLC patients with STK11 mutation, the overall remission rate reached 64%. In terms of safety, the most common AEs of adagrasib treatment included nausea (54%), diarrhea (51%), vomiting (35%), and fatigue (32%) (50, 51). The researchers indicated that they plan to verify the efficacy of adagrasib in combination with other drugs or treatments in future trials, such as pembrolizumab, Keytruda (52). The Phase II KRYSTAL-7 trial (NCT04613596) of adagrasib combined with pimumab is under preparation, and the results are worth looking forward to. And now there are more and more data supporting the combination of immunotherapy and other targeted treatments.




Combined Application of Double Immunity

PD-1 is highly expressed on T cells and interacts with its ligands PD-L1 and PD-L2 to inhibit T-cell activation and proliferation (53). CTLA-4 can reduce T-cell activity to maintain immune tolerance and homeostasis (54). The two interact to enhance the efficacy of immunotherapy. For example, in patients with advanced melanoma, the results showed that the ORR and PFS of double immunotherapy were higher than those of single-drug immunotherapy (55, 56). The Checkmate-227 test was used to evaluate the efficacy of dual immunotherapy and chemotherapy alone in the treatment of advanced NSCLC. The study showed that the OS and duration of response (DOR) of patients with PD-L1 ≥1% and PD-L1 <1% were significantly longer than those in the chemotherapy group (PD-L1-positive patients: mOS was 17.1 vs. 14.9 months, ORR value was 31.9% vs. 30%; mOS was 17.2 vs. 12.2 months, ORR value was 27.3% vs. 23.1%) (57, 58). In addition, like the Checkmate-227 study, the Checkmate-9LA trial, presented at the 2020 World Conference on Lung Cancer (WCLC), aims to evaluate the efficacy of chemotherapy alone or navulizumab combined with two cycles of chemotherapy in the treatment of metastatic NSCLC in Asian populations. The results showed that no matter what the expression of PD-L1 was, the combination of immunotherapy and chemotherapy could improve the expression of OS, without considering the expression of PD-L1. According to the expression analysis of PD-L1, the risk of death of patients with PD-L1 <1% (HR: 0.62, 95% CI: 0.45~0.85) and PD-L1 ≥1% (HR: 0.64, 95% CI: 0.5~0.82) decreased by 38% vs. 36% (HR: 0.64, 95% CI: 0.5~0.82) (59, 60). In addition, for the study of immune checkpoints, some new checkpoints have been explored, such as T-cell immunoreceptor with immunoglobulin (Ig) and ITIM domains (TIGIT), IDO, and lymphocyte activation gene (LAG)-3. Among the many new combinations and new targets, T-cell immune receptor (TIGIT) inhibitors carrying Ig and ITIM domains have attracted particular attention. A phase II study of atrizumab combined with TIGIT inhibitor tiragolumab vs. placebo combined with atrizumab was released at the 2020 ASCO Congress (61). The main characters were ORR and PFS. The results showed that for people with PDL1 >50%, tiragolumab+atrizumab significantly increased ORR and PFS time in the intention-to-treat (ITT) population compared with those in the control group, but for 1%~49% of PD-L1, the benefit of ORR and PFS time was limited. This study is still under further study, and the results are worth looking forward to.



Discussion

Although the research ideas of immunotherapy drug resistance emerge endlessly, there are also some problems that cannot be ignored in the clinical trials of reversing immune drug resistance. In recent years, with the rapid development of medicine, we advocate “individualized medical treatment” and “precision treatment” in the field of oncology. Biomarkers have important clinical significance for the discovery, treatment, and prognosis of tumors. At present, PD-L1 is the most commonly used marker for predicting the efficacy of immunotherapy, but it still has some limitations and cannot be used as a routine marker in the clinic. Other related studies have shown that tumor mutation load, TILs, and microsatellite instability are important biomarkers to predict the efficacy of immunotherapy.

According to the retrospective analysis of CHECKMate-026 and the survival data of CHECKMate-227, the efficacy of immunotherapy in patients with high tumor mutation burden (TMB) was significantly better than that of chemotherapy (57, 62). In 2019, the National Comprehensive Cancer Network (NCCN) guidelines recommended TMB as one of the indicators to evaluate the efficacy of immunotherapy for NSCLC. At the AACR 2019 meeting, Wang et al. (63) reported the latest research results on the blood-based tumor mutant (bTMB) and realized bTMB’s effective prediction of PFS, especially OS, by redefining bTMB. However, due to the influence of different critical values, different sampling time, tumor heterogeneity, and other factors, TMB may still be a biomarker for clinical reference, and the selection of its effective threshold and the feasibility of detection need to be further verified by clinical data. Also at the ASCO conference in 2019, Johns Hopkins and Memorial Sloan Kettering Cancer Celter (MSKCC) published the results of trials on patients with NSCLC who received nivolumab before operation, suggesting that circulating tumor DNA (CtDNA) clearance and peripheral blood T-cell expansion can be used as biomarkers to predict recurrence and treatment efficacy (64). The WCLC in 2021 also reported on CtDNA. In addition, new biomarkers are being discovered. For example, a retrospective trial was conducted in Japan to evaluate the efficacy of nivumab or pembrolizumab in patients with advanced NSCLC with positive antibodies (rheumatoid factor, antinuclear antibodies, thyroid antibodies) before selection. The results showed that the ORR, DCR, and PFS of antibody-positive patients were significantly better than those of non-antibody-positive patients. Although the sample size included in this study is relatively small, its research is worthy of further study (65).

At present, with the further study of biomarkers, some studies also have found that Tumor Protein p53 (TP53) or Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) gene mutations can increase the expression of PD-L1 and CD8+ T-cell infiltration; when both mutations are present, the expression of PD-L1 will be more significant, the tumor mutation load is often high, and the clinical benefits of pembrolizumab therapy are often better. Therefore, KRAS or TP53 mutations combined with PD-L1 or CD8+ T cells may be of better predictive value (66).



Conclusion

There is still a certain problem of drug resistance in the clinical application of immunotherapy for NSCLC, although the combination of drugs can expand the effect of immunotherapy and improve immune drug resistance. However, based on these results, there are still several important problems to be solved: how to accurately grasp the dose and time sequence of the combination, and the choice of the dominant population is the key to improving the efficacy of drugs. The development of immunotherapy is a great breakthrough in tumor therapy and the cornerstone of advanced NSCLC therapy. In the future, looking for biomarkers to predict the efficacy of immunotherapy can make immunotherapy individualized and accurate. The research and development of new drugs will further improve the prognosis of patients with lung cancer (Table 1).


Table 1 | Data on the results of trials related to non-small cell lung cancer.
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Objective: Kanglaite(KLT), a type of Chinese medicine preparation, is considered as an adjuvant therapeutic option for malignant cancer treatment. This study aimed to systematically investigate the efficacy and safety of the combination of KLT and epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI) for the treatment of stage III/IV non-small cell lung cancer.
Methods: Randomized controlled trials (RCTs) that compared KLT plus EGFR-TKI with EGFR-TKI alone for the treatment of stage III/IV non-small cell lung cancer were reviewed. Literature searches (up to July 10, 2021) were performed on PubMed, Web of Science, Cochrane Library, Embase, ClinicalTrials.gov, China National Knowledge Infrastructure (CNKI), Wanfang Database, and the Chinese Scientific Journal Database. Two researchers independently assessed the risk of bias with the tool of Cochrane Collaboration. RevMan 5.3.0 was used in the analysis of the included trial data.
Results: 12 RCTs recruiting 1,046 patients with stage III/IV NSCLC were included. Results showed that compared with EGFR-TKI alone, KLT plus EGFR-TKI significantly increased the disease control rate (DCR) (odds ratio [OR]=3.26; 95% confidence interval [CI]:2.22–4.77; p < 0.00001), the objective response rate (ORR) (OR=2.59; 95% CI:1.87–3.58; p < 0.00001) and Karnofsky performance status (KPS) (OR = 2.76; 95% CI:1.73–4.39; p < 0.00001). Furthermore, patient immunity was enhanced with KLT plus EGFR-TKI. The combined treatment increased the percentage of CD4 + T cells (weighted mean difference [WMD]=5.36; 95% CI:3.60–7.13; p < 0.00001),the CD4+/CD8 + ratio (WMD = 0.18; 95% CI: 0.08–0.27; p = 0.004), and percentage of NK cells (WMD=4.84; 95% CI: 3.66–6.02; p < 0.00001).With regard to drug toxicity, the occurrence rate of nausea and vomiting was significantly reduced by KLT plus EGFR-TKI (OR=0.37; 95% CI: 0.16–0.86; p = 0.02).
Conclusion: KLT plus EGFR-TKI was effective in treating stage III/IV non-small cell lung cancer. Thus, its application in these patients is worth promoting. Additional double-blind, well-designed and multicenter RCTs are required to confirm the efficacy and safety of this treatment.
Keywords: EGFR-TKI, kanglaite, NSCLC, meta-analysis, stage III/IV
INTRODUCTION
Lung cancer remains the leading cause of cancer-related death worldwide (Sung et al., 2021). Despite the recent remarkable progress in screening, diagnosis, and treatment. 57% of patients with lung cancer are diagnosed at an advanced or metastatic stage, during which the 5-years relative survival rate is only 5% (Richards et al., 2017). Epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) have improved clinical benefits for patients with metastatic non-small cell lung cancer (NSCLC) patients (Rosell et al., 2012). The National Comprehensive Cancer Network NSCLC Panel recommends identification of EGFR mutations for all patients with adenocarcinoma. EGFR-TKI combined with chemotherapy improved progression free survival (PFS) in untreated advanced NSCLC patients with EGFR mutation (Hosomi et al., 2020). However, the undesirable effects of EGFR-TKIs adversely affect the quality of life and treatment compliance of patients (Shah and Shah, 2019). Of patients with EGFR-mutated NSCLC, 20–40% experience primary resistance to first or second-generation EGFR-TKIs, which is attributed to genetic alterations (Wang et al., 2016). Moreover, some patients do not show a good initial clinical response. Therefore, a EGFR-TKI-based combination treatment regimen may be more beneficial.
Traditional Chinese medicine (TCM) has been widely used as an adjuvant therapeutic option for cancer treatment (Xiang et al., 2019;Liu S.-H. et al., 2021). High-level clinical studies of TCM injection in cancer care has gradually increased (Yang et al., 2021). Kanglaite injection had been approved by the Chinese State Food and Drug Administration (SFDA) for the treatment of various malignant tumors. KLT is extracted and isolated from coix seeds (Coix lacryma-jobi). A few clinical studies on KLT for patients with solid tumor have been approved in the United States. KLT is the first TCM to be approved by the US Food and Drug Administration (FDA). The clinical mechanisms of KLT for NSCLC are related to the promotion of cancer cell apoptosis, inhibition of migration and proliferation and improvement of the immunity (Pan et al., 2012; Lu et al., 2013; Luo et al., 2017; Duan, 2018; Wu et al., 2018).
In previous studies, KLT injection combined with platinum-based chemotherapy showed significantly higher efficacy in the treatment of stage III/IV NSCLC (Hailang et al., 2020a; Li et al., 2020; Ni et al., 2021). With the widespread application of EGFR-TKI, the number of published clinical studies on KLT combined with EGFR-TKI has been increasing. On the basis of previous clinical studies, we performed a PRISMA-compliant meta-analysis of KLT combined with EGFR-TKI in patients with stage III/IV NSCLC (Figure 1) to assess the clinical efficacy, quality of life, immune function (including percentages of CD3+, CD4+, NK cells and the CD4+/CD8+ratio) and adverse events. This work was conducted to provide comprehensive evidence for further studies and explore the clinical outcome of combination therapy with KLT and EGFR-TKI.
[image: Figure 1]FIGURE 1 | Work flow of the present study.
MATERIALS AND METHODS
We performed this meta-analysis following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and Cochrane Handbook. The data were obtained from published trials. As this study does not involve animal and patient experiments, the ethical approval was not required.
Literature Source and Search Strategy
A comprehensive literature search was conducted by two independent researchers (FM Kong and CR Wang). Published studies were retrieved from eight databases including PubMed, Web of Science, Cochrane Library, Embase, ClinicalTrials.gov, the China National Knowledge Infrastructure (CNKI), Wanfang Database and the Chinese Scientific Journal Database. The last search date was July 10, 2021. In addition, we searched the relevant systematic reviews and meta-analyses to find the potential studies that may have been missed in the online searches.
The following search terms were used: “Lung Cancer” or “Non small cell lung cancer” or “NSCLC” or “Lung Carcinoma”or “Carcinoma of the lung” and “Kanglaite” and “Gefitinib” or “Erlotinib” or “Icotinib” or “Afatinib” or “Dacomitinib” or “Osimertinib” or “EGFR-TKI”. No language limits were applied.
Types of Studies and Selection Criteria
All RCTs that compared KLT plus EGFR-TKI with EGFR-TKI alone were selected and assessed for inclusion in the study.
The inclusion criteria were as follows:
1) Randomized controlled trials (RCTs).
2) Patients with stage III/IV NSCLC confirmed by cytology or pathology.
3) Studies that included >30 patients with NSCLC.
4) Studies that compared the clinical outcomes of EGFR-TKI plus KLT adjuvant therapy (experimental group) with those of EGFR-TKI alone (control group).
5) The EGFR-TKIs included Gefitinib, Icotinib, Erlotinib, Afatinib, Dacomitinib, and Osimertinib.
The exclusion criteria were as follows:
1) Neither RCT nor “random”was mentioned.
2) Articles without sufficient data available.
3) Duplication of previous publications.
4) Case studies, review papers, comments, and conference abstracts.
Data Extraction and Quality Assessment
Data were independently extracted by two reviewers (FM Kong and CR Wang) according to the above inclusion and exclusion criteria; any disagreement was adjudicated by a third reviewer (XJ Li).
The following data were extracted:
1) The first author’s name
2) Year of publication
3) Study location
4) Tumor stage
5) Number of cases
6) Age of the patients
7) Gender of the patients
8) Therapeutic regimens
9) Main outcomes
Outcome Definition
The clinical responses assessed included treatment efficacy, performance status, immune function, and adverse events. Treatment efficacy was evaluated in terms of the disease control rate (DCR), objective response rate (ORR), Karnofsky performance status (KPS), immune function indicators (percentages of CD3+, CD4+, NK cells and the CD4+/CD8+ratio) and adverse events including rash, nausea and vomiting, diarrhea, and liver injury.
Risk of Bias Assessment
Two researchers (XJ Li and YJ Jia) independently assessed the risk of bias with the tool of Cochrane Collaboration (Higgins et al., 2011). The Cochrane Collaboration contained the following assessment tools: random sequence generation; allocation concealment; blinding of participants, and personnel; blinding of outcome assessment; incomplete data; selective reporting and other bias. Each study was classified as“low risk of bias”,“unclear risk of bias”or“high risk of bias”. Any disagreement was settled through the third researcher (FM Kong).
Statistical Analysis
Statistical analysis was performed with the RevMan 5.3 software (Nordic Cochran Centre, Copenhagen, Denmark) software. Treatment effects were mainly represented by odds ratio (OR), and continuous data were shown as the weighted mean difference (WMD) with a 95% confidence intervals (CI). p value < 0.05 was considered statistically significant. Heterogeneity among the studies was assessed by Cochran’s Q test; I2 < 50% or p > 0.1 indicated a lack of heterogeneity among the studies. When the level of heterogeneity was small (I2< 50%), a fixed-effects model was applied for estimation; otherwise, a random-effects model was selected.
RESULTS
Search Results
In total, 72 articles were initially identified. Of these articles, 21 papers were excluded because they were duplicates. After the title and abstract review, 34 articles were further excluded. After a detailed assessment of the full text articles, those unrelated with our topics (n = 2), conference summary (n = 1), and those that did not meeting the inclusion criteria or exclusion criteria (n = 2) were also excluded. Ultimately, 12 trials involving a total of 1,046 patients were included in this analysis (Figure 2).
[image: Figure 2]FIGURE 2 | Flow diagram showing study selection for the meta-analysis.
Characteristics of Included Studies
Table 1 summarizes the basic characteristics of the 12 RCTs. All the studies were conducted in different medical centers in China (Zhang and Yuan, 2011; Guo and Wang, 2013; Shi and Chen, 2013; Zeng et al., 2014; Zhang and Zhou, 2014; Ning et al., 2015; Jin et al., 2016; Yang, 2016; Yang et al., 2016; Wang et al., 2017; Zhao et al., 2019; Li, 2020). A total of 1,046 patients were recruited, of which 526 patients with stage III/IV NSCLC were treated with EGFR-TKI in combination with KLT, while 520 patients were treated with EGFR-TKI alone, with a sample size of 46–186 in each trial. The course of treatment lasted from 3 to 9 weeks. The control group received EGFR-TKIs, including gefitinib (Zhang and Yuan, 2011; Shi and Chen, 2013; Zeng et al., 2014; Zhang and Zhou, 2014; Ning et al., 2015; Jin et al., 2016; Yang et al., 2016; Wang et al., 2017; Zhao et al., 2019; Li, 2020), Icotinib (Yang, 2016) and Erlotinib (Guo and Wang, 2013). The patients in the experimental group received EGFR-TKI in combination with KLT, including KLT injections (Zhang and Yuan, 2011; Guo and Wang, 2013; Shi and Chen, 2013; Zeng et al., 2014; Zhang and Zhou, 2014; Ning et al., 2015; Jin et al., 2016; Yang, 2016; Yang et al., 2016; Zhao et al., 2019) and KLT capsules (Wang et al., 2017; Li, 2020). Patient characteristics are shown in Table 1.
TABLE 1 | Clinical information from the eligible trials included in the meta-analysis.
[image: Table 1]Risk of Bias Assessment
The bias risk analysis performed using the Cochrane Collaboration tool revealed bias in all the included studies. “Random” or “randomized” or “randomization” was mentioned in 11 studies, except for one study (Zeng et al., 2014). Only one study reported allocation concealment (Yang, 2016). All the included studies reported detailed outcome data. None of the 12studies provided blinding of the outcome data, clear descriptions of selective and other biases. Risk of bias assessment are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Risk of bias of the included studies (A) Risk of bias graph (B) Risk of bias summary.
Outcomes Measures
Disease Control Rate and Objective Response Rate
We extracted the data on DCR and ORR data from nine included RCTs report (Zhang and Yuan, 2011; Guo and Wang, 2013; Shi and Chen, 2013; Zhang and Zhou, 2014; Jin et al., 2016; Yang, 2016; Wang et al., 2017; Zhao et al., 2019; Li, 2020). The meta-analysis data showed that, compared with EGFR-TKI alone, KLT plus EGFR-TKI significantly improved DCR (OR = 3.26; 95% CI:2.22–4.77; p < 0.00001) (Figure 4) and ORR (OR: 2.59; 95% CI: 1.87–3.58; p < 0.00001) (Figure 5). Statistical homogeneity was observed for both outcomes (I2 = 0%).
[image: Figure 4]FIGURE 4 | Forest plot of DCR in patients treated with KLT + EGFR-TKI and EGFR-TKI alone.
[image: Figure 5]FIGURE 5 | Forest plot of ORR in patients treated with KLT + EGFR-TKI and EGFR-TKI alone.
Karnofsky Performance Status
Five trials (Zhang and Yuan, 2011; Shi and Chen, 2013; Zeng et al., 2014; Zhang and Zhou, 2014; Yang, 2016) with a total of 750 patients reported improvement in KPS improvement. According to the results, the KPS was significantly higher in the KLT plus EGFR-TKI group than the control group (OR = 2.76, 95% CI:1.73–4.39; p < 0.00001) (Figure 6). A fixed-effect model was used due to the heterogeneity (I2 = 0%).
[image: Figure 6]FIGURE 6 | Forest plot of KPS improvement in patients treated with KLT + EGFR-TKI and EGFR-TKI alone.
Immune Function
Four trials (Zeng et al., 2014; Ning et al., 2015; Yang, 2016; Yang et al., 2016) including 382 patients reported percentages of CD3+ cells. Statistical heterogeneity was observed (I2 = 99%, p < 0.00001); Hence, the random effect model was employed. The results showed that the percentage of CD3+ cells was similar between the KLT plus EGFR-TKI group and control group (WMD = 6.61; 95% CI: 0.46 to 13.68; p = 0.07) (Figure 7).
[image: Figure 7]FIGURE 7 | Forest plot of Immune function in patients treated with KLT + EGFR-TKI and EGFR-TKI alone.
Six trials (Zeng et al., 2014; Ning et al., 2015; Jin et al., 2016; Yang, 2016; Yang et al., 2016; Zhao et al., 2019) including 570 patients reported percentage of CD4+cells and the CD4+/CD8+ratio.There was statistical heterogeneity. The random effect model was employed for the analysis. The results illustrated that KLT plus EGFR-TKI group had an advantage of increased percentage of CD4+cells (WMD = 5.36; 95%CI: 3.60–7.13; p < 0.00001; I2 = 91%) and the CD4+/CD8+ ratio (WMD = 0.18; 95% CI: 0.08–0.27; p = 0.004; I2 = 65%) (Figure 7).
Four trials (Zeng et al., 2014; Ning et al., 2015; Yang, 2016; Yang et al., 2016) including 382 patients reported percentage of NK cells. The results showed that the KLT plus EGFR-TKI group had an advantage of increased NK cells (WMD = 4.84; 95% CI: 3.66–6.02; p < 0.00001; I2 = 42%) (Figure 7).
Adverse Event
The fixed-effects meta-analysis revealed a significantly lower occurrence rate of nausea and vomiting in the KLT plus EGFR-TKI group than in the control group (OR = 0.37; 95% CI:0.16–0.86; p = 0.02; I2 = 44%) (Figure 8).
[image: Figure 8]FIGURE 8 | Forest plot of adverse events in the patients treated with EGFR-TKI + KLT and EGFR-TKI alone.
We identified seven studies (Zhang and Yuan, 2011; Guo and Wang, 2013; Zeng et al., 2014; Zhang and Zhou, 2014; Yang, 2016; Yang et al., 2016; Wang et al., 2017) including 563 patients with rash and diarrhea. The Fixed-effects model revealed that the KLT plus EGFR-TKI group showed no significant differences in the occurrence rates of rash (OR = 0.71; 95% CI:0.47–1.09; p = 0.12; I2 = 0%) and diarrhea (OR = 0.74; 95% CI:0.48–1.15; p = 0.18; I2 = 0%) compared with the control group (Figure 8).
As can be seen in Figure 8, five studies (Zhang and Yuan, 2011; Guo and Wang, 2013; Zhang and Zhou, 2014; Wang et al., 2017; Li, 2020) including 431 patients reported the incidence of liver injury. The meta-analysis revealed that the combination treatment with KLT plus EGFR-TKI did not significantly reduce the risk of liver injury risk when compared with the EGFR-TKI alone (OR = 1.44; 95% CI: 0.82–2.54; p = 0.21; I2 = 23%).
Sensitivity Analysis
We performed a subgroup analysis to examine the source of the heterogeneities in ORR and DCR with regard to sample size, form of KLT, duration of therapy. As shown in Table 2, there were no significant differences between sample size, form of KLT, and therapy duration. Moreover, in terms of DCR index, KLT injection plus EGFR-TKI was found to be more effective than KLT capsule plus EGFR-TKI.
TABLE 2 | Subgroup analyses of DCR and ORR between the experimental and control group.
[image: Table 2]Publication Bias
A funnel plot of the nine studies that reported ORR data was used to assess publication bias (Figure 9). The funnel plot was asymmetrical, indicating the existence of publication bias.
[image: Figure 9]FIGURE 9 | Funnel plot of publication bias.
DISCUSSION
Clinically, KLT has synergistic effects with radiotherapy and chemotherapy, it has been used in the adjuvant treatment of various tumors such as lung cancer (Hailang et al., 2020a; Li et al., 2020), breast Cancer (Liu S. et al., 2021), hepatocellular carcinoma (Liu et al., 2019; Dou et al., 2020)and colorectal cancer (Mao et al., 2020). The main effects targeted the improvements of clinical efficacy, performance status, KPS score, immune function and the reduction of the side effects of radiotherapy and chemotherapy. In advanced NSCLC, KLT injection combined with platinum-based chemotherapy showed significantly higher efficacy (Wen et al., 2020). EGFR-TKIs have proved effective as first-or second-line therapy for advanced NSCLC. Although the achieved efficacy is significant, most patients acquire resistance to the EGFR-TKIs, which limits the benefits of this treatment. Chinese herbal extracts play a role in overcoming EGFR-TKI resistance in NSCLC (Lee et al., 2021). TCM combined with EGFR-TKI treatment prolonged progression-free survival (PFS) in patients with NSCLC who were harboring EGFR mutations and caused no adverse effects (Jiao et al., 2019; Tang et al., 2019). TCMs have better effects on ORR than EGFR-TKI alone in the treatment of NSCLC (Sui et al., 2020). A systematic review revealed that combination of KLT injection with gefitinib may enhance the therapeutic effectiveness for the patients with NSCLC (Hailang et al., 2020b). However, this study only included seven RCTs up to 2016. The meta-analysis did not include other EGFR-TKIs and different forms of KLT. In recent years, the number of published clinical studies on KLT combined with EGFR-TKI has been increasing. Based on this, we comprehensively searched the literature (up to July 10, 2021) for studies that included icotinib, erlotinib and the capsule form of KLT to systematically evaluate the efficacy and safety of the treatment for stage III/IV non-small cell lung cancer. DCR is regarded as one of the best indicators for predicting OS and PFS (Claret et al., 2014). Our study included DCR as the main outcome indicator. Compared with previous studies, we followed the PRISMA guidelines and additionally performed a subgroup analysis, risk-of-bias assessment, and publication bias analysis for a more comprehensive research.
The meta-analysis was performed with 12 RCTs to evaluate the clinical efficacy of the addition of KLT to EGFR-TKI. The study results showed that compared with EGFR-TKI alone, the combination of KLT and EGFR-TKI significantly improved DCR, ORR, KPS and immune function. The percentages of CD4+ cells, NK cells and the CD4+/CD8+ratio were significantly increased when KLT was administered, indicating that the immune function of NSCLC patients was improved. Previous studies have shown that KLT has pronounced immunostimulatory activities in C57BL/6 mice (Pan et al., 2012). KLT in combination with chemotherapy influences the peripheral blood T lymphocyte subsets and blood immunoglobulins in patients with advanced NSCLC (Wen et al., 2020). In the subgroup analysis, no significant differences in ORR and DCR were found between sample size, form of KLT, and therapy duration. This suggests that the dosage form of KLT should be chosen depending on the patient’s condition. Moreover, in terms of DCR index, KLT injection plus EGFR-TKI was found to be more effective than KLT capsule plus EGFR-TKI. The subgroup analysis revealed that even with the increased treatment duration (from 3 to 9 weeks), DCR was not improved, indicating that 3 weeks of KLT therapy might be an optimal choice. All these results indicate that the addition of KLT might enhance the curative effects of treatment for stage III/IV non-small cell lung cancer.
Although the combination of KLT and gefitinib has shown better clinical efficacy, the synergistic mechanisms are currently unclear. Previous basic experiments showed that the clinical mechanisms of action of KLT for lung cancer are related to the promotion of cancer cell apoptosis (Lu et al., 2013), improvement of the immunity (Pan et al., 2012; Duan, 2018), inhibition of migration and invasion (Luo et al., 2017; Wang and Wang, 2019) and inhibition of proliferation (Wu et al., 2018). (Table 3). KLT combined with Gefitinib can reduce the number of angiogenesis in Lewis lung cancer tissues. The vascular endothelial growth factor-kinase domain receptor (VEGF-KDR) pathway may be one of the mechanisms to inhibit tumor angiogenesis. This may be one of the reasons for the synergistic effect in the treatment of lung cancer (Shen et al., 2013). The combination of KLT and gefitinib can induce cell apoptosis significantly. KLT may increase the sensitivity of the human lung adenocarcinoma cell line A549 to gefitinib, (Zhao et al., 2015). At present, the synergistic mechanism of KLT and EGFR-TKI is still unclear, and more experimental data are needed to clarify this.
TABLE 3 | Main Anticancer Mechanism of Coix seed in treatment of lung cancer.
[image: Table 3]There were some limitations in this study. First, all the trials were published in China, which is a source of selection bias. Only one study on KLT treatment for lung cancer in the United States is registered at ClinicalTrials.gov (NCT01640730). Second, the studies included in this meta-analysis used an“A + B vs. B”design, without a rigorous control for placebo effect. Third, none of the trials reported the OS and PFS rates. Whether KLT plus EGFR-TKI improve the OS and PFS for NSCLC remains unclear. Fourth, only first-generation EGFR-TKIs were used in the studies included in this meta-analysis. No relevant clinical study has used KLT combined with afatinib or osimertinib. Furthermore, our current study has not been registered, and bias may have been present. Future trials are needed to ensure that the reporting follows the consolidated standards for reporting trials guidelines. Additional double-blind, well-designed and multicenter RCTs are required to confirm the efficacy and safety of this combination treatment.
CONCLUSION
The results of this study indicate that treatment with KLT combined with EGFR-TKI is more effective than EGFR-TKI alone in the treatment for stage III/IV non-small cell lung cancer patients. KLT can be used as a complementary therapy for NSCLC. However, the low quality of some of the included publications increased the risk of bias, which, to some extent, affected the reliability of the research. The clinical efficacy of KLT-mediated adjuvant therapy for stage III/IV non-small cell lung cancer requires verification in methodologically rigorous trials.
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Steroidal alkaloids contain both steroidal and alkaloid properties in terms of chemical properties and pharmacological activities. Due to outstanding biological activities such as alkaloids and similar pharmacological effects to other steroids, steroidal alkaloids have received special attention in anticancer activity recently. Substituted groups in chemical structure play markedly important roles in biological activities. Therefore, the effective way to obtain lead compounds quickly is structural modification, which is guided by structure–activity relationships (SARs). This review presents the SAR of steroidal alkaloids and anticancer, including pregnane alkaloids, cyclopregnane alkaloids, cholestane alkaloids, C-nor-D-homosteroidal alkaloids, and bis-steroidal pyrazine. A summary of SAR can powerfully help to design and synthesize more lead compounds.
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Introduction

Steroidal alkaloids as one large and important class of alkaloids are mainly found in various plants from Solanaceae, Buxaceae, Apocynaceae, and Liliaceae, marine invertebrates, and amphibians (Figure 1) (1–3). According to the carbon skeleton, they can be divided into five types: pregnane alkaloids, cyclopregnane alkaloids, cholestane alkaloids, C-nor-D-homosteroidal alkaloids, and bis-steroidal pyrazine (2).




Figure 1 | The Main Sources of Steroidal Alkaloids.



Steroidal alkaloids are nitrogen-containing derivatives of natural steroids, having the basic steroidal skeleton and a nitrogen atom, which contain both steroidal and alkaloid properties in terms of chemical properties and pharmacological activities (4). Therefore, they have significantly outstanding biological activities as alkaloids and similar pharmacological effects to other steroids (4). Previous pharmacological studies have shown that steroidal alkaloids own a variety of pharmacological activities, such as anticancer, anti-inflammatory, antimicrobial, and analgesic (1, 5).

Cancer is considered as one of the most threatening diseases worldwide (6). Currently, the treatments used to treat cancer include four main strategies: chemotherapy, radiotherapy, surgery, and immunotherapy (7, 8). The anticancer natural products include alkaloids (vinblastine, camptothecin), terpenoids (farnesol, geraniol, paclitaxel), anthranilic acid derivatives (tranilast), polyphenolic compounds (gossypol), lignans (podophyllotoxin), and so on (9). Among these, alkaloids and their analogues account for almost the majority of clinical anticancer drugs (10).

Due to the particularity of the structure and potent activities, steroidal alkaloids have received more and more attention for the treatment of cancer in recent years. There are many drugs developed into clinical treatment drugs. At present, most discoveries of new drugs are based on structural modifications through structure–activity relationships. For instance, the hydrochloride of solanamine is used as an antineoplastic drug for preclinical study. Cyclopamine has completed phase I clinical trial as a potential antitumor drug by companies Curis and Genentech (11).

Steroidal alkaloids are important and potential bioactive agents, having a promising feature in the treatment of cancer. More exploitation of new drugs is based on structural modification referring to SAR. Therefore, it is necessary to systematically summarize the structure–activity relationships of steroid alkaloids to design and synthesize potent anticancer drugs.

In this review, any search (including literature and PhD and MSc dissertations) published before 1950 and up to 2020 was performed in the following databases: Web of Science, Science Direct, Scifinder, and the China National Knowledge Infrastructure (CNKI). “Steroidal alkaloids” and “anticancer” were used as keywords in literature searches, and 881 references were obtained in total, of which 189 references meet the requirements. Through these literatures, we summarized the structure–activity relationships of steroid alkaloids in anticancer.

This review focuses on the extensive structure–activity relationships of steroidal alkaloids in the area of anticancer activity. From different carbon skeleton points of view, the differences of activity caused by structural changes were discussed. This review will provide a reference for the discovery of steroidal alkaloid as anticancer drugs.



Pregnane Alkaloids

Pregnane alkaloids are also called C-21 steroidal alkaloids, which are mainly found in the Holarrhena, Kibatalia, Paravallaris, and Marsdenia genera of Apocynaceae as well as the Sarcococca and Pachysandra genera of the Buxaceae. Due to their good anticancer activity, pregnane alkaloids have been reported in many literatures, patents, and graduation papers. Based on previous studies, preliminary SAR about the cytotoxic activity of pregnane alkaloids was affected by substituents at C-3, 5, 6, 7, 15, 16, 17, and 21. The schematic diagram of structure–activity relationships of pregnane alkaloids is shown in Figure 2.




Figure 2 | Summary of Structure-activity Relationship of Pregnane Alkaloids.



The substituted forms of C-16 and 17 in pregnane alkaloids are of great importance for the anticancer activity. Huo et al. isolated hookerianine A (1), hookerianine B (2), sarcorucinine G (3), and epipachysamine D (4) from Sarcococca hookeriana Baill and evaluated the above three compounds in SW480, SMMC-7721, PC3, MCF-7, and K562 cell lines. Compared to epipachysamine D (4), sarcorucinine G (3) with C-16, C-17 double bond presented better cytotoxicity (Figure S1). And hookerianine B (2) with the epoxy group at C-16 and C-17 was stronger than epipachysamine D (4) on cytotoxicity (12). Qin et al. synthesized novel pregn-17(20)-en-3-amine derivatives and performed derivatives of chemotaxis assay against human breast cancer cells (Table S1). Although the results demonstrated that the derivatives had no cytotoxicity on MDA-MB-231 cells, some of them displayed strong inhibitory effects against migration such as 5a, 5c, 8e, 8f, 9a, 9g, 10a, and 10f (Figure S1). Among these, 10f (IC50 value = 0.03 μM) showed the best potency. A majority of C-16 hydroxyl derivatives (7a, 7c-e, 8b, and 8g) presented strong toxicity. A minority of C-16 carbonyl derivatives (10b-c and 9e) presented the toxicity. The derivatives without the substituted group at the C-16 position showed no toxicity, except 5a and 5c (IC50 value < 1 μM). The activities of these C-16 carbonyl derivatives including 9a, 9g, 10a, and 10f were better than other two kinds of derivatives, which indicated that α, β-unsaturated fragment in ring D might be key for activities. It was worth noting that, except for 3-piperidin-1-yl derivatives, the activities of 3β-substituted derivatives were better than 3α-substituted derivatives among the derivatives without the substituted group on C-16 (5a-e, 5g vs 6a-e, 6g), but it did not appear the same phenomenon among C-16 carbonyl derivatives (13).

The earlier conclusion has been proved that the presence of a 5,6-double bond played an important role in an antiproliferative effect. Compounds 11–13 (the synthetic analogs of solanidine) researched by Minorics et al. showed the effective inhibitory effects against HL-60 cell lines, which verified the earlier conclusion (14). Badmus et al. isolated holamine (14) and funtumine (15) from Holarrhena floribunda and tested for their inhibited proliferation against MCF-7, HeLa, HT-29, and KMST-6 (Figure S1). Holamine (14) displayed cytotoxic effects on HL-60 and P-388, while funtumine (15) exhibited no cytotoxicity. Therefore, it was speculated that the presence of 5,6-double bond can strengthen cytotoxicity. However, this SAR showed a little effect on the cytotoxic activity against HT-29, HeLa, MCF-7, and KMST-6 cell lines (15).

C-3 is one of the most important positions of the substituent group to affect the activity; the relative configuration of C-3 is also the influential factor. Pregn-17(20)-en-3-amine derivatives by Qin et al. showed results that for compounds with no substituent at C-16, except for 3-piperidine-1-yl derivatives, the activity of 3β-substituted derivatives was better than that of 3α-substituted derivatives (5a vs 6a, 5b vs 6b, 5c vs 6c, 5d vs 6d, 5e vs 6e,and 5g vs 6g). Among pregn-17(20)-en-3-amine derivatives, the activities of 3α-piperidin-1-yl derivatives were better than those of 3β-piperidin1-yl derivatives (5f vs 6f, 7f vs 8f, and 9f vs 10f) (Figure S1). According to the results, Qin et al. speculated that the relative configuration of the 3α-piperidine-1-group might be beneficial for some tumor migration targets, and the 3α-piperidin-1-yl group was an effective functional group for the antimigration activity (13). Shaojie Huo et al. concluded structure–activity relationships by comparing hookerianine A (1) and epipachysamine D (4) that steroidal alkaloids with the phenylacetyl group instead of the benzoyl group at C-3 can enhance the cytotoxicity against SW480, SMMC-7721, PC3, and K562 human cells (Figure S1) (12). Paravallarine (16), 7R-hydroxyparavallarine (17), gitingensine (18), methylgitingensine (19), and N-acetylgitingensine (20) were isolated from Kibatalia laurifolia and tested for cytotoxic activity against KB cell lines by Phi et al. The results showed that paravallarine (16) presented cytotoxicity with IC50 of 12.8 μM, gitingensine (18) and methylgitingensine (19) displayed weak cytotoxicity with IC50 ranged from 21 to 42 μM, and N-acetylgitingensine (20) showed no cytotoxicity (IC50 > 50 μM) (Figure S1). It was observed that the acetylation of C-3 amino reduced the cytotoxic activity against KB cells (16). Since paravallarine (16) was more active than methylgitingensine (19), allowing a conclusion that the configuration of C-3 can influence cytotoxic activity (16). Minorics et al. compared the inhibitory effects of compound 12 having the 3-hydroxy group with compounds 11 and 13 containing the 3-acetate group in HL-60 cells. Compound 12 exhibited more effective inhibition activity than compounds 11 and 13 (Figure S1). The results indicated that there was an influence on the biological activity when the C-3 hydroxyl group of ring A is present or absent (14). The cytotoxicity of compounds 21 and 22 were evaluated using the NCI-H187 cell line by Cheenpracha et al. (Figure S1). Compound 21 displayed weak cytotoxicity against the NCI-H187 cell line with IC50 values of 18.2 μM, whereas compound 22 had no cytotoxicity. Based on the results, the methylamino group at C-3 may be better than the N,N-dimethylamino group on cytotoxic activity (17).

There are relatively a few studies on C-7, C-15, and C-21. Through previous studies, the following conclusions can be drawn. Kam et al. investigated the cytotoxicity of holamine (23) and 15R-hydroxyholamine (24) in HL-60 cells and P-388 cells. Compound 23 exhibited higher cytotoxicity than compound 24, which showed that the C-15 hydroxyl might slightly reduce the cytotoxic activity (Figure S1) (18). In the experiment of Phi et al., paravallarine (16) exhibited cytotoxicity against KB cells exhibiting IC50 values of 12.8 μM, whereas, 7R-hydroxyparavallarine (17) was not cytotoxic (IC50 above 50 μM) (Figure S1). It can be inspected that the C-7 hydroxyl group leads to the decrease in cytotoxic activity (16). Minorics et al. concluded that the substituent groups at C-21 were a key factor for cytostatic efficacy when compared with 11, 12, and 13 (14).



Cyclopregnane Alkaloids

Cyclopregnane alkaloids are also called C-24 steroidal alkaloids, which contain a characteristic seven-membered system in ring B (1). Among them, cortistatin from marine sponge Corticium simplex and cyclopregnane alkaloids from the family Buxus had been widely studied. The schematic diagram of SAR is shown in Figure 3.




Figure 3 | Summary of Structure-activity Relationship of Cyclopregnane Alkaloids.



Cortistatins were first found by Aoki et al., which are compounds with unique structure and potent biological activities, and were isolated from the marine sponge Corticium simplex (19). In the reports, Aoki et al. summarized the structure–activity relationships of cortistatin (25-35) (Figure S2). Cortistatin E−H (29-32) exhibited weak growth inhibitory activity and poor selective indices against HUVECs, which showed that isoquinoline moiety was essential for potency and selectivity (19). Cortistatin J (33) had more potential with high selectivity than cortistatin K (34) and cortistatin L (35), which suggested that the position of the diene system was of more importance for the activities against HUVECs than the role of the hydroxyl group at the A-ring (Figure S2). And it was speculated that the functional group in ring-A and ring-B might play an important role in selective and antiproliferative activity against HUVECs (19). However, cortistatins J (33), K (34), and L (35) showed comparable antiproliferative and selective activities against KB3-1, Neuro2A, K562, and NHDF compared with 25, which indicated that structural modifications of ring-A or ring-B played a role but not a key one (19). Therefore, it is necessary to prove the role of functional groups on ring A in antiproliferative activity through further studies (19).

In 2013, Kotoku et al. converted ring-CD of vitamin D2 to analogue 36 of cortistatin A (25), obtained analogue 37 (composition of 37a (8,14-cis) and 37b (8,14-trans)) with a CD-cis-fused skeleton accidentally, and evaluated for cortistatin A (25) and their analogues (Figure S3). Cortistatin A (25) and analogue 36 with the CD-trans-fused skeleton exerted antiproliferative potency against HUVEC with IC50 at 0.0018 and 0.035 μM, respectively. On the other hand, analogue 37 with the CD-cis-fused skeleton only exhibited weak antiproliferative effect (IC50: 1.5 μM) with weak selectivity (ninefold). Furthermore, structures at the CD-ring part of 37a and 37bwere bent, which did not resemble with compound 25 and compound 36 according to molecular mechanics (MM). The results indicated that the stereoscopic structure of the CD-ring of cortistatin A (25) played an essential role in the HUVEC-selective antiproliferative activity (20). Kotoku et al., Aoki et al., and Kobayashi et al. concluded structure–activity relationships through the structure and inhibitory activity of cortistatins B (26) and D (28): the hydroxyl group in ring D led to the decrease in inhibitory activity against HUVECs (Figure S3) (19, 21, 22).

The design and synthesis of analogues 38, 39, 40, and 36 of cortistatin A (25) were carried out by Kotoku et al. to improve potent inhibiting activities and antitumor activities (Figure S3). Analogues 38 and 40 exhibited moderate growth inhibitory activity against HUVECs (IC50: 2.0 and 15 μM) over KB3-1 cells (IC50: 18 and 20 μM), whereas analogues 39 and 36 exhibited potential growth inhibitory activity against HUVEC (IC50: 0.1 and 0.035 μM) over KB3-1 cells (IC50: 10.5 μM each) (21). Moreover, analogues 39 and 36 (>100-fold) showed more selectivity than analogues 38 (9-fold) and 40 (1.5-fold). Besides, the geometrical isomers of 38 and 40 exhibited weaker antiproliferative and selective activity. The results revealed that the plane construction of the tetracyclic core part was essential for selective and antiproliferative activity against HUVECs. The activity of compound 39 was more potential than that of byproduct 41, showing that the resemblance in structure compared to cortistatin A (25) is also an important element (Figure S3) (21).

Cyclopregnane alkaloids were mainly found in the genus Buxus, containing the basic steroidal skeleton with a cyclopropyl ring at C-9 and C-10. For this kind of compounds, there were a few reports on pharmacological activities, and there are no clear structure–activity relationships for the time being. But according to Qiu’s experiment, we can observe that cyclopregnane alkaloids display strong cytotoxic activity against HeG2 and K562 cell lines through compounds 42, 43, 44, 45, and 46 (IC50<6 μM) and showed no cytotoxicity against A549, SW480, SMMC-7721, HL-60, and MCF-7 cell lines through compounds 47, 48, 49, and 50 (IC50>40 μM) (Figure S4) (23).

On the other hand, compounds 51 and 52 isolated from the genus Buxus having a similar structure of cyclopregnane alkaloids showed relatively good cytotoxicity against A-549 and SW480 cell lines.



Cholestane Alkaloid

Cholestane alkaloid is one type of C-27 steroidal alkaloid found in many plants in families Solanaceae and Liliaceae. According to current studies, we divided cholestane alkaloids into solasodine (including glycoalkaloid and not glycoalkaloid) and others to summarize the SAR. The schematic diagram of SAR of solasodine is shown in Figure 4 and others are shown in Figure 5.




Figure 4 | Summary of Structure-activity Relationship of Cholestane Alkaloid—Solasodine (glycoalkaloid).






Figure 5 | Summary of Structure-activity Relationship of Cholestane Alkaloid (Others).




Solasodine (Glycoalkaloid)

Previous studies have indicated that both the aglycone and sugar residues were critical for cytotoxic activity (24, 25). Aglycone was far less inactive than its glycoalkaloid, which showed the essence of sugar moieties (26–28). Some studies also showed that the variation of aglycone did not significantly influence the cytotoxic activity when sugar moieties were kept identical (24, 26, 27). But further study indicated that the activities of some steroidal glycoalkaloid were changed due to the variation of the aglycone. Therefore, it was concluded that the key factors in the activity of solasodine were comprised of two main units, sugar moieties and the substitution of aglycone. The glycosidic moieties included the quantity and the position of α-L-rhamnose, and the type and order of sugar (24, 27, 29).

Ding et al. isolated, purified, and identified SS (compound 53), β1-solasonine (compound 54), SM (compound 55), β2-solamargine (compound 56), γ-solamargine (compound 57), and solanigroside P (compound 58) from Solanum nigrum L and investigated their anticancer activity against MGC-803 cells by MTT (Figure S5). They noted that steroidal alkaloids containing trisaccharides (compounds 53 and 55) showed better results on activity than those containing disaccharides (compounds 54 and 56) or monosaccharides (compound 57). Compound 54 containing three sugar units with two α-L-rhamnose had the highest antiproliferative activity among compounds 51–56, which suggested that the quantity of a-L-rhamnose was critical for the activity (Figure S5) (29). In 2015, Akter et al. isolated SGA 1 (compound 59) from the leaves of Blumea lacera and tested the cytotoxicity of SGA 1 and SGA analogues including β-solamargine (compound 60), α-solamargine (compound 61), and khasianine (compound 62) (Figure S5). Khasianine exhibited weak cytotoxic effect on MCF-7 cells. SGA 1 and β-solamargine displayed remarkable cytotoxicity against all tested cell lines. A comparison of khasianine, SGA, and β-solamargine was performed, in which aglycone of glycoalkaloids were the same, but the quantity and the position of α-L-rhamnose were varied. The results suggested that the second additional Rha (Rha-Rha-Glc-aglycone) led to the significant enhancement of the activity, and the third additional Rha (Rha-Rha-Glc(Rha)-aglycone) had little further effect on cytotoxicity. Furthermore, it is concluded that two terminal α-L-Rha have positive influence on cytotoxicity (24).

Chang’s study indicated that α-solamargine (compound 61) with (α-L-Rha-(1-2)-α-L-Rha-(1-4)-β-D-Glc-(1-aglycone) showed significant activity against human hepatoma cells, but khasianine (compound 62) with (α-L-Rha-(1-4)-β-D-Glc-(1-aglycone) exhibited weak activation effect. The comparison between α-solamargine and khasianine showed that the 2′-rhamnose moiety may impact significantly on triggering cell death. It was suggested that the enhancement of the biological activity was because the dihedral angle of the glycosidic bond is changed by 2′-rhamnose moiety (26). Among the six compounds isolated from Blumea lacera by Ding et al., compounds 53, 54, and 55 having α-L-rhamnopyranose attached to C-2 of β-D-glucose or galactose displayed significant cytotoxic effects against MGC-803 cells. Compound 56 with a-L-rhamnopyranose at the C-4 and compound 57 without a-L-rhamnopyranose showed little antiproliferative activities. The results inspected that a-L-rhamnopyranose at C-2 was important for inhibition activities (29). Compound 54 had far higher activity than compound 56, suggesting that the type of sugar or the position of rhamnose had an effect on the activity (29). Xiang et al. investigated the cytotoxicity of five steroidal glycoalkaloids isolated from Solanum nigrum L. against five human cancer cell lines including HL-60, U-937, Jurkat, K562, and HepG2 cell lines. Compound 66 with the same aglycone as 67 had greatly higher activity than 67, showing that the type of sugar moiety played an important role in cytotoxic activity (Figure S5) (29).

Esteves-Souza et al. reported the inhibited cell proliferation evaluation of solasonine (compound 68) and its acetylation. Solasonine (compound 68) showed antiproliferative effect against Ehrlich carcinoma cells with IC50 at 74.20 ± 6.26 μM, but 68a furnished by the acetylation of 68 was inactive, suggesting that the acetylation of sugar moieties may reduce the antiproliferative activity (Figure S5) (27).

Liu et al. investigated the synthesis of 1-α-hydroxysolanine (compound 69), obtained a series of intermediate products and unexpected products from diosgenin, and tested their cytotoxicity (Figure S5). Among the compounds tested [compounds 70, 71–74, and solasodine (75)], only epoxide 75 had moderate inhibiting activities against PC3, Hela, and HepG2 cells lines at the concentration of 10 μM, suggesting that the epoxy group at C-1 and C-2 might impact the cytotoxic activity (Figure S5) (30).

In the experiment of Ding et al., compound 58 having the same sugar moieties as compound 56 was more active (IC50 = 20.10 μg/ml) than compound 56. The results suggested that the hydroxyl group on C-12 of steroidal alkaloid skeleton may be a factor on the activities (29).

Among steroidal glycoalkaloids tested by Xiang et al., compounds 63–66 contain identical sugars, but the aglycones are variable in rings A and B. Compound 66 showed the most powerful potency to all cell lines, but compounds 63–65 exhibited no cytotoxicity (Figure S5). Based on the result, it was speculated that the carbonyl group on C-6/7 (compounds 64 and 65) and the five-membered ring A (compound 63) led to the decrease in anticancer activity (25).

Gu et al. isolated 7α-OH solamargine (compound 76) and 7α-OH solasonine (compound 77) together with known compounds 78 and 79 from the fruits of Solanum nigrum (Figure S5). Compounds 78 and 79 displayed cytotoxic activities against MGC803, HepG2, and SW480 cell lines with the IC50 values ranging from 7.02 ± 0.60 to 23.79 ± 1.42μM. On the other hand, compounds 80 and 81 containing hydroxyl groups located at the C-7 showed no cytotoxicity, suggesting that the C-7 hydroxyl group of the aglycone decreased the cytotoxicity (Figure S5) (31).



Solasodine (Not Glycoalkaloid)

In 2012, Zha et al. synthesized novel solasodine derivatives and investigated their cell growth inhibitory effect against PC-3 cell lines. Analogue 91 displayed the highest antiproliferative activity against PC-3 cell line among solasodine derivatives (compounds 82–92), but analogue 90 (3β-hydroxyl) and analogue 92 (3β-p-tertbutylbenzoyl) with the similar structure as analogue 91 showed inferior activity (Figure S6). The results suggested that substituent groups at C-3 may play a role in inhibitory activities in vitro. Moreover, solasodine derivatives that performed etherization and esterization at C-3 (analogues 84–89), except analogue 89 (1-naphthoyl), did not show enhancement of the antiproliferative activity (32). In the same year, Zha et al. also reported a series of structural modification of soladulcidine and tested inhibitory effects of synthetic compounds against PC-3 cell lines in vitro. Among the C-3 hydroxyl group modified compounds, soladulcidine 93 showed inhibitory effects against prostate gland adenocarcinoma (PC-3) cell line, and its derivatives 94–100 were inactive, suggesting that hydroxyl groups at C-3 were better than other substituents tested (Figure S6) (33).



Others

Sunassee et al. reported the growth inhibition against National Cancer Institute (NCI) 60 cell lines of Plakinamines N (101), O (102) I (103), and J (104), which were isolated from Corticium niger by guided separation technology (Figure S7). Plakinamines N (101), O (102), and J (104) with a substituted pyrrolidine ring showed potent cytotoxicity against all 60 cell lines with IC50 of 11.5, 2.4, and 1.4 μM, while plakinamine I (103) with the fused piperidine ring system displayed only modest activity. It was speculated that the steroidal side chain at C-20 may influence the cytotoxic activity (34). In the experiment performed by Abdel-Kader et al., they tested compounds isolated from Eclipta alba cytotoxicity against the M-109 cell line and activity against Candida albicans including (20S, 25S)-22,26-imino-cholesta-5,22(N)-dien-3β-ol (verazine, 105) ecliptalbine [(20R)-20-pyridyl-cholesta-5-ene-3β,23-diol] (106), and 25β-hydroxyverazine (107) (Figure S7). Although they believed that antifungal activity is the main activity of these compounds rather than antitumor activity due to the weak cytotoxicity, it also can be observed the structure–activity relationships of cytotoxicity by Abdel-Kader et al. The cytotoxicity of compound 105 was greater than that of compound 106, which might be due to the change of the imine to a pyridine moiety in the side chain (35). Lee et al. reported the cytotoxicity of lokysterolamine A (108), plakinamine E (109), and plakinamine F (110) isolated from the sponge Corticium sp. (Figure S7). We can observe that the nitrone group in the side chain slightly reduced cytotoxicity against the human leukemia cell line K562 by comparing plakinamine E (109) with lokysterolamine A (108) (36). Zampella et al. isolated plakinamine I (compound 103) from the marine sponge Corticium sp., synthesized their derivatives, compounds 113 and 114, and evaluated for their cytotoxicities against MCF7 cell lines (Figure S7). Their results showed that the cytotoxicity of compounds 113 and 114 were relatively good in comparison to plakinamine I (compound 103), suggesting that the side chain of the chain structure or the circular structure exerts no obvious influence on cytotoxicity (37).

Ridley et al. reported the isolation and identification of plakinamine I-K (103, 104, 115) and dihydroplakinamine K (116) from the marine sponge Corticium niger (Figure S7). These compounds were tested for cytotoxicity against the human colon tumor cell line HCT-116. Plakinamine K (115) and dihydroplakinamine K (116) having the same skeleton apart from the presence of double bond at C-24 and C-25 showed comparable potency against the human colon tumor cell line HCT-116, suggesting that the presence of the Δ24,25 double bond had a little or no effect on cytotoxicity (38). Abdel-Kader et al. compared 25β-hydroxyverazine (107) with verazine (105), concluding that the introduction of the hydroxy group at C-25 reduced the cytotoxic activity against the M-109 cell line (35).

Fedorov et al. synthesized 14 steroidal alkaloids (117–130) containing benzimidazole or benzothiazole moieties, with the compounds from Japanese sponge Stelletta hiwa aensis as the parent cores (Figure S7). They tested the cell inhibitory effects of these compounds against HeLa and HepG2 cell lines and summarized the structure–activity relationships. The SAR study showed that the 6-substituted benzimidazole compounds were more active than the 6-substituted benzothiazole compounds regarding inhibitory effects by comparing compound 121 with compound 129 (39). Among bnorcholesteryl and benzimidazole derivatives, electron-withdrawing groups led to the decrease in cytotoxicity such as compound 118, compound 120, and compound 122, and electron-donating groups had little influence such as compound 121, compound 123, and compound 125 (39). In comparison with compounds 119, 127, and 128, the isoxazolidine ring substituted with C-6 imine moiety or ring B did not play a positive role in anticancer activity. In comparison with compounds 121, 127, and 130, the pyridine ring in benzimidazole can reduce the cytotoxic activity (39). It is also at the C-6 position wherein, dendrogenin A (DDA, compound 131) was a potential derivative, which contains imidazol joined with 6-ethylamino founded by Sandrine Silvente-Poirot and co-workers, displaying anticancer properties (40, 41).

Sun et al. isolated 3-O-acetylveralkamine (132) and veralkamine (133) from Veratrum taliense, and they were evaluated for their cytotoxic effects against HL-60, SMMC-7721, A-549, MCF-7, and SW480 cell lines (Figure S7). Compound 132, regarded as the acetylated derivative of compound 133, had higher activity than compound 133, suggesting that acetylation at the C-3 position may enhance the cytotoxic activity (42). This conclusion that compound 121 was more active than compound 122 was also proved in the experiment of Fedorov et al. (Figure S7) (39). However, some experimental results did not fit this inference. For example, compounds 118 and 120 with the acetyl group at the C-3 position were less active than compounds 117 and 119 with the hydroxy group at the C-3 position, respectively (Figure S7). It was deduced preliminarily that these results may be due to electron-withdrawing groups of the benzimidazole at C-6 (39). Fuchs’ team showed that the cytostatic activity of compounds with the acetylated hydroxy group at C-3 was lower than that of derivatives with the free hydroxy group at C-3 (43). Therefore, it is necessary to have further study in order to verify the correctness of the conclusion. Compounds 111 and 112 and their amination products 111a and 112a, the intermediate products in the process of synthesizing derivatives of 19-acetoxy-3α-amino-5α-cholestane, were synthesized by Zampella et al. (Figure S7). Compounds 111a and 112a possessed no cytotoxic activity, and compounds 111 and 112 exhibited good cytotoxicity. The results revealed that the 3α-amino group played an important role in observed cytotoxicity rather than the 3α-azido group (37).

In the experiment of Sunassee et al., the comparison between plakinamines O (102) and J (104) indicated that substitution of the acetyl group at C-4 may cause the decrease in cytotoxic activity (Figure S7) (34). In the experiment of Lee et al., lokysterolamine A (108) showed superior activity against the human leukemia cell line K562 compared to plakinamine F (110), showing that a 4-hydroxy group may be a better substituent group than the 4-carbonyl group on cytotoxic activity (Figure S7) (36).

Among compounds 137–143 (compounds 137–140 with the acetyl group at C-12, compounds 138–140 with the glucose group at C-3) isolated from Veratrum grandiflorum Loes and tested for inhibition activities on the Hh pathway by Gao et al., compounds 139–141 and 143 showed prominent inhibitory activity, and compounds 142, 144, and 145 exhibited no inhibitory activities (Figure S7). A primary SAR study showed that the acetyl group at C-12 may play an important role on the activity, and the C-3 glucose groups had little influence on the activity (44).

In Zampella’s experiment, compound 137 with 5α-hydrogen showed better activities than compound 138 with 5β-hydrogen, which revealed that the relative configuration of hydrogen at C-5 may have an effect on cytotoxicity (Figure S7) (37). In order to find compounds with antitumor activity in natural plants, Wang et al. studied the antitumor effects of steroidal alkaloids and extracted them from different solvents including chloroform, n-hexane, and water from cultivated Bulbus Fritillariae ussuriensis. Verticine as well as imperialine were isolated and investigated their cytotoxicity against LLC, A2780, HepG2, and A549 cells lines. It can be observed that the activity of verticine was far higher than that of imperialine against LLC, and slightly higher against HepG2 and A549 cells lines, implying that methyl groups at C-8 or C-13 can enhance the cytotoxicity (45).

Fuchs’ team demonstrated that the configuration of the C-16-OH played an important role in cytotoxic activity. The 16α-OH epimer displayed weak effect on cytotoxicity even at 0.1 μM concentration (43).




C-nor-D-Homosteroidal Alkaloids

C-nor-D-Homosteroidal alkaloids are the other type of C-27 steroidal alkaloids. According to whether the E-ring is open or not, we divided C-nor-D-Homosteroidal alkaloids into cyclopamines and veratramines. The schematic diagram of SAR of cyclopamine is shown in Figure 6 and that of veratramine is shown in Figure 7.




Figure 6 | Summary of Structure-activity Relationship of Cyclopamine.






Figure 7 | Summary of Structure-activity Relationship of Veratramine.




Cyclopamine

Cyclopamine (143) is composed of four rings (named C-nor-D-homosteroid including rings A, B, C, and D) joined at the C-17 position by the cyclic tetrahydrofuran and piperidine systems (namely rings E and F) (Figure S8).

A SAR study showed that the parallel fused skeleton of rings C, D, E, and F played a little role in the activity of the compounds, while the complete structure of ring E, the N atom on the F ring, and the α-type lone pair electron were necessary for the activity (46, 47). And the C-17 (R)-configuration and the C-22 configuration also are essential elements because these can affect the orientation of piperidinic nitrogen in space (47).

Zhang et al. completed the synthesis of cyclopamine derivatives (144a-k, 145a-k) by the method of “Click” chemistry in order to preliminarily construct a library of carbohydrate–cyclopamine conjugates (Figure S8). Compound 145f (IC50 = 33 μM) with α-L rhamnose linked to an atom on the F ring of cyclopamine owns higher solubility and antitumor activity against lung cancer cell line A549 than cyclopamine (IC50 = 49 μM). However, the antitumor activity of cyclopamine connected with β-D sugar including monosaccharides, disaccharides, and trisaccharides was significantly decreased (145a, 145d, 145k) or even inactive (145b, 145g-j) (46, 48). It can be concluded that the connection of the N atom to L-type sugar moiety by α-L glycosidic moiety can maintain high activity and greatly improve solubility; β-D glycosidic moiety may lead the decrease in activities (46). In 2008, Zheng et al. synthesized the cyclopamine analogues including compounds 146–151 from jervine through the methods of reduction, oxidation, and methylation, and tested the activity against human pancreatic cancer Aspc-1 and human gastric cancer SGC-7901. Compound 146 showed prominent inhibition activity against Aspc-1 and SGC-7901 cells, while its methylation products, compound 147 and compound 150, showed no activity, suggesting that methylation at the N atom on the F ring reduced inhibition effects (Figure S8) (49). A previous study also proved that the connection of the N atom on ring F to some specific molecules (such as peptide) could improve the targeting of the compound (46).

Exo-cyclopamine (152) with an exo-methylene group at positions 13 and 14 was synthesized by Giannis et al. in 2011, which has good activity and stable acid (Figure S8) (50). Because of the advantages, in 2013, Giannis et al. synthesized compounds 153 and 154 for further study, which had the same skeleton as compound 152 except for the substituents at C-25 (Figure S8) (51). Compared with compound 143 (cyclopamine) and compound 152 with the C-25 (R)-configured methyl group, compound 153 with the C25 (s)-configured methyl group and compound 154 with the Δ25,27 exocyclic double bond showed better inhibition effects against SHh-LIGHT II cells through expressing the Gli1-dependent luciferase. These results suggested that the stereocenter of C-25 configuration affects the Hh inhibition (47).

Jervine (compound 155) is an 11-oxo derivative of cyclopamine (Figure S8). In Zheng’s experiment, among the three reduction products at C-11 of Jervine (compound 143, compound 156, and compound 157), only cyclopamine (compound 143) with the C-11 methylene group showed good inhibitory activity, while compound 156 and compound 157 with the C-11 hydroxy group showed comparably weak inhibitory activity to Jervine (Figure S8). The results showed that the substituents at C-11 were closely related to the antitumor activity. The methylene group at C-11 enhanced the antitumor activity, and the hydroxyl and carbonyl groups decreased the activity (49).

Sinha et al. have reported that the oxidization of the hydroxyl group to a carbonyl moiety at C-3 enhanced the activity (46). Also, in the experiment of Zheng, only compound 146 had relatively good inhibitory activity on Aspc-1 and SGC-7901 cells, whereas the oxidation products and methylation products of Jervine (compounds 146–151) show little activities (Figure S8). This result also indicated the conclusion that the oxidation of hydroxyl at the C-3 position may enhance the antitumor activity (49). Khanfar et al. were interested in jervine and veratrum alkaloids due to the reported possible inhibition of the HH signal. They tested the activity of jervine analogues (compounds 158–160) and veratrum alkaloids (155, 161–165) including natural alkaloids, biocatalytic alkaloids, and semisynthetic alkaloids and preliminarily summarized the structure–activity relationships (Figure S8). Compound 158 showed no inhibitory effects against PC-3 cells at 50 μM concentration, while most compounds exhibited inhibition activity. The results indicated that C-3 β-glucosidation may reduce the antiproliferative activity (52). Among compounds 155 and 158–165, except compound 158 and compound 165, all compounds exhibited excellent antimigratory activity against PC-3 cells at 50 μM concentration, suggesting that C-3 β-glucosidation (158) or the reduction of Δ5,6 double bond (165) played a negative role in antimigratory activity (52). Thorson et al. established a library of cyclopamine glycosides with the general skeleton of compound 166 to evaluate the effect of nonmetabolic sugars on cyclodopamine (Figure S8). In all derivatives, 166 showed better results (3.5–12 times) on the Hh inhibitory effect against lung cancer cell line NCI-H460 than that of cyclopamine (143). Among them, compound 166a with D-arabinoside showed the highest potency (GI50 = 6.4 ± 0.5 μM) (53). Compared with compound 167 (EC50 = 0.3 ± 0.05 μM), compound 168 with sulfonamide at C-3 (EC50 = 0.007 ± 0.002 μM), compound 169 with pyrazole at C-3 (EC50 = 0.013 ± 0.008 μM), and compound 170 with lactam at C-3 (EC50 = 0.025 ± 0.005 μM) exhibited better efficacy against C3H10T1/2 cell line, suggesting that acceptor or donor groups at C-3 may play an essential role in activities (Figure S8) (54).

Gu et al. summarized a SAR exploration according to the collation and analysis of a large number of literatures, indicating that the double bonds at positions 5–6 and 12–13 are not necessary for the activity of the compound (46). However, in the experiment of Tremblay et al., the decreased inhibition activities of C3H10T1/2 cell differentiation of synthetic compound 171 may be associated with the removal of the C-3 hydroxyl group or the reduction of the Δ5,6 double bond (Figure S8) (54).

In the experiment of Khanfar et al., compound 165 showed great inhibitory effects against PC-3 cells at the 50 μM dose, while compound 160 with the same skeleton except α-hydroxylation at C-1 exhibited no antiproliferative activity, implying that the decrease in inhibitory effects may be due to α-hydroxylation at C-1 (Figure S8) (52).

Many studies focused on the modification of cyclopamine (143) in order to improve the activities. However, according to the patent of Beachy et al., derivatives of 143 in acidic conditions showed lower biological activities and stabilities. For example, compound 172 with the carbamate group at C-3 and compound 173 with a bulky substituent at amino radical significantly reduced the inhibitory effect of differentiation in C3H10T1/2 cells (Figure S8) (55).

In the course of the research, scientists had also found some compounds with potential for development. Compound 145f with α-L-pentose on the ring F synthesized by Zhang et al. had obvious inhibitory activity against lung cancer A450 cells with IC50 of 33 μM in the preliminary biological activity test. And 145f had higher inhibitory activity on the Hedgehog signal pathway than that of control (cyclopamine) (48). Compound 174 reported by Goff et al., a glucuronide-cyclopamine compound, significantly reduced the survival rate of malignant glioma U87 cell line with IC50 of 21 μM, which had similar effect with cyclopamine in the control group (IC50 = 15.5 μM) (Figure S8). Compared with cyclopamine, compound 174 showed obvious low toxicity and high effectiveness, having a significant research value in vivo activity for further study (56). KAAD-cyclopamine (compound 175) synthesized by Philipp et al. was a derivative substituted on the F ring of cyclopamine, showing higher aqueous solubility, more prominent activity, and lower toxicity (Figure S8) (57).



Veratramine

Veratramine (161) has a similar chemical structure with cyclopamine, and the biggest difference is that ring E of veratramine is opened (Figure S8).

Guo et al. synthesized and tested five veratrylamine analogues (compounds 176–180) from veratrylamine (161) and preliminarily summarized the structure–activity relationships (Figure S8). Compound 176, considered as the oxidation product at C-3 of compound 161 (veratramine), showed comparable antiproliferative activities against SGC-7901 and ASPC-1 compared to compound 161. The result revealed that oxidation of the 3-hydroxyl group to the carbonyl group of compound 161 did not affect the activity (58). It should be pointed out that, in the experiment of Mohammed et al., among veratranes (155, 158-165), only compound 163 exhibited great inhibitory effects at 10 μM, suggesting that oxidation to a C-3 group with the Δ5,6 double bond migration from Δ4,5 led to the enhancement of antiproliferative activities. The chemical modification may remedy the decrease in activity caused by opened ring E (Figure S8) (52).

In the experiment of Guo et al., compounds 178, 179, and 180 exhibited comparable or slightly higher activities than cyclopamine or veratramine (Figure S8). Moreover, compounds 178 and 179 had significantly higher activity than cyclopamine and veratramine against ASPC-1. The results suggested that the introduction of nicotinic acid and p-nitrobenzoic acid modified at piperidine ring enhanced the inhibitory effects (58).

Guo et al. also reported that the activity of compound 177 determined as the dimethylated product was weaker than that of compound 176 (Figure S8). It was speculated that the decrease in activity was because methylation in piperidine ring obscured the possible active groups such as -OH and-NH (58).

Veratrum alkaloids compound 164 reported by Mohammed et al. with Δ1,2 double bond displayed the highest antimigratory activity against the PC-3 cell line, while compound 163 exhibited only moderate activity (Figure S8). The results suggest that Δ1,2 double bond played a positive role in antimigratory activity (52).




Bis-Steroidal Pyrazine Alkaloids

Bis-steroidal pyrazine alkaloids, including cephalostatins isolated from marine tubeworm Cephalodiscus gilchristi, ritterazines isolated from marine organisms Ritterella tokioka, and their analogues, are a kind of steroid–alkaloid hybrids with a complex structure (59). The ritterazines and cephalostatins are dense ring compounds, which are fused by two steroidal spirocyclic units with 5/5 or 5/6 spiroketals via centra pyrazine heterocycles at C-2 and C-3 and show extremely significant antitumor activity (59–61). The schematic diagram of SAR of cyclopamine is shown in Figure 8.




Figure 8 | Summary of Structure-activity Relationship of Bis-steroidal Pyrazine Alkaloids.



The nonsymmetric structure of bis-steroidal pyrazine alkaloids played an important role in activities. In 2013, Iglesias-Arteaga et al. published a review on cephalostatins and ritterazines by summarizing the literature in 2012 and before. Iglesias-Arteaga et al. reported that symmetrical cephalostatins and ritterazines showed inferior activity, and unsymmetrical compounds were more active. For example, cephalostatin 12 (compound 192) and ritterazine K (compound 210) with polar units as well as ritterazines N (compound 213) and R (compound 217) with nonpolar units showed decreased anticancer activity, although they consist of the most powerful potent core units [including northern and southern hemispheres of cephalostatin 1, southern hemisphere of cephalostatin 7 (compound 187), and northern hemisphere of ritterazine G (compound 206)]. And cephalostatin 13 (compound 193), ritterazines J (compound 209), ritterazines L (compound 211), ritterazines M (compound 212), ritterazines O (compound 214), and ritterazines S (compound 218), which are nearly symmetric, exhibited lower activity (Figure S9). In addition, the most potent compounds contained significantly different steroidal portions (62).

Nawasreh continued to study the synthesis of multihydroxylated cephalostatin analogues and synthesized compound 226, compound 227, and borohydride compound 228 of compound 226. Compound 227 and compound 226 with Δ14,15 double bond showed relatively good activity against HM 02, HEP G2, and MCF 7, while compound 228 lacking it showed very weak activity (Figure S9) (63). In addition, in the review of Iglesias-Arteaga et al., most of bis-steroidal pyrazine alkaloids contained Δ14,15 double bond on at least one side, and most cephalostatins contained it on both sides (62). These results suggested that Δ14,15 double bond was important for biological activity, particularly in the methoxy region (62–64). Ritterazine I (compound 208) with 14β-H and 14β-OH was more active than ritterazine Z (compound 225) with 14′α-H or ritterazine U (compound 220) with 14′α-OH. As well as cephalostatin 4 (compound 184) with 14′β,15′β-epoxide was more active than cephalostatins 14 (compound 194) or cephalostatins 15 (compound 195) with 14′α,15′α-epoxides (Figure S9). The results suggested that the α configuration of the compounds at C-14,15 (or C-14′,15′) was superior to β configuration (62).

There are five common motifs (I–V) that presented most of alkaloids and three rare motifs (VI–VIII) (Figure S10) by Iglesias-Arteaga et al. Compounds with β-hydroxyl or carbonyl groups at 12 and 12′ positions are active. And the hydroxyl group appears to be the intrinsic group of units I, III, and IV, while the ketone group is the intrinsic functional group of units II and V (62). In 1997, Fukuzawa et al. isolated ritterazines N-Z (compounds 212–225) from Ritterella tokioka and modified these by reduction, methanolysis, oxidation, and acetylation to obtain compounds 229–236 (Figure S9). Ritterazine H (compound 207), determined as the oxidation derivative at C-12 of ritterazine B (compound 201), showed inferior activity to ritterazine B (compound 201), suggesting the importance of the C-12 hydroxyl group (64). LaCour et al. had reported that C-12 β-hydroxyl in North G played a positive role in the activity, since compounds with C-12 β-hydroxy had invariably higher activity than their counterparts with C-12 keto or C-12 acetoxy groups (65). By comparing with compounds 232–236, Fukuzawa et al. found that the more acetyl groups to introduce, the weaker the activity to exhibit, further proving the importance of the hydroxyl group at C-12 (64). However, in the review of Iglesias-Arteaga et al., compounds containing the aromatic C-ring in the southern hemisphere and special spiroketal systems including the phenolic hydroxyl group at C-12 showed inferior activity, such as cephalostatins 5 (compound 185) and 6 (compound 186) (62).

In the experiment of Fukuzawa et al., ritterazine Y (compound 224) and ritterazine B (compound 201) had the same skeleton except substituent groups at C7′ and C17′. Ritterazine B (compound 201) containing hydroxyl groups at C7′ and C17 was more active than ritterazine B (compound 201) without hydroxyl groups, suggesting that C7′ and C17′ hydroxyl groups may play a positive role in the activity (64). However, Iglesias-Arteaga et al. showed that additional hydroxylation at C-7′ or C-9′ played no or little role in the activity, while it slightly reduced the activity in some situations (9′α-OH) (62). Therefore, it was speculated that the C-17 hydroxyl group plays an important role in the activity and the C7′ hydroxyl group has a little effect.

It was mentioned in Iglesias-Arteaga ‘s article that the α-hydroxyl group at C-17 was the intrinsic group of core unit I and is often present in unit III (polar domains), but not in units II, IV, and V (nonpolar domains). The active alkaloids contain at least one α-hydroxyl group at C-17 or C-17′ (62). Gryszkiewicz-Wojtkielewicz et al. also reported that the α-hydroxyl group was considered to be a potential functional group (61). By comparing ritterazines T (compound 219) with ritterazines A (compound 200), and ritterazines Y (compound 224) with ritterazines B (compound 201), it can be concluded that the activity of compounds with the 17α-OH group (or 17′α-OH group) was significantly superior to that of analogous compounds without this group (62). In 1998, LaCour et al. synthesized ritterostatin GN1N (237), ritterostatin GN1S (238), and cephalostatin 1(181) totally for the first time (Figure S9). Ritterostatin GN1S lacking the 17α-hydroxyl group was far less active than ritterostatin GN1N, which further verified the importance of the 17α-hydroxyl group (65).

Fukuzawa et al. reported that 5/6 spiroketal markedly contributed to cytotoxic activity through comparing the cytotoxicity of ritterazines B (compound 201) and C (compound 202). And the cytotoxicity of compounds 229, 230, and 231 also supported this conclusion (Figure S9). Therefore, it was speculated that the arrangement of 5/6 spiroketal was important for cytotoxicity (64).

Kumar et al. synthesized 23-deoxy-25-epi ritterostatin GN1N (compound 239) and tested the activities against NCI-60 cancer cell lines. The results showed that 25-epi ritterostatin GN1N (239) was 50- to 1,000-fold more effective in bioactivity evaluation than that of 23-deoxy-25-epi ritterostatin GN1N (compound 240), which suggested that the 23-hydroxyl group of cephalostatin and ritterazine played an important role (Figure S9) (61). Iglesias-Arteaga et al. summed up the conclusion through cephalostatins 1 (181), 10 (190), 11 (191), 13 (193), 18 (198), and 19 (199) that methoxylation or hydroxylation at C-1 or C-1′ led to a decrease in the activity (Figure S9) (62).



Conclusion

Steroidal alkaloids have good anticancer potential. However, due to the imperfect research and its own side effects, the application of steroidal alkaloids is limited. Therefore, there is an urgent need to force us to study the extraction, separation, structural modification, and pharmacological effects of steroidal alkaloids.

To aid the discovery of steroidal alkaloids, we summarize the steroid alkaloids with anticancer activity and conclude the structure–activity relationships. According to the preliminary SAR results, the cytotoxic activity of pregnane alkaloids is affected by C-6, C-7, C-5, C-6, C-3, C-7, C-15, and C-21 substituents. The C-3 position was the most important site to affect the activity; the substituent and configuration of C-3 are both important influential factors. Many scientists had focused on the modification of C-3. According to their results, 10f (IC50 value = 0.03 μM) is the most potential compound to treat cancer. Meanwhile, C-16 and C-17 are important active sites. It can be concluded that the double bond at C-16, 17, the epoxidation at C-16, 17, and the hydroxyl group at C-16 can all improve anticancer activities. Besides, the double bond at C-5 and C-6 also can improve anticancer activities, and the substituent groups at C-21 are also key factors for cytostatic efficacy.

The main sources of cyclopregnane alkaloids are cortistatins from marine sponge Corticium simplex and cyclopregnane alkaloids from the family Buxus. Research on the anticancer activity of cyclopregnane alkaloids is more focused on cortistatins, but there are a few reports on cyclopregnane alkaloids from the family Buxus. Important factors affecting the activity of cyclopregnane alkaloids include isoquinoline moiety, the plane construction of the tetracyclic core part, and the resemblance in structure compared to cortistatin A.

In terms of structure, cholestane alkaloids are the most variable alkaloids in terms of structure among steroidal alkaloids, which can be divided into solasodine and other types. Both the aglycone and sugar residues are critical for cytotoxic activities. The factors related to sugar residues affect the activity of solasodine including the number of sugars, the number of α-L-rhamnose, the position of α-L-rhamnose, the order of sugar, and the type of sugar. The C-6 position of cholestane is the focus during the research. Scientists changed the substituents at C-6 to compare their activities. Dendrogenin A (DDA) containing imidazol joined with 6-ethylamino is a potential derivative.

For C-nor-D-Homosteroidal alkaloids, people pay more attention to cyclopamine. The high activity of cyclopamine is affected by many factors, including the complete structure of ring E, the N atom on the F ring, the α-type lone pair electron, C17 (R)-configuration, the C-22 configuration, and the stereocenter of C25-configuration. The ways to improve the activity of cyclopamine include methylation at C-11, the oxidation of hydroxyl at C-3, and the presence of acceptor or donor groups at C-3. However, cyclopamine is limited due to its high toxicity. KAAD-cyclopamine is a potential analogue of cyclopamine, showing higher aqueous solubility, more prominent activity, and lower toxicity.

Scientists’ research on bis-steroidal pyrazine alkaloids is focused on cephalostatins and ritterazines. According to the preliminary SAR, the ways to improve biological activity are the nonsymmetric structure of bis-steroidal pyrazine alkaloids and the presence of these groups including Δ14,15 double bond, α configuration of compounds at C-14,15 (or C-14′,15′), C-12 β-hydroxyl, C7′ and C17′ hydroxyl groups, α-hydroxyl group at C-17, 5/6 spiroketal, and the 23-hydroxyl group.

The review shows a summary concerning extensive SAR of steroidal alkaloids including pregnane alkaloids, cyclopregnane alkaloids, cholestane alkaloids, C-nor-D-homosteroidal alkaloids, and bis-steroidal pyrazine in the area of anticancer activity. This review is convenient for more scientists to modify steroidal alkaloids and the analogues, as well as to conduct more in vivo and preclinical studies to achieve the purpose of reducing toxicity and increasing efficiency. And it greatly saves time to find more active and selective drugs and makes it possible to design new and effective anticancer drugs in the short term.
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As the main cause of death in the world, cancer is one of the major health threats for humans. In recent years, traditional Chinese medicine has gained great attention in oncology due to the features of multi-targets, multi-pathways, and slight side effects. Moreover, lots of traditional Chinese medicine can exert immunomodulatory effects in vivo. In the tumor microenvironment, tumor cells, immune cells as well as other stromal cells often coexist. With the development of cancer, tumor cells proliferate uncontrollably, metastasize aggressively, and modulate the proportion and status of immune cells to debilitate the antitumor immunity. Reversal of immunosuppressive tumor microenvironment plays an essential role in cancer prevention and therapy. Immunotherapy has become the most promising strategy for cancer therapy. Chinese medicine compounds can stimulate the activation and function of immune cells, such as promoting the maturation of dendritic cells and inducing the differentiation of myeloid-derived suppressor cells to dendritic cells and macrophages. In the present review, we summarize and discuss the effects of Chinese medicine compounds on immune cells in the tumor microenvironment, including innate immune cells (dendritic cells, natural killer cells, macrophages, and myeloid-derived suppressor cells) and adaptive immune cells (CD4+/CD8+ T lymphocytes and regulatory T cells), and the various immunomodulatory roles of Chinese medicine compounds in cancer therapy such as improving tumor-derived inflammation, enhancing the immunity after surgery or chemotherapy, blocking the immune checkpoints, et al., aiming to provide more thoughts for the anti-tumor mechanisms and applications of Chinese medicine compounds in terms of tumor immunity.
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Introduction

Due to high morbidity and mortality, the malignant tumor has long been a hot issue in society. Surgery and chemotherapy are the primary treatments for cancers. Over the past decades, although researchers have devoted themselves to exploiting and exploring more effective treatments for cancers, the morbidity and mortality of malignant tumors are still high all over the world (1). Due to the heterogeneity and complexity of tumors, the cancer treatment focus from single target to multiple targets (2), and the tumor environment (TME) has attracted much attention. There, tumor-infiltrating immune cells play pivotal roles in tumor immunity and related functions. Chinese medicine compounds refer to the prescription composed of multiple kinds of traditional Chinese medicine (TCM) or the main components of TCM, which are used for treating malignant tumors given the characteristics of multi-pathways, multi-targets, slight side effects, and immunity enhancement (3). More and more Chinese medicine compounds have been recognized for their effects on tumor immunity, such as regulating the proliferation and activation of immune cells and their cytokines (4, 5). However, the impacts and mechanisms of Chinese medicine compounds on distinct immune cells and anti-cancer immunity are diverse and complicated. Herein, we provide an overview of the anti-cancer mechanisms of Chinese medicine compounds by regulating the diverse immune cells (Figure 1) and various underlying immunomodulatory pathways in cancer therapy (Figure 2).




Figure 1 | The regulatory effects of Chinese medicine compounds in immune cells. Chinese medicine compounds: 1. Modified Si-Jun-Zi Decoction; 2. Haimufang decoction; 3. Compound kushen injection; 4. Yu-ping-feng; 5. XIAOPI formula; 6. Dahuang Zhechong Pills; 7. Jianpi Yangzheng; 8. Yangyin Wenyang; 9. Jinfukang; 10. Tien-Hsien liquid; 11. ACNO; 12. Yanghe Decoction; 13. Jianpi Huayu Decoction; 14. Baoyuan Jiedu decoction; 15. Ze-Qi-Tang; 16. Shuangshen granules; 17. Quxie capsule; 18. Compound Sophorae Decoction; 19. JC-001 20. Shugan Jianpi formula; 21. Xiao-Ai-Ping; 22. Shenqi Fuzheng Injection; 23. Feiyanning Decoction; 24. Yi-Yi-Fu-Zi-Bai-Jiang-San; 25. Xihuang Pill; 26. Fuzheng Fangai.






Figure 2 | The immunoregulatory patterns of Chinese medicine compounds in cancer therapy. Chinese medicine compounds: (A) Banxia Xiexin decoction; (B) Compound kushen injection; (C) NHE-06; (D) Ruyiping+Platycodon grandiflorum; (E) Kejinyan decoction; (F) DahuangZhechong Pills; (G) San Huang decoction; (H) PHY906; (I) Ciji-Hua’ai-Baosheng; (J) Gegen Qinlian decoction; (K) Yangyin Fuzheng Decoction; (L) Bu Fei Decoction; (M) Huoxue Yiqi Recipe-2; (N) Bu-zhong-yi-qi decoction; (O) Modified Jian-pi-yang-zheng decoction; (P) Danggui Buxue decoction; (Q) XH formula; (R) Shugan Liangxue decoction.





Immune Cells in Tumor Microenvironment

TME changes with tumor development and represents diverse immune cell composition and characteristics. Recently, immunotherapy becomes the most promising therapeutic strategy for cancer. In the TME, the functions of diverse immune cell populations function beneficially or harmfully through the local direct/indirect interaction with cancer cells. Typical immune cells in the TME include macrophages, dendritic cells (DCs), natural killer cells (NK cells), and myeloid-derived suppressor cells (MDSCs) in the innate immune system, as well as CD4+/CD8+T lymphocytes and regulatory T cells (Tregs) in the adaptive immune system. As the first defense line against pathogens, macrophages serve as typical antigen-presenting cells (APCs) with the functional capability of phagocytosis and antigen presentation. Tumor-associated macrophages (TAMs), which are recruited into tumors from monocytes in peripheral blood or macrophages in normal tissues, have been proven to assist tumor growth, angiogenesis, and metastasis, thus are considered as a promoter for tumor progression (6). In the TME, TAMs undergo differentiation with distinct properties in response to different stimuli, mainly M1 and M2 phenotypes. M2 macrophages that are activated by alternative pathways play a leading role in TAMs, which are capable of inducing cancer initiation and angiogenesis. Conversely, M1 macrophages are activated classically and have a strong ability of phagocytosis, antigen presentation, and secretion of various pro-inflammatory cytokines such as interleukin-6 (IL-6), IL-12, IL-23, tumor necrosis factor-α (TNF-α) and chemokines to effectively eliminate pathogens or tumor cells in the body (7). DCs are the strongest APCs in human immunity, which enable to efficiently ingest, process, and present antigens to naïve T lymphocytes to initiate adaptive immune responses, acting as a vital bridge linking innate immunity and adaptive immunity (8). Whereas, tumor-infiltrating DCs generally appear to be immature and functional paralysis, thereby failing to initiate or modulate adaptive immunity and gradually leading to immunosuppression (9). NK cells are the cytotoxic lymphocytes of the innate immune system. Although lack antigen receptors, they are regarded as the key cancer defensor due to the cytotoxic ability to quickly kill nearby target cells without antigen in advance. Similarly, there are a variety of endogenous mechanisms to resist NK cells from attack and deep infiltration, leading to the failed cytotoxicity (10). Moreover, MDSCs refer to a heterogeneous population of cells consisting of early myeloprogenitor cells, naïve granulocytes, as well as immature macrophages and DCs with various differentiation degrees, which display strong T-cell suppression function. Pro-inflammatory cytokines could induce the generation of MDSCs in tumor microenvironment and defect the differentiation of MDSCs into mature immune cells. Over the past years, numerous studies have shown that MDSCs could promote cancer progression in terms of cancer cell proliferation and invasion, tumor angiogenesis, and drug resistance (11).

As immunotherapy has been widely studied, CD4+ T lymphocytes, also known as helper T cells (Th), have attached much attention due to the remarkable effects on the adaptive immune system. The naïve T lymphocytes (Th0) differentiate into different subsets, such as Th1, Th2 and Th17. The Th1 immune response can be usually inhibited in a variety of malignant tumors, which manifests as the down-regulation of TNF-α, IL-2, IFN-γ and IL-2, and defecting the proliferation of cytotoxic T cells, macrophages and NK cells. On the contrary, Th2-biased immune response is up-regulated in cancer progression (12). The cytokines IL-4, IL-5 and IL-13 secreted by Th2 cells have been found to facilitate tumor growth (13). In addition, the ratio of Th1/Th2 refers to a crucial factor to maintain the normal immune state, and the imbalance of Th1/Th2 often occurs in immune-related diseases including cancer. Th17 is another helper T cell, which was named from the ability to secrete the pro-inflammatory cytokine IL-17. Th17 has been considered as a potential target for tumor treatment, however, in different tumors, Th17 showed inconsistent effects (14, 15). The subset of CD8+ T lymphocytes, also called cytotoxic T cells (CTLs), is an important guardian of the adaptive immune system. CTLs exert great cytotoxic effects on tumor cells, in other words, they perform cellular immunity by lysing or inducing apoptosis of targeted cells. However, with the infiltration of CD8+ T lymphocytes into tumor tissues, they undergo exhaustion in form of suppressed proliferation and even apoptosis (16). Tregs are a unique subset of CD4+CD25+ T lymphocytes and are augmented in various cancers. Tregs in the TME serve as a potent immunosuppressive factor and resist anti-tumor immunity (17). Additionally, the balance of Th17/Treg is likely to be disturbed by TAMs in the TME (18). Therefore, it is a feasible immunotherapeutic strategy to reshape TME by modulating the activity and function of immune cells.



The Regulatory Effects of Chinese Medicine Compounds on Innate Immune Cells


Macrophages

Targeted consumption or regulation of TAMs has become a potential cancer treatment strategy (19), such as activating TAMs towards M1-type polarization, suppressing M2-type polarization, and inducing M2 polarizing to M1. Numerous Chinese medicine compounds have been reported to exert inhibitory effects on tumor growth and metastasis through targeting macrophages (Figure 1). Th1 cytokines IFN-γ are conducive to M1 activation in the TME (20). Modified Si-Jun-Zi Decoction stimulated the secretion of GM-CSF, IFN-γ, IL-1α and IL-3, increased the number of macrophages, thus activating the innate immune system to remove colorectal cancer (CRC) cells (21). The elevated expression of phenotypic marker CD86 and CD40 stand for the activation of M1 macrophages to some extent. Ma et al. observed that Haimufang (HMF) decoction enhanced the generation of nitric oxide (NO) and reactive oxygen species (ROS), the secretion of cytokines TNF-α, IL-1β, IL-12 p70, and IL-6, and the expression of M1 marker CD40 and CD86, with time- and dose-dependent manners in RAW264.7 cells, but had no discernible impact on M2 phenotypic marker CD206. As a result, HMF promoted the M1 polarization and enhanced the phagocytosis ability (22). In hepatocellular carcinoma (HCC), Yang et al. reported that Compound kushen injection (CKI) facilitated the activation of macrophages by stimulating TNF receptor superfamily member 1 (TNFR1)-mediated NF-κB and p38 MAPK signaling pathways, thereby accelerating M1 polarization and alleviating TAMs-mediated immunosuppression (23). Yu-ping-feng (YPF) has usually been prescribed to enhance human immunity, which was reported to up-regulate the secretion of IL-1β and IL-12, the level of iNOS as well as the phosphorylation and activation of signal transducers and activators of transcription 1 (STAT1) in RAW264.7 cells to propel the M1 polarization and enhance M1-induced CD4+T cell activation and Lewis lung cancer (LLC) lysis (24). Furthermore, Chinese medicine compounds could restrain the function of M2 and facilitate the conversion of M2 to M1. XIAOPI (XP) formula remarkably prevented the promoting effect of TAMs on the proliferation and self-renewal activity of breast cancer cell lines (MDA-MB-231 and 4T1) in a co-culture system, and reversed the TAMs-mediated C-X-C Motif Chemokine Ligand 1 (CXCL1) secretion and β-catenin signal, thus attenuating the self-renewal activity and chemotherapy resistance of breast cancer stem cells (CSCs). Moreover, XP weakened the polarization of M2 by down-regulating the expression of CD163, CD206 and Arg1 as well as the transcriptional activity of CXCL1 in a dose-dependent manner (25). C-C Motif Chemokine Ligand-2 (CCL2) refers to an important chemokine for monocyte/macrophage chemotaxis (26). Chen et al. reported that CCL2 boosted the number of macrophages in the liver and induced M2 polarization, which could be prevented by Dahuang Zhechong Pills (DZP) through the suppressed secretion of CCL2 and its receptor CCR2, along with the low level of F4/80, TGF-β1 and FN to attenuate hepatic fibrotic status. DZP also reversed tumor-mediated M2 polarization of macrophages to reshape the immunosuppressive TME and inhibit the liver metastasis of CRC (27). Jianpi Yangzheng (JPYZ), the ingredients for invigorating qi and spleen of Jianpi Yangzheng Xiaozheng decoction, can promote the transformation of M2 to M1 with the elevation of CD86 and reduction of CD206 and CD163. The mRNA levels of M1-related genes (IL-1β, IL-12 and TNF-α) were enhanced by JPYZ while those of M2-related genes (Arg-1, Fizzl and Yml) were attenuated (28). Consequently, Chinese medicine compounds indeed regulate the activation and differentiation of TAMs to exert anti-tumor activity (Table 1).


Table 1 | Innate immune cells impacted by Chinese medicine compounds.





Dendritic Cells (DCs)

Chinese medicine compounds could enhance the maturation and antigen presentation ability of DCs to induce the activation of naïve T lymphocytes and participate in the regulation of T cell differentiation (Table 1). IL-12 is closely involved in the antigen presentation function of DCs (41). Zhao et al. optimized a new traditional Chinese medicine formula Yangyin Wenyang (YYWY) on the basis of Jinfukang. YYWY intervention drove the impregnation of DCs, CD4+ and CD8+ T cells in LLC tissues, and raised the mRNA levels of IFN-γ, IL-1β, TNF-α and IL-12. In addition, YYWY stimulated MAPK and NF-κB signaling pathways in bone marrow dendritic cells (BMDCs) to accelerate the maturation of DCs and the proliferation and differentiation of T cells together (29). TSLP, an immune-related factor, can activate DCs and involve in T cell differentiation, which raises the expression of Th2-polarizing molecule CD252 (OX40L), and induces Th2 response (42). Yao et al. reported that YPF reduced the expression of TSLP and OX40L to induce the maturation of DCs and the expression of CD80, CD86, MHC-II as well as IL-12 (12). Furthermore, DCs combine with tumor cells to form fusion cells (FCs), which play an inhibitory role in tumor development. Yang et al. found that fusion cells of dendritic colon cancer stem cells (DC-cCSC FCs) facilitated the proliferation of cytokines induce killer (CIK) cells. The cytotoxicity of DC-cCSC FCs and CIK cells against cCSCs was further improved by IL-12 and could be enhanced by the Chinese medicine CKI (30). In summary, Chinese medicine compounds are capable to activate DCs. Although some studies have proven that Chinese medicine compounds elevate the function of NK cells in the TME by promoting the secretion of IL-12 (Figure 1), more researches about the mechanisms are demanded.



Natural Killer Cells (NK Cells)

Recently, the anti-tumor activity of exogenously activated and amplified NK cells has been proved in clinical (43). Some studies have shown that activating NK cells may be an effective approach for Chinese medicine compounds to suppress the advance of tumors (Table 1). For example, Luo et al. confirmed that YPF propelled the infiltration, proliferation, and killing activity of NK cells in tumor tissues to prolong the survival of LLC tumor-bearing mice. Elimination of NK cells could remarkably reverse the inhibitory effect of YPF on lung cancer, indicating that NK cells were the potential target cells for YPF-mediated lung cancer treatment (31). Additionally, Que et al. found that Jinfukang was conducive to the secretion of C-X3-C Motif Chemokine Ligand 1 (CX3CL1) in circulating tumor cells (CTCs) and the recruitment of CTCs to NK cells. Meanwhile, Jinfukang significantly accelerated NK cells-mediated CTCs apoptosis and prevented lung cancer metastasis through activating Fas/FasL signaling pathway, manifested as the up-regulated FasL and secretion of TNF-α in NK cells (32). In addition, Tien-Hsien liquid (THL) accelerated the secretion of immune factors including IFN-γ, IL-2 and TNF-α to augment the cytotoxicity of NK cells and CTLs and mitigate the tumor development (33). Finally, Li et al. reported a new traditional Chinese medicine compound anti-cancer No.1 (ACNO) which could dose-dependently enhance the cytotoxicity of NK cells by up-regulating the secretion of IL-2, IL-12, and INF-γ (34) (Figure 1). In brief, Chinese medicine compounds can interfere with tumor growth by the way of enhancing the killing activity of NK cells.



Myeloid-Derived Suppressor Cells (MDSCs)

Researches have suggested that Chinese medicine compounds abated the immunosuppression in the TME by facilitating the apoptosis and differentiation of MDSCs to enhance immune response (Table 1). Mao et al. observed that Yanghe Decoction (YHD) had immunomodulatory effects on 4T1 breast tumors, not only boosting the amount of NKT and CD4+ T cells as well as the secretion of IFN-γ and p-STAT1, but also attenuating the recruitment of MDSCs through JAK/STAT3 signaling pathway (35). YPF suppressed the mRNA levels of immunosuppressive genes in MDSCs, including Arg-1, iNOS and STAT3, and decreased the levels of p-Akt, p-MEK, p-ERK and p-STAT3 to prevent MDSCs augment and induce their apoptosis, which further modulated the proportion of T cell subsets by increasing CD4+/CD8+ T lymphocytes and decreasing Treg proportion, thus reshaping the immune TME and preventing the lung cancer progression (36). Moreover, Xie et al. proved that Jianpi Huayu Decoction (JHD) attenuated the expression of IL-10 and TGF-β in tumor tissues and accelerated the differentiation of MDSCs into macrophages and DCs. JHD decreased the content of ROS in MDSCs, inhibited CD4+ T cells proliferation and the percentages of Th17 and Treg, but elevated the proportion of CTLs and DCs to relieve the MDSCs-mediated immunosuppressive state in HCC (37). Another research reported that Baoyuan Jiedu decoction (BYJD), a traditional Chinese medicine formula composed of Astragalus, Ginseng, Aconite root, Honeysuckle, Angelica, and Licorice, inhibited the TGF-β/CCL9 signaling pathway and reduced the number of MDSCs in peripheral blood and spleen of breast cancer (4T1)-bearing mice. Furthermore, BYJD blocked the recruitment of MDSCs in lung, the metastatic organ of breast cancer, thereby improving the pre-metastatic niche (PMN) and prolonging the survival of tumor-bearing mice (38). Xu et al. found that the medium dose of Ze-Qi-Tang (ZQT) had the strongest anti-tumor activity. In lung carcinoma in situ, ZQT could eliminate MDSCs in a dose-dependent manner, reduce the recruitment of MDSCs, and enhance the infiltration of T cells to reverse MDSCs-mediated immunosuppression. Thoroughly discovered that ZQT suppressed the level of STAT3, p-STAT3 and anti-apoptotic protein Bcl-2, increased the expression of pro-apoptotic protein Bax, cleaved caspase-3 and PARP to induce the apoptosis of G-MDSCs in lung carcinoma in situ. However, after G-MDSCs were completely depleted, the cytotoxicity of CD8+ T cells and the inhibitory effect of MDSCs had no significant difference between ZQT group and the control group, suggesting that the anti-tumor activity of ZQT was achieved by targeting G-MDSCs subset (39). Chinese medicine compounds also could decline the generation of MDSCs. Shuangshen granules restrained the expression of mTOR, S6K1 and Myc to block the differentiation of bone marrow cells (BMCs) into MDSCs in a dose-dependent manner, thus preventing lung metastasis (40). XP impaired the activation of hematopoietic stem-progenitor cells (HSPCs) as well as the differentiation of HSPCs into MDSCs through TAMs/CXCL1 signaling pathway to inhibit lung metastasis of breast cancer (25). Therefore, it may be a promising therapeutic way for Chinese medicine compounds to improve TME through targeting MDSCs (Figure 1).




The Regulatory Effects of Chinese Medicine Compounds on Adaptive Immune Cells


CD4+ T Lymphocytes

Some Chinese medicine compounds are capable of exerting anti-tumor effects through facilitating CD4+T lymphocytes differentiate to Th1 and attenuating Th2 response (Table 2). The activation and differentiation of CD4+ T lymphocytes tend to be affected by APCs, such as macrophages and DCs. YPF enhanced the antigen presentation ability of macrophages by up-regulating the level of MHC II, thereby activating the LLC cell lysis mediated by CD4+ T cells. Meanwhile, YPF enhanced the secretion of Th1 cytokines (IL-2, IL-12) but repressed the level of Th2 cytokines (TGF-β, IL-4) (24). In addition, in H-22 tumor-bearing mice, YPF elevated the ratio of Th1/Th2 (IFN-γ/IL-4) through mature DCs, thus ameliorating Th2-biased immune state (12). Similarly, YYWY exerted the anti-tumor effect by inducing DCs mature, which subsequently activated CD4+ T lymphocytes and enhanced Th1 function (29). Chen et al. found that in CT26 tumor-bearing mice, Quxie capsule (QX) intervention boosted the expression of Foxo1 and T-bet, along with the augment of Th1 and Th1/Th2, to propel the immune response in TME (44). Th17 has been considered as a potential target for tumor treatment in several studies. Deng et al. confirmed that Th17 was conducive to the occurrence of Ulcerative Colitis-Related Colorectal Cancer (UCRCC), however, Compound Sophorae Decoction (CSD) remarkably reversed the increasing number of Th17 and the secretion of IL-17 to relieve inflammation in UCRCC (45). Chuang et al. reported that in the co-culture system of spleen cells and LLC cells, JC-001 enhanced Th1 function and suppressed Th17 function by abating the secretion of TGF-β and IL-17A to prevent tumor progression (46). In liver cancer, JC-001 had the same effects on Th1 and Th17 function, thereby alleviating Treg-mediated immunosuppression (47). Taken together, Chinese medicine compounds control tumor growth by modulating the differentiation of CD4+ T cells, enhancing Th1 immune response as well as restraining the function of Th2 and Th17 (Figure 1).


Table 2 | Adaptive immune cells impacted by Chinese medicine compounds.





CD8+ T Lymphocytes

Restoring CD8+ T lymphocytes function has always been regarded as an effective method to facilitate tumor immunity (16). Some studies have demonstrated that Chinese medicine compounds lead to the augment of CD8+ T lymphocytes in tumor tissues (29, 33, 36). In addition, Chinese medicine compounds bring vital impacts on the activity and exhaustion of CD8+ T cells (Table 2). CKI combined with sorafenib dramatically suppressed function-inhibitory receptors in CD8+ T cells, including lymphocyte-activation gene 3 (Lag-3), programmed cell death protein 1 (PD-1), T-cell immunoreceptor with Ig and ITIM domains (TIGIT), and T-cell immunoglobulin and mucin-domain containing-3 (Tim-3) to reduce the depletion of CD8+ T cell. At the same time, the combination therapy strengthened the cytotoxicity of CD8+ T cells by accelerating the production of TNF-α, Perforin, IFN-γ and Granzyme-B. When CD8+ T lymphocytes were blocked, the anti-tumor activity of combination therapy disappeared, suggesting that CD8+ T cells were necessary for CKI-mediated HCC treatment (23). Lu et al. reported that, in depression breast cancer mice, Shugan Jianpi formula combined with chemotherapy drug gemcitabine (GEM) effectively repressed the apoptosis of CD8+ T cells and significantly reduced MDSCs to enhance the immune surveillance, thereby preventing the progress of breast cancer (48). It has been shown that Xiao-Ai-Ping, an adjuvant injection for tumor therapy, propelled the infiltration and function of CD8+ T cells in the TME of LLC, mainly manifested as the increase in Perforin, IFN-γ and Granzyme-B (49). At last, JC-001 drove the generation of CD8+ T cells in LLC1 tumor and the secretion of IL-12 p70 and IFN-γ to sensitize LLC1 tumor to chemotherapeutic drug cisplatin (CDDP) (46). Jurkat T cell line, a kind of CTLs, has been reported to resist tumor immune escape (55). Du et al. observed that Shenqi Fuzheng Injection (SFI) down-regulated the immunosuppressive cytokines IL-10, TGF-β and VEGF in A375 cells in a concentration-dependent manner. Also, SFI enhanced the cytotoxic and migratory activities of Jurkat T cells in A375 melanoma to reprogram the melanoma microenvironment (50), which demonstrated that CTLs can mediate the anti-tumor effects of Chinese medicine compounds. In conclusion, the restoration and enhancement of the activity of CD8+ T cells are effective ways for Chinese medicine compounds to prevent cancer from deteriorating (Figure 1).



Regulatory T Cells (Treg)

Previous researches have shown the potential therapeutic effects of targeting Foxp3+ Tregs for cancer treatment (56). Guo et al. reported that Feiyanning Decoction significantly attenuated the amount of CD4+CD25+ regulatory T cells in spleen, thymus and tumor tissues in LLC-bearing mice. It decreased the mRNA level of Foxp3, enhanced tumor immune response, and slowed down the progression of lung cancer (51). Yi-Yi-Fu-Zi-Bai-Jiang-San (YYFZBJS), a classical Chinese medicine formula for gastrointestinal diseases, suppressed the number of CD4+CD25+ Foxp3+ T cells. Although YYFZBJS did not directly affect CRC cells, it was able to down-regulate the proliferation of MC-38 cells through Enterotoxigenic Bacteroides fragilis (ETBF)-primed Tregs and preventing the advance of colon cancer (52). Moreover, Xihuang (XH) Pill reduced the proliferation of Tregs in the TME of breast cancer and induced the apoptosis of Tregs by suppressing PI3K/Akt/AP-1 signaling pathway, thus reversing the immune escape to attenuate the tumor growth (53). The imbalance of Th17/Treg often occurs in autoimmune diseases and inflammation (57), which could be effectively ameliorated by Chinese medicine compounds. CSD restored the balance of Th17/Treg by decreasing the proportion of Th17, Treg and the related inflammatory factors to improve immune function (58). Inflammation is often closely associated with the advance of cancer, thereby adjusting Th17/Treg balance in cancer may be helpful to relieve tumor-mediated immunosuppression. On the one hand, QX down-regulated Foxo1-mediated Foxp3, reduced Tregs and recovered the balance of Th17/Treg, thus playing a therapeutic role in CRC (44). On the other hand, Liu et al. found that Fuzheng Fangai combined with cyclophosphamide (CTX) effectively decreased the proportion of Th17 and Treg in spleen and tumor tissues of LLC tumor-bearing mice and restored the ratio of Th17/Treg. Meanwhile, the secretion of IL-17, IL-23 and IFN-γ, the mRNA levels of Foxp3 and RORγt as well as the protein levels of SOCS3, JAK2, and STAT3 were remarkably down-regulated by combined therapy compared to CTX alone (54). Summarily, Chinese medicine compounds are capable of suppressing tumor development through the inhibitory effects on Tregs (Table 2) (Figure 1).




The Immunoregulatory Patterns of Chinese Medicine Compounds in Cancer Therapy


Improve Tumor-Induced Inflammation

Chronic inflammation serves as a risk factor for cancers. Tumor-induced inflammation accelerates the enrichment and activity of inflammatory cells in tumor tissue, thereby promoting tumor progression (59). Therefore, it may be feasible to treat cancers through improving inflammation to enhance immune function by Chinese medicine compounds (Figure 2). CRC was the third common cancer around the world, the morbidity of which ranked the second. Statistically, the incidence of CRC was higher in transition countries (1). Banxia Xiexin decoction (BXD) has been often applied to treat a variety of inflammatory diseases, including acute and chronic gastritis, oral ulcer, digestive ulcer, and so on. Yan et al. found that BXD enhanced the serum level of pro-inflammatory cytokines IL-1β, TNF-α and IL-6 in colon cancer-bearing nude mice and improve inflammation (60). With the popularization of the hepatitis B vaccine, the total incidence and mortality of liver cancer have been declining in the past three decades, whereas primary liver cancer still continues. HCC is the most common primary liver cancer (1). Hepatic fibrosis is the most vital hazard factor of HCC (61). Yang et al. established chronic liver fibrosis models with CCl4 or MCD and found that CKI remarkably attenuated the infiltration of macrophages in the livers of these mice, down-regulated the expression of TNF-α and IL-6, thus alleviating the inflammatory response induced by liver fibrosis. Furthermore, Smad7 was identified as a key target of CKI in the treatment of liver fibrosis. CKI up-regulated Smad7, inhibited TNF-βR1, and suppressed TNF-β/Smad signaling pathway to prevent the development of chronic liver fibrosis and HCC (62). NHE-06 exerted a strong anti-inflammatory activity on HCC through the suppression of NF-κB/IL-6/STAT3 signaling and TGF-α and PTSG2. Meanwhile, NHE-06 strengthened the anti-tumor immunity by increasing the infiltration of immune cells and the production of IFN-γ. However, the preventive and therapeutic efficacy against HCC could be merely realized in mice with an intact immune system (63). Breast cancer has become the most common malignant tumor in the world and one of the main causes of death in females (1). Ruyiping (RYP) has been reported as a traditional Chinese medicine formula for breast cancer metastasis. Ye et al. found that in breast cancer 4T1-bearing mice, RYP combined with Platycodon grandiflorum (RP) effectively decreased the content of inflammatory marker Fibrinogen and inflammation-associated cytokines IL-6 and IL-1β in the lung tissue, improved the pulmonary inflammatory microenvironment resulted from breast cancer, and prevented the lung metastasis of breast cancer (64). According to Global Cancer Statistics 2020, lung cancer has become the most deadly malignant tumor in the world, whose morbidity ranked second among all cancers (1). Kejinyan decoction is an empirical prescription of traditional Chinese medicine for lung cancer clinically. Chen et al. reported that, after intervention with Kejinyan decoction, the inflammatory cytokines TNF-α, IFN-γ, IL-6, IL-4 and IL-13 were reduced and the survival of LLC tumor-bearing mice was prolonged (65). In short, Chinese medicine compounds could regulate the secretion of inflammatory cytokines to improve the inflammatory response in cancers.



Enhance Immunity After Surgery or Chemotherapy

Surgery and chemotherapy are the common treatments for cancers. However, side effects are always the major concern and limitation. Surgery tends to trigger inflammation, which leads to various unfavorable prognoses. Chemotherapy can damage the immune system even more. Therefore, Chinese medicine compounds combined with surgery or chemotherapy are typically used in clinical treatments to enhance efficacy and reduce side effects (Figure 2). Transcatheter arterial chemoembolization (TACE) has been identified as one of the therapies for HCC (66). Dai et al. reported DZP combined with TACE enhanced the immune functional indexes in serum and the number of CD4+/CD8+ T cells and reduced VEGF, TGF-β1 and MMP-2 to ameliorate cancer metastasis and other adverse reactions after TACE (67). A clinical trial has demonstrated that San Huang decoction remarkably reduced the volume of exudate after breast cancer surgery and the expression of TNF-α, IL-6, IL-8 and C-reactive protein (CRP) to improve the inflammation. Some studies have illustrated that Chinese medicine compounds could not only enhance the effectiveness of chemotherapy (23, 46, 48), but also alleviate the side effects of chemotherapy, including diarrhea, weight loss and other symptoms of hypoimmunity. PHY906 has been utilized for thousands of years to treat gastrointestinal diseases. In recent years, it has been developed as an adjuvant for cancer. Lam et al. found that PHY906 was capable of accelerating the infiltration of macrophages into tumors by inducing the up-regulation of macrophage cytokines hMCP1, dramatically promoted the conversion of macrophages to M1, and enhanced the anti-tumor effects of Sorafenib (68). In addition, Ciji-Hua’ai-Baosheng improved the immune function of H-22 tumor-bearing mice after treatment with chemotherapy and alleviated CTX-induced colitis, manifested as elevated lymphocytes in spleen, augmented IL-2, IFN-γ and TNF-α, and the reduced IL-6 in serum and tumor tissues (69). Similarly, Wu et al. found Gegen Qinlian decoction (GQT), a classic Chinese medicine compound widely applys to gastrointestinal inflammatory diseases, assisted the anti-tumor effects of irinotecan (CPT-11) on colon cancer. It reversed the abnormal enhancement of IL-1β, COX-2, ICAM-1, and TNF-α. Moreover, GQT relieved diarrhea in CPT-11-treated patients by restraining hCE2 (70). Tumor suppressor p53 has been considered to be able to regulate immunity. Inactivated p53 may influence the effects of BMCs and T cells (71). Wei et al. reported that Yangyin Fuzheng Decoction promoted the infiltration of inflammatory cells to improve anti-tumor immunity and restore the CDDP-mediated weight loss of mice (72). Thus, Chinese medicine compounds combined with conventional therapy are expected to be a promising treatment for patients suffering from malignant tumors.



Block the Immune Checkpoints

Immune checkpoints represent a series of molecules on immune cells, which are recognized as switches of immune functions. In the TME, immune checkpoints are often overexpressed or activated, leading to the paralysis of the immune system. PD-1 and its ligand 1 (PD-L1) are the pivotal immune checkpoints that promote immune escape and cancer advance. Targeting the PD-1/PD-L1 axis has been effective immunotherapy against cancer (73). The combined therapy of GQT and PD-1 blocker effectively accelerated the proliferation of CD8+ T cells and restored the T-cell function by up-regulating IL-2 and IFN-γ. Moreover, some Chinese medicine compounds themselves exerted blocking effects on immune checkpoints. Bu Fei Decoction adjusted the immunosuppressive TAMs in non-small cell lung cancer (NSCLC) and inhibited its tumor-promoting effect by down-regulating IL-10 and PD-L1 (74). Studies have found that the PI3K/Akt signaling pathway assisted the activation of PD-1/PD-L1 axis. Teng et al. summarized that the active ingredients of Huoxue Yiqi Recipe-2 (HYR-2) targeted PD-L1 signaling pathway in the treatment of lung cancer. HYR-2 could turn M2 to M1 through down-regulating PD-L1 that is closely associated with the blockage of PI3K/Akt signaling pathway (75). Xu et al. observed that Modified Bu-zhong-yi-qi decoction suppressed the expression of PD-L1 through blocking PI3K/Akt signaling pathway in gastric cancer, thereby up-regulating the ratio of CD4+/CD8+ T cells and the number of CD8+PD-1+ T cells as well as decreasing the proportion of PD-1+ Tregs induced by chemotherapy, representing as a promising therapy for gastric cancer (76). PI3Kγ is an immune checkpoint for macrophages, which can switch the polarization of macrophages to reshape immune microenvironment and control immune suppression in cancers (77). Yuan et al. reported that Modified Jian-pi-yang-zheng decoction down-regulated PI3Kγ remarkably, promoted the secretion of TNF-α and IL-1β while decreased IL-10, accelerated the conversion of M2 to M1 and the differentiation of TAMs, thus prevented the progression and metastasis of gastric cancer (78) (Figure 2). Although immune checkpoint has gained great attention in tumor immunotherapy, the impacts of Chinese medicine compounds on immune checkpoints are not fully investigated.



Other Potential Ways

Recently, erythroid progenitor cell (EPC) has been known as the regulator in tumor immune response. In malignant tumors, EPCs did not differentiate into mature red blood cells and have inhibitory effects on tumor immunity (79). Li et al. reported that Danggui Buxue decoction reduced the abnormal accumulation of EPCs in melanoma and accelerated EPCs to differentiate into mature red blood cells, which led to relieving anemia, enhancing tumor immune response, and inhibiting the progression of melanoma (80). Estrogen/estrogen receptor (ER) has also been considered as a possible immunotherapy target for cancers (81). There are two forms of ER, ERα and ERβ. When the increase in ERα level leads to the imbalanced ratio of ERα/ERβ or the mutation rate of ERα augments, it is more likely to induce breast cancer. XH formula has been used for the treatment of breast cancer since 1740, which suppressed the proliferation and activity of breast cancer cells in dose- and time-dependent manners. Hao et al. reported that XH formula bond to ERα and HSP90, promoting the disintegration of ERα, and blocking the transmission of ERα signaling. Through this anti-estrogen-like effect, XH formula inhibited the progression of breast tumors (82). Moreover, it was reported that Shugan Liangxue (SGLX) decoction suppressed the protein levels of ERα and 17β-estradiol (E2) target genes, c-Myc and Bcl-2, in human breast cancer cells. It was speculated that SGLX exerted inhibitory effects on ER+ breast cancer cells selectively (83) (Figure 2).




Perspectives

There are various ways of Chinese medicine compounds to exert anti-tumor activity, including blocking cell cycle, inhibiting cell viability and proliferation, inducing cell apoptosis, preventing cell invasion and migration, and enhancing the sensitivity of tumor cells to chemotherapy drugs, etc. In recent years, immunotherapy has become the most promising field in cancer therapy. Regulating immune cells has been proved to be a powerful weapon against cancers and is increasingly applied clinically. Traditional Chinese medicine or its extracts have been reported to play a variety of roles in immune cells, thereby enhancing innate and adaptive immunity (84, 85). By the advantages of multi-components and multi-targets, Chinese medicine compounds have more comprehensive effects and mechanisms of regulating tumor immunity. Traditional Chinese medicine compound preparations, such as traditional Chinese medicine patent prescription and Chinese medicine compound injection, have been put into application clinically due to their anti-tumor and anti-inflammatory activity. The studies on mechanisms of Chinese medicine compounds enhancing tumor immunity mostly concentrated on the number and activity of immune cells in the TME, however, more in-depth and systematic researches are still needed and worth being further explored, including but not limited to: the targeted immune cell types which were regulated specifically by Chinese medicine compounds, the direct targets and pathways, either in immune cells or cancer cells, which mediated the immunotherapeutic effects of Chinese medicine compounds, the different immunomodulatory effects in distinct TME, the combined effect of immunoregulating Chinese medicine compounds with chemotherapy or immunotherapy drugs. Furthermore, the roles of various components in Chinese medicine compounds and their interplay or relationship in different symptoms is another important question. Nowadays, researchers try to depict formulas of traditional Chinese medicine compounds and optimize new formulations with more active ingredients and better therapeutic effects. Therefore, it is necessary to carry out more systematic researches on the immunoregulatory and pharmacological effect of TCM on cancer therapy and the underlying mechanisms to provide the more comprehensive theoretical basis for the clinical application of Chinese medicine compounds in cancer treatment.
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Breast cancer (BC) is one of the most common malignant tumors among women worldwide and can be treated using various methods; however, side effects of these treatments cannot be ignored. Increasing evidence indicates that compound kushen injection (CKI) can be used to treat BC. However, traditional Chinese medicine (TCM) is characterized by “multi-components” and “multi-targets”, which make it challenging to clarify the potential therapeutic mechanisms of CKI on BC. Herein, we designed a novel system pharmacology strategy using differentially expressed gene analysis, pharmacokinetics synthesis screening, target identification, network analysis, and docking validation to construct the synergy contribution degree (SCD) and therapeutic response index (TRI) model to capture the critical components responding to synergistic mechanisms of CKI in BC. Through our designed mathematical models, we defined 24 components as a high contribution group of synergistic components (HCGSC) from 113 potentially active components of CKI based on ADME parameters. Pathway enrichment analysis of HCGSC targets indicated that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis could synergistically target the PI3K-Akt signaling pathway and the cAMP signaling pathway to treat BC. Additionally, TRI analysis showed that the average affinity of HCGSC and targets involved in the key pathways reached -6.47 kcal/mmol, while in vitro experiments proved that two of the three high TRI-scored components in the HCGSC showed significant inhibitory effects on breast cancer cell proliferation and migration. These results demonstrate the accuracy and reliability of the proposed strategy.
Keywords: breast cancer, compound kushen injection, traditional Chinese medicine, molecular docking, synergistic mechanism, system pharmacology
INTRODUCTION
Breast cancer (BC) is the most common cancer in women worldwide and is responsible for the second highest death rate among female patients with cancer (Siegel et al., 2020). Many options are available to treat breast cancer, such as surgical treatment (Zheng et al., 2020), radiation therapy (Balaji et al., 2016), neoadjuvant endocrine therapy (Yao et al., 2019), neoadjuvant chemotherapy (Vaidya et al., 2018), and anti-HER2 therapy (Yao and Fu, 2018). However, side effects of these treatments are often observed. For example, radiation therapy can cause radiation-induced fibrosis (Straub et al., 2015) and radiodermatitis (Singh et al., 2016). Fatigue, pain, and systemic side effects can occur as a result of surgical treatment (Enien et al., 2018). Adjuvant endocrine therapy can cause vasomotor symptoms and musculoskeletal and vulvovaginal symptoms (Condorelli and Vaz-Luis, 2018). These side effects mainly influence the organs and blood system, which aggravates the psychological burden on the patients. Side effect symptoms include loss of appetite, vomiting, diarrhea, nausea, and ulcers (Meng et al., 2017; Recht, 2017; Cochran et al., 2019). In recent years, traditional Chinese medicine (TCM) has become increasingly popular in the treatment of BC. Ganoderma lucidum from Ganoderma suppresses the proliferation and migration of breast cancer by inhibiting Wnt/β-catenin signaling (Zhang, 2017), while puerarin from Radix puerariae inhibits cell migration, invasion, and adhesion of LPS-induced BC by blocking NF-κB and Erk pathways (Liu et al., 2017). In addition to these herbal components, many formulas and proprietary Chinese medicines are widely used in the treatment of BC, such as compound kushen injection (CKI) (Liu et al., 2020), Shugan Jianpi decoction (Jingyuan et al., 2021), and Fangjihuangqi decoction (Guo et al., 2020). Based on these formulas and proprietary Chinese medicines, CKI is a commonly used antitumor treatment in clinical practice.
CKI is a TCM formulae extract from kushen (Radix Sophorae flavescentis) and baituling (Rhizoma Heterosmilacis) at a ratio of 7:3, in which exist hundreds of components including alkaloids and flavonoids (Cui et al., 2020). As approved by the China Food and Drug Administration, CKI can be employed for cancer treatment (Guo et al., 2015) and has several pharmacological functions, including anticancer properties, hemostasis, and immunity enhancement (Wang et al., 2015). CKI is widely being used in the treatment of cancers, such as breast cancer (Xu et al., 2011a; Qu et al., 2016; Cui et al., 2019; Nourmohammadi et al., 2019; Cui et al., 2020), acute myeloid leukemia (Jin et al., 2018), and hepatocellular carcinoma (Gao et al., 2018; Yang et al., 2021). Additionally, the function of CKI in treating breast cancer was also proved in in vitro and in vivo experiments. CKI could reduce the tumor formation rates and tumor volume by the downregulated Wnt/b-catenin pathway in the MCF-7 SP xenograft model (Xu et al., 2011a). Besides, CKI could impair the migration and invasiveness of MDA-MB-231 cell lines (Nourmohammadi et al., 2019) and influence the cell cycle of MDA-MB-231 cell lines in promoting cell death by increasing the proportion of cells in the G1 phase and decreasing the cells in the S and G2/M phase (Cui et al., 2019; Cui et al., 2020), while it could inhibit proliferation and induce cell apoptosis of MCF-7 cell lines (Qu et al., 2016). These in vitro and in vivo experiments had proved that CKI has anticancer pharmacological function, especially in breast cancer. In CKI, matrine, oxymatrine, and sophocarpine are the main components of Radix Sophorae flavescentis, which display antitumor, anti-inflammatory, and antiviral properties, as well as cardiovascular protective abilities (Wang et al., 2015). Rhizoma Heterosmilacis may play a role in promoting oxidative stress–induced apoptosis (Liu et al., 2017), reducing oxidative stress (Hong et al., 2014), deoxidation, and dampness relief (Liang et al., 2019). Increasing evidence has shown that CKI can be used to halt cancer migration (Nourmohammadi et al., 2019), reduce anticancer drug resistance (Hy et al., 2014), increase cancer cell apoptosis (Qu et al., 2016), suppress the cancer cell cycle (Cui et al., 2019), and inhibit cancer progression (Wang et al., 2019). Matrine upregulates Bax and downregulates Bcl-2 to inhibit proliferation and increase apoptosis of breast cancer cells (Li et al., 2015) and further downregulates the canonical pathway to suppress human breast cancer stem-like cells (Xu et al., 2011b). Oxymatrine exerts its effects by blocking the cell cycle, initiating apoptosis (Binggang et al., 2002) and suppressing the epithelial–mesenchymal transition (Jiaqin et al., 2018). These sporadic reports suggest that different components of CKI play a role in the treatment of BC, but there is still a lack of systematic and overall research on the synergistic mechanism of different components of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis in CKI.
Since TCM is characterized by “multi-components” and “multi-targets”, it is difficult to reveal the associated mechanisms between herbs, components, genes, and disease through traditional experimental methods. As an effective tool to elucidate the synergistic and potential mechanisms of the networks between component–target and target–disease, systemic pharmacology provides a new perspective on the therapeutic mechanisms of TCM in the treatment of BC at the systematic level.
To explore the therapeutic mechanism of CKI in treating BC, a novel system pharmacology strategy (Figure 1), which integrates differentially expressed gene analysis (DEGs), pharmacokinetics synthesis screening, target identification, synergy contribution degree (SCD), network analysis, and therapeutic response index (TRI) calculation, was developed. The Cancer Genome Atlas (TCGA) database was used to explore the DEGs in BC. Subsequently, previously proposed absorption, distribution, metabolism, and excretion (ADME) screening models were employed to select potential active components; online tools were used to predict the targets of these potential active components, and a component–target (C-T) network was used for further network analysis. Network analysis of potential components combined with SCD was used to simulate the treatment effects of each component of CKI in BC and to explore a high contribution group of synergistic components (HCGSC). The virtual docking-aided TRI model was designed to determine whether highly reliable components may have a potential synergistic mechanism. Thereafter, GO enrichment and KEGG pathway enrichment analysis of BC, CKI, and highly reliable components in HCGSC were discussed to decode the potential synergistic mechanism analysis of CKI in the treatment of BC based on HCGSC. Ultimately, experimental validation was used to confirm the effect of high TRI-scored components in the HCGSC and evaluate the reliability of our model. We hope that these results will provide a strategy to reveal the therapeutic mechanism of TCM at the molecular level.
[image: Figure 1]FIGURE 1 | Workflow of the system pharmacology approach.
MATERIALS AND METHODS
Chemical Components Collected From Database
All CKI components were collected from the Traditional Chinese Medicine Systems Pharmacology (TCMSP) database (http://www.tcmspw.com/tcmsp.php). TCMSP includes information from DrugBank, HIT, TTD, and PharmGKB. The pharmacokinetic properties of TCMSP include molecular weight (MW), AlogP, number of acceptor atoms for H-bonds (nHacc), number of donor atoms for H-bonds (nHdon), Caco-2 permeability (Caco-2), oral bioavailability (OB), drug-likeness (DL), blood–brain barrier (BBB), FASA-, and half-life (HL).
ADME Screening
In the process of modern drug development, many drug candidates fail during development because of inadequate ADME properties (Rojas-Aguirre and Medina-Franco, 2014). Therefore, evaluating the ADME of drug components in the early stages has become an essential process. Components with better pharmacokinetic properties can be obtained by ADME screening, and the potential drug–drug interactions can be minimized (Wang et al., 2018). Two ADME-related models were employed in the present study, namely Caco-2 permeability and drug-likeness, to screen the potential active components of CKI (Supplementary Figure S1).
As a model system for intestinal epithelial permeability, the human colon carcinoma cell line (Caco-2) (Ij et al., 1989) is currently considered the gold standard (Jacobsen et al., 2020). The transport rates of components (nm/s) in Caco-2 monolayers represent intestinal epithelial permeability in TCMSP (Ru et al., 2014). Components with Caco-2 < −0.4 are not permeable; thus, Caco-2 > −0.4 were selected as candidate components.
Drug-likeness (DL) may be defined as a complex balance of various molecular properties and structural features that determine whether a particular molecule is similar to known drugs. The drug similarity index of the new compound was calculated using the Tanimoto coefficient, which is defined as
[image: image]
In this equation, A represents the molecular descriptor of herbal components, and B is the average molecular property of all components in DrugBank (Tao et al., 2013). Based on the data from TCMSP, the average value of Radix Sophorae Flavescentis was 0.40, while that of Rhizoma Heterosmilacis was 0.25. Combined with other literature search criteria, we defined DL ≥ 0.18, as the screening criterion of DL.
Target Identification
Three commonly used online tools were employed to identify the targets of active components in CKI, namely, similarity ensemble approach (SEA) (Keiser et al., 2007), HitPick (Liu et al., 2013), and SwissTargetPrediction (Gfeller et al., 2014). Open Babel 3.0.0 (O Boyle et al., 2011) was used to convert the SDF format of all CKI potential active components into the SMILES format. Potential active components in the SMILES format were imported to the SEA, HitPick, and SwissTargetPrediction to predict targets of potential active components. The homologous genes of other species provided by online tools were included in the discussion.
Network Construction and Analysis
The C-T network was used as a frame to uncover the relationship between active components and targets. Cytoscape 3.8.0 (Shannon et al., 2003), an open-source software platform, was employed to visualize the networks.
GO Enrichment and KEGG Pathway Enrichment Analysis
To analyze the main function of targets, clusterProfiler (Yu et al., 2012) in the Bioconductor package (https://bioconductor.org/) based on the R language was used for GO-BP enrichment analysis and KEGG pathway analysis. FDR-adjusted p values were set at 0.05, as the cut-off criterion.
Synergy Contribution Degree Calculation
The SCD represents the contribution of a potential active component in the C-T network and its effectiveness in the treatment of BC. To evaluate the effect of CKI on the treatment of BC, we built a mathematical model to calculate the SCD of each active component in CKI:
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In this equation, i is the number of components, and j is the number of targets. C represents the betweenness centrality of each component. T represents the betweenness centrality count of all targets of each component. Ce represents the edge count of each component. Te represents the edge count of all targets of each component. CB represents the betweenness centrality of each component only in Rhizoma Heterosmilacis, and CK represents the betweenness centrality of each component only in Radix Sophorae Flavescentis. If a component consists only of Radix Sophorae Flavescentis or Rhizoma Heterosmilacis, [image: image] should be 1. If [image: image] is zero, we assign 1e-6 to it. d represents the dose of each component in CKI, which was extracted using HPLC (Supplementary Table S1). NORM (di) is the index of min-max normalization to the dose of each component. The betweenness centrality of each component and target was calculated using Cytoscape version 3.8.0. based on the C-T network of the potential active components.
Breast Cancer Differentially Expressed Genes Analysis
The TCGA database (https://portal.gdc.cancer.gov/) was used to explore the DEGs in BC. We used TCGAbiolinks (Colaprico et al., 2016) in the Bioconductor packages to access the HTSeq-Counts number of normal and BC samples from the TCGA-BRCA project of the TCGA program. DESeq (Anders and Huber, 2010) and limma (Ritchie et al., 2015) in the Bioconductor package were used to analyze the DEGs in BC. We set |log2FoldChange|≥2 and FDR adjusted the p value < 0.05, as the cut-off criterion. The results are presented and plotted using the gplots (Warnes et al., 2020) package.
Molecular Docking Analysis of HCGSC in the Treatment of BC
The components of HCGSC were collected from the ZINC (Sterling and Irwin, 2015) and PubChem (https://pubchem.ncbi.nlm.nih.gov) databases in the MOL2 format. Human proteins were collected from the Protein Data Bank (PDB) (http://www.rcsb.org). AutoDock Tools (ADT) (Sanner, 1999) was used to pretreat the components and proteins. The pocket of the protein was automatically extracted from the space of the protein. AutoDock Vina (Trott and Olson, 2009) was used for docking. The seed of docking was 10,000, the energy range was 4, and the exhaustiveness was 4. The affinity (kcal/mol) index of each component–protein pair was used to estimate the docking results. The results were obtained using PyMOL (Schr Odinger, 2015).
Therapeutic Response Index Model Calculation
We developed a mathematical model to calculate the therapeutic response index (TRI) of each component in a highly reliable docking relationship (HRDR) between HCGSC and its targets.
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In the above model, i is the number of components, j is the number of topology parameters, n is the collection of components, and m is the collection of components and topology parameters. CDI represents the docking index of HRDR. GI represents the number of genes targeted by each component. AI represents the average affinity of all component–protein binding relationships of each component. NI represents the C-T network topology parameters of HCGSC and their targets, including degree, betweenness centrality, closeness centrality, average shortest path length, eccentricity, radiality, neighborhood connectivity, and topological coefficient. SCD is the calculation result for each component from method 2.6. TRI represents the mechanism of CKI in the treatment of BC, which is the sum of normalized CDI and normalized SCD. NORM is a normalized equation.
MATERIALS
High-glucose Dulbecco’s modified Eagle medium (DMEM; 4.5 g/L), fetal bovine serum (FBS), 0.25% trypsin, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China). The transwell invasion chamber was purchased from Corning costar company (Andover, MA, United States). Matrigel was purchased from BD (Biosciences, Bedford, MA, United States). Luteolin and trifolirhizin (≥98% purity by HPLC) were obtained from Nanjing Jingzu Biotech Co., Ltd. (Nanjing, China).
Cell Culture
The human breast cancer cell line MCF-7 was purchased from Procell Life Science & Technology Co., Ltd. Cells were cultured in an incubator at 37°C in DMEM containing 10% FBS. When the cells reached 80% confluency, they were exposed to different concentrations of luteolin and trifolirhizin (1, 2, and 4 mg/ml) for 24 h.
Cell Viability Assay
MCF-7 cells (1 × 104 cells/well) were seeded in 96-well plates and treated with 0, 5, 10, 20, 40, 80, and 100 μM luteolin and trifolirhizin for 24 h. MTT was added to a 96-well plate for 4 h, and the culture supernatant was removed. Finally, DMSO was used to dissolve the purple crystals. Absorbance at 570 nm was measured using a plate reader.
Transwell Assay
Referring to our previous method (Gao et al., 2018), luteolin (40 and 80 μM) and trifolirhizin (20 and 40 μM) were added to the lower compartments. The migrating cells were observed under a microscope.
Statistical Analysis
The R package ggpubr (Kassambara, 2020) was used to compare the molecular properties of all components in Rhizoma Heterosmilacis and Radix Sophorae Flavescentis. Data were analyzed using the Student’s t-test. Differences were considered statistically significant at p < 0.05.
RESULTS
Based on the systematic pharmacological model, the mechanism of CKI in BC treatment was clarified and validated. First, DEGs that could be used as potential pathogenic genes were determined based on the data from the TCGA-BRCA project. Second, the CKI components were collected from the TCMSP database, and the ADME method was used to screen active components in CKI. Third, the active components and their targets, which were predicted using three online tools, were used to construct the C-T network. Fourth, a network analysis of potential components combined with SCD was used to explore HCGSC. Thereafter, GO enrichment and KEGG pathway enrichment analysis of BC, CKI, and highly reliable components in HCGSC were discussed to decode the potential synergistic mechanism of CKI in the treatment of BC. Subsequently, the virtual docking-aided TRI model was designed to determine whether highly reliable components may have a synergistic mechanism. Ultimately, experimental validation was used to confirm the effect of high TRI-scored components in HCGSC and evaluate the reliability of our model.
Differentially Expressed Genes Analysis of BC
To further analyze the mechanism of CKI in the treatment of BC, 113 normal breast samples and 1,102 breast cancer samples were extracted from the TCGA-BRCA project. A total of 979 DEGs were upregulated, and 990 were downregulated in cancer (Supplementary Table S2). The DEGs were used to determine the gene expression patterns of normal and tumor patients (Supplementary Figure S2). The results showed that the DEG pattern distinguished between diseased and normal states. From the expression pattern, we identified that the top 10 upregulated genes were FTHL17, CSAG1, MUC2, COX7B2, CGA, CSAG4, CST4, MAGEA12, MAGEA1, and ACTL8. Among these genes, MUC2 influences proliferation, apoptosis, and metastasis of breast cancer cells (Astashchanka et al., 2019), while the upregulation of MAGEA in patients revealed a higher risk of recurrence (Otte et al., 2001). The top 10 downregulated genes were LEP, GLYAT, AC087482.1, APOB, TRHDE-AS1, AQP7P2, FP325317.1, PLIN1, CA4, and AL845331.2. LEP which inhibit apoptosis of breast cancer cells by coding leptin, while PLIN1 inhibits invasion, migration, and proliferation of cells (Zhou et al., 2016; Crean-Tate and Reizes, 2018). The literature reports proved that these genes are related to the development of BC, which indicates that the DEGs were more likely to be pathogenic genes.
Component Comparisons in Rhizoma Heterosmilacis and Radix Sophorae Flavescentis
From the TCMSP database, 187 compounds were retrieved from Rhizoma Heterosmilacis (74) and Radix Sophorae Flavescentis (113). Detailed information on the components of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis is provided in Supplementary Table S3. To further describe the differences between Rhizoma Heterosmilacis and Radix Sophorae Flavescentis, we compared nine properties of the two components, including drug likeness (DL), Caco-2, molecular weight (MW), AlogP, TPSA, FASA-, RBN, nHDon, and nHAcc, and drew boxplots using R packages ggplot2 (Wickham, 2016), ggpubr (Kassambara, 2020), and ggsci (Xiao, 2018). The results (Figure 2) showed most of chemical composition and properties between Rhizoma Heterosmilacis and Radix Sophorae Flavescentis had no statistical difference except for DL (p = 0.00013) and RBN (p = 0.015). These results indicate that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis have similar chemical properties.
[image: Figure 2]FIGURE 2 | Boxplot of nine properties of the two components. The box in blue represents the value distribution of Radix Sophorae Flavescentis, and the box in red represents the value distribution of Rhizoma Heterosmilacis.
Potential Active Components in Rhizoma Heterosmilacis and Radix Sophorae Flavescentis
Traditional Chinese medicine uses a combination of herbs, each of which usually contains hundreds of components, and only a few of these components possess satisfactory pharmacodynamic and pharmacokinetic properties. In this study, two ADME-related properties, DL and Caco-2, were used to screen for active components. Through ADME screening, 111 active components (Radix Sophorae Flavescentis 90 and Rhizoma Heterosmilacis 21) were selected from the 187 components of CKI. Additionally, some components, such as N-methylcytisine and trifolirhizin, did not pass the ADME screening, but were frequently reported in previous studies, so we added them to the list of active components (Xiumei and Cen, 2004; Juan et al., 2007; Yue, 2012; Liang et al., 2013). Therefore, 113 active components (Radix Sophorae Flavescentis 92 and Rhizoma Heterosmilacis 21) were included for further analysis. Detailed information is provided in Supplementary Table S4.
Through ADME screening and literature review, 92 potential components containing ideal pharmacokinetic profiles were selected from Radix Sophorae Flavescentis. For example, as one of the major components of CKI, sophoridine (KS18, DL = 0.25, Caco-2 = 1.13) displays antitumor, anti-allergic, anti-inflammatory, anti-arrhythmia, and antiviral properties, and affects the central nervous system (Han et al., 2009; Cuiping, 2010; Huang et al., 2014; Hu et al., 2016). Anagyrine (KS34, DL = 0.24, Caco-2 = 1.16) and (+)-lupanine (KS83, DL = 0.24, Caco-2 = 1.16) inhibit the proliferation and induction of apoptosis in human cervical cancer cells (Merghoub et al., 2011). Oxysophocarpine (KS89, DL = 0.29, Caco-2 = 1.042) suppressed cell proliferation, migration, invasion, and angiogenesis, induced cell cycle arrest, and enhanced apoptosis in oral squamous cell carcinoma (Liu et al., 2018). IDO1 expression can be downregulated by kushenol E (KS76, DL = 0.59, Caco-2 = 0.58) and kushenol F (KS74, DL = 0.61, Caco-2 = 0.45) to inhibit tumor proliferation (Kwon et al., 2019) and induce apoptosis (Kwon et al., 2020).
Among the 74 components in Rhizoma Heterosmilacis, 21 components met the screening criteria. For instance, diosgenin (BTL5, DL = 0.81, Caco-2 = 0.82), a steroid compound, has been shown to promote apoptosis and anticancer effects (Romero-Hernández et al., 2015; Jiang et al., 2016). Sitogluside (BTL1, DL = 0.62, Caco-2 = -0.14), beta-sitosterol (BTL2, DL = 0.75, Caco-2 = 1.32), sitosterol (BTL3, DL = 0.75, Caco-2 = 1.32), and stigmasterol (BTL4, DL = 0.75, Caco-2 = 1.45) can inhibit proliferation (Awad et al., 2000; Awad et al., 2003) and promote apoptosis (Awad et al., 2003), cell cycle arrest, and sphingomyelin cycle activation (Jia et al., 2018). Additionally, quercetin (BTL1, DL = 0.28, Caco-2 = 0.05) could be used to inhibit the proliferation of tumor cell lines (Ren et al., 2015) and induce apoptosis of tumor cells (Jia et al., 2018). Taxifolin (BTL13, DL = 0.27, Caco-2 = -0.23) inhibited proliferation, migration, and invasion of breast cancer cells by promoting EMT through β-catenin signal transduction (Li et al., 2019).
Target Prediction and Analysis of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis
To evaluate the effect of the active components of CKI, we used SEA, HitPick, and SwissTargetPrediction tools to predict the targets of 113 active components of CKI. Finally, 780 targets were obtained from these tools (Supplementary Table S5). To explore the mechanism of CKI in the treatment of BC, 113 active components and 780 targets were used to construct the C-T network (Supplementary Figure S3). The C-T network results showed that 252 of all 780 targets were overlapped by the target list of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis, and 320 targets were unique to Radix Sophorae Flavescentis, while 208 targets were unique to Rhizoma Heterosmilacis. A total of 4,592 component–target associations between 113 active components and 780 targets were contained in the C-T network. The average number of targets per component is 40.64, and the mean number of components per target is 5.89, which shows that CKI has multi-component and multi-target characteristics in treating BC.
Among all components, six components displayed a number of degrees above 120, namely palmitone (BTL15, degree = 149), quercetin (BTL1, degree = 144), quercetin (KS3, degree = 144), norartocarpetin (KS77, degree = 130), apigenin (KS2, degree = 129), and luteolin (KS1, degree = 125), all of which exhibit anticancer functions (Imran et al., 2019), and suppress migration and EMT (Cao et al., 2020). These six high-degree components only accounted for 5.3% of all components but covered 58.3% of all common targets. They all targeted common targets with high degrees, including ESR1 (degree = 65), MAPT (degree = 65), and ESR2 (degree = 63). It is worth noting that the top 25 targets with the highest degree were all dropped in the common targets list between Rhizoma Heterosmilacis and Radix Sophorae Flavescentis, most of which were related to the pathogenesis or treatment of BC. As the coding genes of the estrogen receptor, methylation of the ESR1 (degree = 65) promoter may be associated with shorter survival time and increased risk of drug resistance to anti-endocrine therapy (Kirn et al., 2018) and is commonly targeted by oxysophocarpine (KS89), kushenol E (KS76), and kushenol F (KS74) of Radix Sophorae Flavescentis and Stigmasterol (BTL5), quercetin (BTL1), and taxifolin (BTL13) of Rhizoma Heterosmilacis. Additionally, MAPT (degree = 65) is correlated with microtubule assembly and stabilization (Weingarten et al., 1975), which can promote bicalutamide resistance and is associated with survival in prostate cancer (Sekino et al., 2020). Our data analysis showed that (+)-Lupanine (KS76) and leachianone,g (KS74) from Radix Sophorae Flavescentis and quercetin (BTL1) from Rhizoma Heterosmilacis could target MAPT. We noted that several components of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis can both activate common targets to play their role in the treatment of BC. Thus, these results suggest that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis may act synergistically to treat BC via the common targets based on the “multi-component” and “multi-target” features and provide therapeutic targets for the cooperative treatment of BC.
To further decode the synergistic mechanism between Radix Sophorae Flavescentis and Rhizoma Heterosmilacis, we investigated the change in common target proportion under the condition of different degrees as thresholds. The results showed that following the increase in degree, the proportion of common target retention maintained a high growth trend. The proportion of common targets increased from 32.31 to 100% when the degree threshold increased from 1 to 28. Additionally, when the degree threshold increased from 1 to 28, the proportion of unique targets of Rhizoma Heterosmilacis decreased from 26.76 to 0%; however, when the degree threshold increased from 1 to 8, the proportion of specific targets of Radix Sophorae Flavescentis decreased from 41.02 to 0%. The results indicated that the common targets of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis have relatively high degrees. A higher degree indicates that these targets have a higher influence among all targets, and it also suggests that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis exert major synergistic effects by targeting common targets, which have a greater influence on the intervention response network.
To further decode the synergistic mechanism between them, we calculated the dynamic ratio change between common targets and unique targets of Radix Sophorae Flavescentis and Rhizoma Heterosmilacis using degree as the threshold. As shown in Figure 3, the proportion of common targets showed an overall upward trend from 32.31% (degree = 1) to 100% (degree = 28). However, the proportion of unique targets of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis revealed a gradual downward trend. The ratio of unique targets of Radix Sophorae Flavescentis changed from 41.02 to 0% with a degree ranging from 1 to 28, while the ratio of unique targets of Rhizoma Heterosmilacis changed from 26.67 to 0% with a degree range from 1 to 7.
[image: Figure 3]FIGURE 3 | Dynamic ratio changes between common targets and unique targets of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis.
In the C-T network, nodes with a higher degree usually represent the importance of all nodes. The results indicated that too much background noise may obscure the synergistic mechanism. Therefore, a model should be used to extract the core components.
Synergy Contribution Degree Calculation and Effect Verification
It is worth noting that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis may play their roles through common targets based on the C-T network. However, the core component groups and mechanisms of synergy require further elucidation. To solve these problems, an SCD calculation method was designed that considers the synergy of both the topology of the components in the C-T network and the dose of the components. The SCD values of the active components of CKI are shown in Supplementary Table S6.
According to the calculation results, the top two components with an SCD sum of 49.05% were oxymatrine (KS80) and matrine (KS20). Twenty-four components contribute to the effects of CKI on BC, with a total of 95.03%. Surprisingly, 24 components accounted for only 21.23% of all active components in CKI and could cover 631 targets (80.89% of all CKI targets) (Figure 4A). Thus, we define these 24 components as the high contribution group of synergistic components (HCGSC). These results show that HCGSC plays key roles in all active components of CKI and may clarify why the herbs in CKI generate synergistic and combination effects on BC.
[image: Figure 4]FIGURE 4 | (A) Cumulative radar chart of the ratio between component accumulation targets and the targets of CKI. The label within the chart represented the ratio (%) between component accumulation targets and the targets of CKI. (B) The dynamic ratio changes between common targets of HCGSC and unique targets of Radix Sophorae Flavescentis, and Rhizoma Heterosmilacis of HCGSC. (C) The network with targets and their enriched pathways (the degrees of the targets were higher than the third quartile of the targets in the C-T network of HCGSC) and their enriched pathways.
To evaluate the reliability of HCGSC, we defined two references for further comparison: the first reference was 70 genes, which overlapped with DEGs and CKI targets, and the second reference was the 17 pathways, which are overlapped by enriched DEGs pathways and CKI targets. The targets of HCGSC contained 62 genes, which could cover 88.57% (Supplementary Figure S4A) of the first reference, while the HCGSC targets enriched 158 pathways, which could cover 94.11% (Supplementary Figure S4B) of the second reference. Of these 62 overlapped genes, 39 were targeted by Rhizoma Heterosmilacis, while 43 were targeted by Radix Sophorae Flavescentis. These results confirm the reliability and accuracy of the HCGSC selection model. Two networks were constructed to analyze HCGSC. The first is a C-T network based on 24 components and 631 targets. The second is the target–pathway network based on 532 targets and 158 enriched pathways.
In the first network, the degree of targets ranged from 1 to 16, with the third quartile equal to 3. The change in the proportion of common targets under different conditions showed that the common targets had a higher degree (Figure 4B). The proportion of common targets increased from 27.26% to 100%. Additionally, with the increase in the threshold of the degree, the proportion of unique targets of Rhizoma Heterosmilacis decreased from 32.17 to 0%, while the proportion of specific targets of Radix Sophorae Flavescentis decreased from 40.57 to 0%. In the second network, we assigned the degree from the first network to the targets; targets with a degree higher than 3 (the third quartile of the targets in the C-T network) and their enriched pathways were selected to construct the network (Figure 4C). Visualization showed that the size of the target was positively related to the degree. We noted that the common targets (in blue diamond) displayed more connections with pathways and larger sizes than the others. However, the unique targets of Rhizoma Heterosmilacis (yellow triangle) and Radix Sophorae Flavescentis (yellow arrow) not only showed fewer connections with pathways, but were also smaller than the common targets. These two networks indicated that the common targets of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis in HCGSC have relatively high degrees, which shows that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis have a synergistic effect on the nodes with higher influence.
Potential Synergistic Mechanism Analysis of CKI in BC Treatment Based on HCGSC
GO Enrichment Analysis for CKI Based on HCGSC
To further interpret the potential synergistic mechanisms of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis, we performed GO-BP enrichment analysis for the targets of Radix Sophorae Flavescentis and Rhizoma Heterosmilacis in HCGSC. Radix Sophorae Flavescentis targets in HCGSC were enriched in 1517 GO-BP terms, while Rhizoma Heterosmilacis targets in HCGSC were enriched in 1394 GO-BP terms. A total of 927 joint GO-BP terms were found between them (Supplementary Figure S4C).
We selected the GO-BP terms with an FDR-adjusted p value lower than that of the first quartile of all GO-BP terms to build a network (Figure 5A). We found that 86.49% of the selected GO-BP terms belong to the commonly enriched GO-BP terms between the targets of Radix Sophorae Flavescentis and Rhizoma Heterosmilacis in HCGSC. This suggests that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis have potential synergistic mechanisms in the treatment of BC through these highly reliable, commonly enriched GO-BP terms based on HCGSC.
[image: Figure 5]FIGURE 5 | Components were represented in green. The GO-BP terms and pathways were represented in yellow. The size of the pathways was related to the FDR adjust p value. The lower FDR adjust p value represented the larger size. (A) The network of selected GO-BP terms based on the first quartile value of all GO-BP terms FDR adjust p value. The left of the network was the commonly enriched GO-BP terms. The upper right of the network was the unique GO-BP terms of Rhizoma Heterosmilacis. The lower right of the network was the unique GO-BP terms of Radix Sophorae Flavescentis. (B) The network of pathways between Rhizoma Heterosmilacis and Radix Sophorae Flavescentis. The center of the network was the commonly enriched pathways. The right of the network was the unique pathways of Rhizoma Heterosmilacis. The left of the network was the unique pathways of Radix Sophorae Flavescentis.
It is worth noting that most of the joint GO-BP terms were closely related to BC, such as the steroid metabolic process (GO:0008202, FDR adjusted p value = 2.24E-27) and steroid biosynthetic process (GO:0006694, FDR adjusted p value = 1.23E-18). Regarding the genes of these GO terms, estrone (E1) can protect women from breast cancer, while estradiol (E2) and estriol (E3) may enhance the risk (Lemon et al., 1966; Cohn et al., 2017). The expression of ATGL is correlated with tumor aggressiveness in vivo (Wang et al., 2017), which is related to the lipid catabolic process (GO:0016042, FDR adjust p value = 1.46E-22), lipid transport (GO:0006869, FDR adjusted p value = 4.04E-17), and lipid localization (GO:0010876, FDR adjusted p value = 1.16E-16). Including TRPCs, TPRVs, TRPMs, TRPA1, TRPPs, and TRPMLs (Berridge et al., 2003; Rohacs, 2005; Monteith et al., 2007; Venkatachalam and Montell, 2007; Doherty et al., 2015; Vangeel and Voets, 2019), calcium homeostasis plays an important role in the occurrence, development, and metastasis of breast cancer, which is related to the response to metal ions (GO:0010038, FDR adjust p value = 9.17E-13).
Additionally, the other GO-BP terms of targets for Radix Sophorae Flavescentis and Rhizoma Heterosmilacis in HCGSC, respectively, are also related to BC treatment. The ERK/MAPK and JAK2/PI3K signaling cascades in breast cancer cells can be activated by α7-nAChR activation (Chen et al., 2006; Nishioka et al., 2011; Kalantari-Dehaghi et al., 2015), while α9-nAChR overexpression is observed in tumor tissues compared with adjacent normal tissues (Lee et al., 2010). These genes are involved in synaptic transmission, cholinergic (GO:0007271, FDR adjust p value = 3.54E-19), and acetylcholine receptor signaling pathways (GO:0095500, FDR adjust p value = 1.91E-10) of Radix Sophorae Flavescentis in HCGSC. For the remaining GO-BP terms of Rhizoma Heterosmilacis in HCGSC, some steroid hormones, such as vitamin D, may have anticancer properties, while others may favor cancer progression, including estrogens and androgens (Restrepo-Angulo et al., 2020), which are related to regulation of steroid metabolic processes (GO:0019218, FDR adjusted p value = 2.49E-13).
Pathway Analyses Exploring Therapeutic Mechanisms of CKI Based on HCGSC
To further dissect the potential synergistic mechanisms of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis, we performed the KEGG pathway enrichment analysis for the targets of Radix Sophorae Flavescentis and Rhizoma Heterosmilacis in HCGSC, respectively. Targets of Radix Sophorae Flavescentis in HCGSC were enriched in 55 pathways, while those of Rhizoma Heterosmilacis were enriched in 54 pathways. Thirty-four commonly enriched pathways were found between them (Supplementary Figure S4D).
We used pathways to build a network (Figure 5B). Surprisingly, 45.33% of pathways belonged to the commonly enriched pathways between targets of Radix Sophorae Flavescentis and Rhizoma Heterosmilacis in HCGSC. This suggests that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis have potential synergistic mechanisms in the treatment of BC through these commonly enriched pathways based on HCGSC.
As shown in Figure 5B, most of the commonly enriched pathways were closely related to BC. Arachidonic acid metabolism (hsa00590, FDR adjusted p value = 4.47E-10), as a metabolic process, and the arachidonic acid (AA) pathway play key roles in carcinogenesis (Yarla et al., 2016). Additionally, PLA2s, COXs, LOXs, CYP-dependent monooxygenases, and their metabolites are known to play key roles in carcinogenesis (Tong et al., 2002; Go et al., 2015; Wu et al., 2015; Yarla et al., 2016). The migration and invasion of MDA-MB-231 breast cancer cells may be induced by linoleic acid (Serna-Marquez et al., 2017), which is related to linoleic acid metabolism (hsa00591, FDR adjusted p value = 4.47E-10). The PI3K-Akt signaling pathway (hsa04151, FDR adjusted p value = 2.78E-07) plays an important role in the tumorigenesis of breast cancer (Yuan and Cantley, 2008), and its activation may promote tumor progression in mice (Mei et al., 2018).
Additionally, other pathways of targets for Radix Sophorae Flavescentis and Rhizoma Heterosmilacis in HCGSC, respectively, are also related to BC treatment. For other pathways of Radix Sophorae Flavescentis in HCGSC, cellular Ca2+ signals have been implicated in the induction of apoptosis and regulation of apoptotic pathways (Berridge et al., 1998; Sergeev, 2005), which is related to the calcium signaling pathway (hsa04020, FDR adjusted p value = 1.43E-04). Regarding other pathways of Rhizoma Heterosmilacis in HCGSC, the higher alpha-linolenic acid content may reduce the risk of breast cancer, which is related to alpha-linolenic acid metabolism (hsa00592, FDR adjusted p value = 3.13E-06).
To further explain the synergistic mechanisms, we obtained 34 commonly enriched pathways between targets for Radix Sophorae Flavescentis SC and Rhizoma Heterosmilacis in HCGSC and 25 DEG-enriched pathways. By analyzing these pathways, we found that five pathways overlapped between 34 and 25 pathways, which we considered highly reliable pathways. These include the PI3K-Akt signaling pathway (hsa04151), cAMP signaling pathway (hsa04024), neuroactive ligand–receptor interaction (hsa04080), dopaminergic synapse (hsa04728), and ABC transporters (hsa02010). The PI3K-Akt and cAMP signaling pathways are reportedly related to BC, with a greater number of published studies (Mei et al., 2018; Dong et al., 2015). Next, we constructed a comprehensive pathway (Figure 6), including the PI3K-Akt and cAMP signaling pathways, using CyKEGGParser to explore the synergetic mechanisms of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis in the treatment of BC using CKI (Nersisyan et al., 2014).
[image: Figure 6]FIGURE 6 | Distribution of target proteins of CKI on the compressed BC pathway. The colors of the blanks represent different types of targets.
In the PI3K-Akt signaling pathway, Radix Sophorae Flavescentis acts on targets of the upstream pathway, such as Ras, GBY, and Syk, while Rhizoma Heterosmilacis acts on downstream targets, such as PKCs, SGK, Bcl-2, and Bcl-xL. These results indicate that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis have synergistic and complementary effects on cell survival, cell cycle progression, metabolism, survival signal, growth and proliferation, actin reorganization, vesicle transport, and glucose uptake. Additionally, in the cAMP signaling pathway, Rhizoma Heterosmilacis acts as a target of the upstream pathway, including Gi and PKA, while Radix Sophorae Flavescentis acts as a target of the downstream pathway, including FOS, NFKB, and CFTR, which are associated with pathways of hyperexcitability, cell death or survival (hippocampal neuron), and increased testicular AMH output (prepubertal Sertoli cells). As the pathogenic factors of BC are related to metabolism, cell survival, proliferation, cell death, and cell cycle (Jia et al., 2018), the above results suggest that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis can exert a synergistic effect on BC at multiple pathways.
Molecular Docking Validation of HCGSC in the Treatment of BC
To evaluate the function of HCGSC in BC treatment, molecular docking was employed to simulate the interaction between the ligands and the protein. Twenty-four components from the HCGSC of CKI and 85 proteins coded by 30 genes were used for molecular docking, and 18,254 docking relationships were obtained from the docking results (Supplementary Table S7). The result with the lowest affinity value in each component-protein was selected as the best docking relationship (2040 docking relationships), of which the affinity value ranged from −11.3 kcal/mol to −0.5 kcal/mol. Among the best docking relationships, three exhibited affinity values lower than −11.0 kcal/mol, BTL3 and BTL4 had the lowest affinity values of −11.3 kcal/mol, binding with protein 3ovv coded by PKA and protein 2w73 coded by CaM, respectively. BTL3 could bind 2w73 coded by CaM with the affinity values of −11.2 kcal/mol thereafter (Figures 7A–C). Based on the literature reports, improved binding between component–protein interactions should have a lower value of affinity (Elhenawy et al., 2019), and the histogram revealed that most of the results were concentrated in the lower affinity value position (Figure 7D).
[image: Figure 7]FIGURE 7 | (A) Docking result visualization of BTL3-3ovv (coded by PKA). (B) Docking result visualization of BTL4-2w73 (coded by CaM). (C) Docking result visualization of BTL3-2w73 (coded by Cam). (D) The frequency histogram of the affinity value. (E) The bar plot to display the composition of CDI and SCD in each TRI.
To reduce the influence of background noise of docking relationships with high affinity values, we selected the docking relationships that were lower than the average affinity value (−6.743) from all the best docking relationships as a highly reliable docking relationship (HRDR). Twenty-two components and 82 proteins coded by 29 genes were identified in HRDR with 1,255 docking relationships. Among the 22 components, 15 components were from Radix Sophorae Flavescentis, including KS1, KS2, KS3, KS4, KS11, KS16, KS19, KS20, KS52, KS53, KS70, KS77, KS90, KS91, and KS92, and seven components were from Rhizoma Heterosmilacis, including BTL1, BTL2, BTL3, BTL4, BTL8, BTL15, and BTL19. The 15 components of Radix Sophorae Flavescentis could bind 82 proteins coded by 29 genes, and the seven components of Rhizoma Heterosmilacis could bind 81 proteins coded by 29 genes. These results suggest that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis exert a synergistic effect on BC at multiple pathways.
To evaluate the therapeutic potential of components in HRDR, we designed a mathematical model to calculate the TRI of each component in the HRDR from the HCGSC. To further decode the mechanism of CKI in treating BC comprehensively, we integrated the CDI and SCD to calculate the TRI, which not only considered synergistic effects, but also considered the docking relationship. Detailed information on the TRI is listed in Supplementary Table S8. As shown in Figure 7E, KS20 (TRI = 1.08), KS91 (TRI = 1.01), BTL3 (TRI = 0.81), and KS1 (TRI = 0.78) were the top four components with TRI scores higher than 0.75. Among these four components, matrine (KS20), with the highest TRI, was confirmed by a number of published studies related to BC therapy (Li et al., 2015). The following three components with higher TRIs were selected for in vitro experiments to validate the reliability of our proposed strategy.
Luteolin and Trifolirhizin Inhibited Proliferation and Metastasis of MCF-7 Cells In Vitro
Based on the TRI results, trifolirhizin (KS91), beta-sitosterol (BTL3), and luteolin (KS1) were selected for in vitro experiments. The in vitro experiments proved that two of the three core components of HCGSC showed significant inhibitory effects on breast cancer cell proliferation and migration. The effects of luteolin and trifolirhizin on the viability of MCF-7 cells were determined using the MTT assay. As shown in Figures 8A,B, the proliferation of MCF-7 cells was suppressed by luteolin and trifolirhizin in a dose-dependent manner. Subsequently, the effects of luteolin and trifolirhizin on the migration of MCF-7 cells were investigated. As presented in Figures 7C,D, luteolin (40 and 80 Μm) and trifolirhizin (20 and 40 Μm) dramatically inhibited the migration of MCF-7 cells. These results indicated that luteolin and trifolirhizin markedly inhibited the proliferation and migration of MCF-7 cells.
[image: Figure 8]FIGURE 8 | Inhibitory effects of luteolin (A) and trifolirhizin (B) on the proliferation of MCF-7 cells. Inhibitory effects of luteolin (C) and trifolirhizin (D) on migration in MCF-7 cells. Data are represented as mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 as compared with that of the control group.
DISCUSSION
Breast cancer is one of the most common malignant tumors among women worldwide, with the second highest death rate in female cancer patients (Siegel et al., 2020). At present, research regarding cancer treatment using TCM is still in the exploratory stage, and CKI has a wide range of applications in the treatment of tumors. However, there are few studies on CKI in the treatment of BC through systematic pharmacology. Therefore, we designed a systematic pharmacology strategy combining differentially expressed gene analysis, pharmacokinetics synthesis screening, target identification, synergy contribution degree, network analysis, therapeutic response index calculation, and experimental validation and provided a reference for this new method.
In this study, we examined the synergistic effect of CKI on BC at three levels. At the first level, the target coincidence of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis in CKI indicates that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis may act synergistically to exert a therapeutic effect in treating BC. First, we constructed a C-T network and found that most targets with a higher degree were mapped on the joint targets between Rhizoma Heterosmilacis and Radix Sophorae Flavescentis. These results suggest that Rhizoma Heterosmilacis and Radix Sophorae Flavescentis may act synergistically to treat BC via common targets and provide therapeutic targets for the cooperative treatment of BC. However, in the complex C-T network, we know neither the key synergistic components in treating BC nor their synergistic mechanisms.
To solve this issue, at the second level, we designed an SCD model with the advantages of reflecting the topology character of the C-T network and the component dose, which implemented a semi-quantitative system pharmacology model. Through the analysis of the SCD model, 24 components compose HCGSC, which can contribute to the effects of CKI on BC with a sum of 95.03% and map 80.89% (631/780) of all targets of CKI. Two references were employed to confirm the reliability and accuracy of the HCGSC selection model, including genes and pathways. The targets of HCGSC contained 62 genes, which could cover 88.57% of the first reference, while the HCGSC targets enriched 81 pathways, which could cover 70.59% of the second reference. Third, we performed GO-BP and KEGG enrichment analysis for Radix Sophorae Flavescentis and Rhizoma Heterosmilacis targets of HCGSC. We found that most of the overlapped GO-BP terms and pathways between them affect BC treatment, and most of them have a lower FDR adjusted p value.
At the third level, to further understand the synergistic mechanisms of CKI and infer the function of synergistic components and verify their effectiveness, three aspects were employed. First, a comprehensive pathway was constructed to explore the synergetic mechanism of Rhizoma Heterosmilacis and Radix Sophorae Flavescentis in the treatment of BC using CKI. In the PI3K-Akt and cAMP signaling pathways, Rhizoma Heterosmilacis and Radix Sophorae Flavescentis can activate upstream and downstream targets to play their role in the treatment of BC. These results suggest that CKI can produce a combined effect on BC. Second, we designed a TRI model, which provides the results of SCD and docking, to comprehensively evaluate the synergy contribution rate of the components in HCGSC and the binding ability of the components and proteins. TRI calculation results showed that four components displayed a TRI score higher than 0.75, including matrine (KS20, TRI = 1.08), trifolirhizin (KS91, TRI = 1.01), beta-sitosterol (BTL3, TRI = 0.81), and luteolin (KS1, TRI = 0.78), which may be the core components in the treatment of BC with synergistic mechanisms. Third, MTT and Transwell assays were employed to determine the function of luteolin and trifolirhizin. The results showed that they markedly inhibited the proliferation and migration of MCF-7 cells.
In this study, we proposed two novel mathematical models for the speculation of synergistic components and mechanisms. The method provided a methodological reference for decoding the synergistic mechanism of TCM in treating complex diseases. However, several limitations must be mentioned. 1) The precise synergistic mechanisms based on the calculation predictions warrant further validation. 2) Because the interaction between herbs is extremely complex, it may be incomplete to explore the synergistic mechanisms based on our model. Multiple synergistic effects combining with other techniques should be further considered. 3) The TRI model is proposed based on network topology methodology, which is more suitable for the case that herbs have a complex network. This algorithm used undirected network, which ignores the activation or inhibition effects of the disease targets.
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Glioblastoma multiforme (GBM) is the most common and malignant brain tumor, and almost half of the patients carrying EGFR-driven tumor with PTEN deficiency are resistant to EGFR-targeted therapy. EGFR amplification and/or mutation is reported in various epithelial tumors. This series of studies aimed to identify a potent compound against EGFR-driven tumor. We screened a chemical library containing over 600 individual compounds purified from Traditional Chinese Medicine against GBM cells with EGFR amplification and found that cinobufagin, the major active ingredient of Chansu, inhibited the proliferation of EGFR amplified GBM cells and PTEN deficiency enhanced its anti-proliferation effects. Cinobufagin also strongly inhibited the proliferation of carcinoma cell lines with wild-type or mutant EGFR expression. In contrast, the compound only weakly inhibited the proliferation of cancer cells with low or without EGFR expression. Cinobufagin blocked EGFR phosphorylation and its downstream signaling, which additionally induced apoptosis and cytotoxicity in EGFR amplified cancer cells. In vivo, cinobufagin blocked EGFR signaling, inhibited cell proliferation, and elicited apoptosis, thereby suppressing tumor growth in both subcutaneous and intracranial U87MG-EGFR xenograft mouse models and increasing the median survival of nude mice bearing intracranial U87MG-EGFR tumors. Cinobufagin is a potential therapeutic agent for treating malignant glioma and other human cancers expressing EGFR.
Keywords: cinobufagin, EGFR, glioblastoma, PTEN, Chansu
INTRODUCTION
Epidermal growth factor receptor (EGFR) amplification and/or mutation exist in different types of cancer and triggers higher interest in EGFR as a cancer therapeutic target. Therefore, the EGFR target therapy has been applied in various epithelial tumors such as lung cancer (Lynch et al., 2004, Hirsch et al., 2008), colorectal cancer (Gibson et al., 2006), and head and neck cancer (Sundvall et al., 2010). Glioblastoma multiforme (GBM) is the most common and malignant brain tumor in adults, with overall survival of 15–16 months and a 5-year survival rate of 5% (Ostrom et al., 2015). Standard of care is surgery followed by radio-chemotherapy and adjuvant chemotherapy (Touat et al., 2017). EGFR amplification, deletion, point mutations, and/or translocation are reported in more than half of glioblastomas (Libermann et al., 1985; Brennan et al., 2013; Eskilsson et al., 2018). GBM still remains a challenge because these tumors are resistant to anti-EGFR therapy, always relapse (Stupp et al., 2009) and recurrent tumors are less sensitive to chemotherapy than the primary tumor, developing novel anti-EGFR agents remains urgent (Campos et al., 2016; Eskilsson et al., 2018). Almost half of the patients carry EGFR-driven tumor with phosphatase and tensin homolog (PTEN) deletion, which are resistant to EGFR target therapy, implying PTEN deficiency plays an important role in resistance to anti-EGFR therapy (Mellinghoff et al., 2007; Arif et al., 2018; Brito et al., 2019). Using PTEN-deficient glioblastoma cell line U87MG-EGFRvIII screening and U87MG-PTEN counter-screening, we have previously reported that G5-7 selectively blocked Janus kinase 2 (Jak2), preventing GBM proliferation (He et al., 2013).
Chansu is extracted from Bufo bufo gargarizans Cantor and Bufo melanostictus Schneider families, which has been widely used to treat swelling, pain, and heart failure for thousands of years in China (Qi et al., 2018). Cinobufacini (Huachansu), an intravenous formulated extract from toads, has been applied to treat different types of malignant cancers and hepatitis B virus infection (Meng et al., 2009; Cui et al., 2010; Meng et al., 2012; Zhang et al., 2018; Li et al., 2020; Zhang et al., 2020). Cinobufagin, the major bioactive component of Chansu and Huachansu, can inhibit tumor growth through decreasing oncogene expression, blocking the cell cycle, triggering apoptosis, decreasing the new blood vessel formation, enhancing immune response, etc. (Wang et al., 2010; Qi et al., 2011a; Yin et al., 2013; Li et al., 2015; Zhang et al., 2016; Cao et al., 2017; Dai et al., 2018; Zhu et al., 2018; Li et al., 2019; Pan et al., 2019). Cinobufagin’s anti-cancer effects have garnered considerable attention in lung cancer, colorectal cancer, liver cancer, and gastric cancer (Qi et al., 2011b; Zhang et al., 2016; Lu et al., 2017; Xiong et al., 2019). Recently, cinobufagin combined with thalidomide was used to treat patients with lung cancer cachexia in a clinical study (Xie et al., 2018). Nonetheless, which types of the malignant tumors are sensitive to cinobufagin and the mechanisms of action remain unknown.
Here, we screened the library from Traditional Chinese Medicine for individual compounds against GBM cells with EGFR amplification and PTEN deletion and successfully identified cinobufagin, the major active ingredient of Chansu. We found that Cinobufagin specifically blocked proliferation of cancer cells with EGFR expression and PTEN deletion enhanced its anti-cell proliferation effects. In vivo study showed that cinobufagin suppressed the most malignant glioblastoma, U87MG-EGFR, xenograft tumor growth and extended the life span of nude mice. Cinobufagin might be a therapeutic compound for the treatment of malignant glioma and other human cancers expressing EGFR.
MATERIALS AND METHODS
Cells, Reagents, and Mice
Human glioblastoma cell lines were gifts from Keqiang Ye at Emory University. Liver cancer cell lines (except MHCC97H) were purchased from ATCC. MHCC97H, lung cancer, and colorectal cell lines were from a national collection of authenticated cell cultures of China. All cells were maintained in DMEM or RPMI1640 with 10% FBS and 1× penicillin/streptomycin/glutamine. U87MG was stably transfected with vector control, PTEN, epidermal growth factor receptor variant III (EGFR vIII), and EGFR, and the stable transfected cells were maintained with various antibiotics: 400 μg/ml of G418 for PTEN, 0.7 μg/ml of puromycin for wild-type EGFR, and 150 μg/ml of hygromycin for EGFRvIII. LN229-EGFR and SF763-EGFR stable transfected cells were maintained with 150 μg/ml of hygromycin. All experiments were performed with mycoplasma-free cells. The primary antibodies were from Cell Signaling and the second antibodies were from Invitrogen. The Traditional Chinese Medicine monomer library composed of over 600 natural compounds was provided by Nature Standard of Shanghai. CytoTox 96 Non-Radioactive Cytotoxicity Assay and Caspase-Glo 3/7 Assay were from Promega. Male nude mice (BALB/c nu/nu, 6 weeks of age) and male C57BL/J (MGI Cat# 2160531, 8 weeks of age) mice were obtained from Shanghai SLAC Laboratory Animal Co. Ltd. Mice were housed with a maximum of five per cage and fed autoclaved chow and water with 12 h light and dark cycles. All efforts were made to minimize discomfort to the animals. The animals required physical restraint for injection of tumor cells and delivery of drugs, and measurement of tumor size with a caliper (hand-held). All procedures were approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University and were performed at the Animal Center of Shanghai Jiao Tong University.
In Vitro Proliferation, Cytotoxicity, and Apoptosis Assay
Three thousand cells were seeded in each well of a 96-well plate. The next day, the medium was replaced with fresh medium containing different concentrations of compounds or vehicle. Cells were incubated at 37°C for the indicated times. The cell proliferation, released lactate dehydrogenase (LDH), and caspase 3/7 activity were monitored by cell counting kit 8 (CCK8), CytoTox 96 Non-Radioactive Cytotoxicity, and Caspase-Glo 3/7 assays, respectively, according to the manufacturer’s protocols.
Subcutaneous and Intracranial Xenograft Model
Cells (2×106) in phosphate buffered saline (PBS) were inoculated subcutaneously into 6-week-old male nude mice. Treatment commenced once tumors had reached a mean volume of 100 mm3. The mice were randomly divided into three groups and were treated with vehicle control or cinobufagin (1 and 5 mg kg−1) by daily intraperitoneal injection for indicated days. Tumor volume was calculated using the formula (length × width2)/2, where length is the longest axis and width is the measurement at right angles to the length. For the intracranial model, after anesthetized by intraperitoneal injection of mixture of ketamine/xylazine (95:5 mg/kg), mice were placed in the stereotaxic instrument and cells (1×105) were stereotactically inoculated into the right striatum, 3 mm below the dural surface on day 0. On day 7, the mice were intraperitoneally injected with D-luciferin potassium salt and were examined with IVIS Lumina II to confirm tumor formation. Then, the mice were randomly divided into two groups and were daily intraperitoneally injected with vehicle or cinobufagin (5 mg kg−1). Ten days after drug treatment, mice from each group were analyzed by IVIS Lumina II again for tumor luminescence intensity.
Flow Cytometric Analysis
Cells were treated with vehicle or cinobufagin for 24 h, then harvested and washed twice with cold PBS. After fixed in 70% ethanol at −20°C for at least 24 h, the cells were washed with PBS and incubated with propidium iodide (20 μg/ml)/RNase A (20 μg/ml) in PBS for 45 min. The samples were analyzed on a BD&LSR Fortessa.
Immunofluorescence Staining
For immunofluorescence staining, paraffin-embedded tissue sections from intracranial model were deparaffinized in xylene, rehydrated in graded alcohols, and were boiled in 10 mM sodium citrate buffer (pH 6.0) for 10 min. Frozen sections from subcutaneous model were rehydrated in PBS. Then, the sections from both models were permeabilized with PBS+0.1% Triton X-100. The sections were blocked with 1% bovine serum albumin in PBS at 37°C for 30 min followed primary anti-Ki67 (1:300) or anti-active caspase 3 (1:400) incubation at 4°C overnight. The sections were washed with PBS and incubated with Alexa Fluor 488–labeled goat anti-mouse or anti-rabbit IgG antibody (1:500) at room temperature for 60 min, followed by rinsing with PBS for 10 min and staining with 4′,6-diamidino-2-phenylindole (DAPI) for another 10 min at room temperature. After mounting, the sections were examined under a fluorescence microscope.
Statistics Analysis
Data are presented as means ± SD. Statistical evaluation was carried out by Student’s t-test (two groups) or ANOVA (three groups) plus Bonferroni post hoc. Data were considered statistically significant when p < 0.05.
RESULTS
Screening Reveals Cinobufagin That Selectively Inhibits Proliferation of EGFR-Amplified, PTEN-Deficient Glioblastoma Cells
To seek compounds effective in treating the most malignant type of GBM with EGFR amplification and PTEN deletion, we developed a cell-based screening assay to identify individual compounds from Traditional Chinese Medicine that specifically block the cell proliferation of U87MG-EGFR with EGFR amplification and PTEN deficiency but mildly inhibit the proliferation of U87MG-PTEN cells without EGFR amplification and with wild-type PTEN. The positive compounds that markedly inhibited the proliferation of U87MG-EGFR cells over 50% were applied to the second-round screening in U87MG-PTEN cells. The compounds that exhibited a robust antiproliferative effect on U87MG-EGFR cells but a weak effect on U87MG-PTEN cells were chosen for further evaluating the cytotoxicity toward mouse embryonic fibroblasts (MEFs). The promising compounds that produced cytotoxicity less than 20% in MEFs were further evaluated. After screening approximately 600 individual compounds of Chinese medicine by this process, we identified two compounds, cinobufagin and resibufogenin, that selectively inhibit U87MG-EGFR not U87MG-PTEN cell proliferation. Interestingly, both cinobufagin and resibufogenin are extracted from Chansu with similar chemical backbones (Figure 1).
[image: Figure 1]FIGURE 1 | Identification of cinobufagin and its SAR study. (A) The diagram of drug screening strategy. (B) Expression check of EGFR and PTEN in stable cell lines U87MG-control, U87MG-PTEN, U87MG-EGFR, and U87MG-EGFRvIII from the indicated passages. (C) Chemical structures of 8 monomers of Chansu. (D) SAR study of Chansu’s monomers from (C) and their antiproliferative effects on U87MG-control, U87MG-PTEN, U87MG-EGFR, and U87MG-EGFRvIII cells. 1 to 8 in horizontal axis represent the 8 compounds at panel (C). Data are means ± SD.
To search for more effective and selective derivatives, we collected the bioactive compounds of Chansu with similar structure and performed structure–activity relationship (SAR) studies, and found that arenobufagin 3-hemisuberate, cinobufotalin, and cinobufagin at 0.1 μM exhibited more potent antiproliferative effect on U87MG-EGFR cells and almost no effects on other cells derived from the same parent cells, including U87MG-Vehicle, U87MG-PTEN, and U87MG-EGFRvIII. One of the derivatives, resibufogenin, which is another positive hit identified in the screening assay, also exhibited selective antiproliferative activity against U87MG-EGFR at 0.5 μM but no effect at 0.1 μM. Interestingly, cinobufagin and cinobufotalin exhibited potent antiproliferative activity against U87MG-EGFR at both 0.1 and 0.5 μM. They also displayed effective antiproliferative effect on U87MG-EGFRvIII at 0.5 μM, which is often overexpressed in GBM (Figure 1D). It is worth noting that cinobufagin, resibufogenin, and cinobufotalin have similar chemical structures except for the acetyl group and hydroxyl groups. Cinobufagin with acetylation was more potent than resibufogenin, implying the acetyl group is critical for its biological effect. Cinobufotalin with an additional 1-hydroxy group was a little bit weak than cinobufagin. So, we selected cinobufagin for further biochemical and pharmacological studies.
Cinobufagin Inhibits EGFR and its Downstream Signaling Cascades, Induces Apoptosis and Cytotoxicity of EGFR Amplified Cells
To explore the potential molecular mechanisms of cinobufagin inhibiting U87MG-EGFR cell proliferation, we conducted the titration assay followed by Western blotting to monitor the signaling pathways mediated by EGFR. Immunoblotting showed that phosphorylation of EGFR at both Tyr1068 and Tyr1173 was inhibited by cinobufagin in U87MG-EGFR cells, which was almost undetectable in U87MG-PTEN cells (Figure 2A). Signal transducer and activator of transcription 3 (STAT3), another promising therapeutic target for GBM patients, is also a critical mediator of EGFR. Inhibition of STAT3 enhances the efficiency of EGFR inhibitor in PTEN-deficient and PTEN-intact GBM cells (Zulkifli et al., 2017). As expected, the phosphorylation of STAT3 was dramatically decreased by cinobufagin in U87MG-EGFR and U87MG-PTEN cells. Consistent with the decreased phosphorylation of EGFR and STAT3, the phosphorylation of downstream molecular, V-akt murine thymoma viral oncogene homolog (Akt), was also decreased by cinobufagin in U87MG-EGFR cells, not in U87MG-PTEN cells (Figure 2A). The time-course assay demonstrated that cinobufagin initially blocked EGFR phosphorylation in U87MG-EGFR cells at 15 min, and obviously decreased EGFR and STAT3 phosphorylation from 6 to 48 h (Figure 2B). Flow cytometric analysis revealed that cinobufagin substantially arrested cell cycle at G2 and S phases in U87MG-Vehicle, U87MG-EGFRvIII, and U87MG-EGFR cells, except for U87MG-PTEN cells, suggesting that the cell cycle arrest contributes to cinobufagin’s antiproliferative effect in GBM cells (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | Cinobufagin blocks EGFR phosphorylation and induces cell apoptosis and cytotoxicity. (A) Cinobufagin blocks EGFR signaling in a dose-dependent manner. Western blot analysis of U87MG-EGFR and U87MG-PTEN cells treated with different concentrations of cinobufagin for 6 h. Blots are representative of three experiments. (B) Cinobufagin blocks EGFR signaling in a time-dependent manner. Western blot analysis of U87MG-EGFR cells treated with 0.5 μM cinobufagin for different times as indicated. Blots are representative of three experiments. (C) Cinobufagin specifically induces apoptosis in U87MG-EGFR cells. The cells treated with a range of doses of cinobufagin for 6 or 24 h, then the caspase 3/7 activity was measured with Caspase-Glo 3/7 Assay. (D) Cinobufagin specifically induces cytotoxicity of U87MG-EGFR cells. The cells were treated with different doses of cinobufagin (CB) or resibufogenin (RB) for 6 or 72 h, then the released LDH were measured with cytoTox 96 Non-radioactive Cytotoxicity Assay. Data are means ± SD.
The time-course assay also showed that cinobufagin at 0.5 μM strongly increased active caspase 3 at 24 and 48 h, detected by Western blotting. The more sensitive luminescence assay for caspase 3/7 activity demonstrated that cinobufagin markedly induced apoptosis of U87MG-EGFR cells at 0.1 μM and reached the highest rate at 1 μM but did not affect U87MG-PTEN cells at 1 μM after 6 h of treatment. When incubation time was extended to 24 h, cinobufagin at 0.1 μM induced the highest apoptosis rate in U87MG-EGFR and did not affect U87MG-PTEN cells except at 1 μM (Figure 2B,C). We treated the cells with different doses of cinobufagin for 6 or 72 h. The cytotoxicity assay showed that even 10 μM cinobufagin did not induce cytotoxicity in both U87MG-EGFR and U87MG-PTEN cells after 6 h of incubation. If the incubation time was extended to 72 h, cinobufagin significantly induced stronger cytotoxicity in U87MG-EGFR cells in a dose-dependent manner than that in U87MG-EGFRvIII cells or MEFs, while its derivative compound resibufogenin induced weak cytotoxicity (Figure 2D).
To study whether cinobufagin exerts its anti-cell proliferative effect directly through inhibiting EGFR kinase activity, we performed an in vitro kinase assay using the commercial EGFR protein in the presence of different doses of cinobufagin and found that even the high dose of cinobufagin did not affect EGFR kinase activity, while the EGFR inhibitor, erlotinib, robustly blocked the EGFR kinase activity (Supplementary Figure S2). The kinase activity profiling and phosphatase activity profiling showed that none of the 83 kinases and 5 phosphatases tested was affected by cinobufagin (Supplementary Figure S3, Supplementary Tables S1, S2).
Cinobufagin Inhibits Proliferation of EGFR-Expressing Cancer Cells
EGFR is often mutated and/or amplified in various human cancers and is an important target for multiple cancer therapies in the clinical practice (Yarden and Pines, 2012). To characterize whether EGFR-overexpressed or mutated carcinoma cells are sensitive to cinobufagin, we screened more cancer cell lines, including glioblastoma, lung cancer, colorectal cancer (CRC), and liver cancer cell lines, with different status of EGFR. The glioblastoma cell lines without EGFR amplification were less sensitive to cinobufagin compared with the EGFR-overexpressed GBM cells (Supplementary Figure S4A). Interestingly, cinobufagin strongly inhibited the proliferation of lung cancer cells with wild-type or mutated EGFR expression. A549 with wild-type EGFR was most sensitive to cinobufagin among these selected lung cancer cells (Figure 3A,B). We included two colorectal cancer cell lines to test their sensitivities to cinobufagin. The cell proliferation assays showed that HCT-116 with high EGFR expression was more sensitive to cinobufagin compared with the SW620 with undetectable EGFR (Figure 3C,D). We also chose different liver cancer cell lines to test whether their sensitivities to cinobufagin are related to EGFR status. Noticeably, the most sensitive SK-HEP-1 cells expressed high EGFR, while the resistant HepG2 cells expressed undetectable EGFR (Supplementary Figure S4B,C). Hence, cinobufagin exerts selective anti-cancer effect toward EGFR-overexpressed cancer cells.
[image: Figure 3]FIGURE 3 | Cinobufagin inhibits proliferation of EGFR expression cancer cells. (A) Cinobufagin inhibits proliferation of non–small lung cancer cell lines with EGFR expression. The non–small lung cancer cell lines with different status of EGFR were treated with a range of doses of cinobufagin for 72 h, followed by CCK8 assay. (B) EGFR expression and its downstream signaling analysis. The non–small lung cancer cell lines were treated with indicated doses of cinobufagin for 6 h, followed by Western blot analysis of EGFR and its downstream molecules. (C) Cinobufagin inhibits proliferation of colorectal cells with EGFR expression. Colorectal cells were treated with cinobufagin for 72 h, then followed by CCK8 assay. (D) EGFR expression and its downstream signaling analysis by Western blot. Colorectal cells were treated with indicated doses of cinobufagin for 6 h, followed by Western blot analysis of EGFR and its downstream molecules. Data are means ± SD.
PTEN Deficiency Enhances Cinobufagin’s Antiproliferation Effect
EGFR amplification accompanied by loss of PTEN is common in clinical trials; these patients carrying EGFR-driven tumors with PTEN mutation are resistant to anti-EGFR treatment. In the initial screening, we selected the compounds that specifically blocked the most malignant GBM cells’ (U87MG-EGFR/PTEN null) proliferation and displayed less or no effects on PTEN normal cells. As expected, we identified cinobufagin as the leading compound, which efficiently blocked U87MG-EGFR cell proliferation and had less effect on U87MG-PTEN cells. We tested the cinobufagin antiproliferation effect on other GBM cells LN229-EGFR and SF763-EGFR, which overexpress EGFR and have normal PTEN, and observed that cinobufagin had less effect on LN229-EGFR and SF763-EGFR than that on PTEN-deficient U87MG-EGFR. To confirm PTEN’s role, we further knocked down PTEN at both LN229-EGFR and SF763-EGFR and found that these cells with low PTEN were more sensitive to cinobufagin (Figure 4).
[image: Figure 4]FIGURE 4 | PTEN deficiency enhances cinobufagin’s antiproliferation effect. (A) PTEN, EGFR expression, and its downstream signaling molecules analyzed by Western blot. U87MG-EGFR, LN229-EGFR, and SF763-EGFR cells were treated with cinobufagin for 6 h, followed by Western blot analysis of PTEN, EGRR, and its downstream molecules. (B) Cinobufagin more efficiently inhibits cell proliferation of glioblastoma cell lines with EGFR overexpression and PTEN deficiency. Glioblastoma cells were treated with a range of doses of cinobufagin for 72 h, then followed by CCK8 assay. (C) Proliferation of LN229-EGFR and SF763-EGFR cells transfected with control or PTEN siRNA for up to 4 days, followed by CCK8 assay. (D) Western blot checks the PTEN expression. Data are means ± SD.
Cinobufagin Inhibits Subcutaneous Xenograft Growth in Nude Mice
To study cinobufagin’s anti-cancer effect in vivo, the U87MG-EGFR cells were subcutaneously inoculated in nude mice. After daily intraperitoneal injection of vehicle or drugs (1 or 5 mg kg−1) for 26 days, tumor growth in the cinobufagin-treated group was much slower than that in the vehicle-treated group (Figure 5A). To explore the molecular mechanisms of cinobufagin in vivo, we monitored the major signaling effectors of EGFR and STAT3 in the tumors by Western blotting, and found that p-EGFR and its downstream signaling machinery p-STAT3 and p-Akt were obviously decreased by cinobufagin (Figure 5B). The cell proliferation marker (Ki67) staining was also significantly decreased in tumors treated with cinobufagin compared with that in vehicle-treated tumors (Figure 5C), suggesting that this compound strongly inhibits tumor cell proliferation in vivo. To explore whether this compound also affects tumor growth via triggering apoptosis, the active caspase-3 immunostaining was conducted, and the data showed that the cinobufagin triggered stronger apoptosis, whereas vehicle elicited negligible apoptosis (Figure 5D). These data indicated that cinobufagin blocks tumor growth in vivo through inhibiting cell proliferation and triggering apoptosis. Thus, cinobufagin inhibits EGFR and STAT3 signaling to block tumor growth in nude mice.
[image: Figure 5]FIGURE 5 | Cinobufagin blocks subcutaneous tumor growth of U87MG-EGFR cells. (A) Cinobufagin significantly decreases the tumor volumes in subcutaneous U87MG-EGFR xenograft model. U87MG-EGFR cells were subcutaneously inoculated into nude mice, and after the tumors formed, the nude mice were intraperitoneally injected with vehicle (0.5% cyclodextrin) or cinobufagin at doses of 1 and 5 mg kg−1, respectively. Data represent means ± SD (n = 6/group). (B) Cinobufagin inhibits EGFR and STAT3 signaling in subcutaneous tumors. The tumor tissue lysates from vehicle- or drug-treated samples were analyzed by Western blotting with the indicated antibodies. (C,D) Cinobufagin inhibits cell proliferation and induces apoptosis in subcutaneous tumors. The immunofluorescence staining of Ki67 and active caspase 3 on tumor sections derived from animals treated with or without cinobufagin. Quantification of Ki67 and active caspase 3–positive cells in subcutaneous tumor. Data represent means ± SD. *p < 0.05; **p < 0.01.
Cinobufagin Decreases Intracranial Tumor Growth and Extends the Life Span of Tumor-Bearing Nude Mice
To further evaluate the therapeutic potential of cinobufagin on the orthotopic glioblastomas, we stereotactically inoculated U87MG-EGFR cells in the corpus striatum of nude mice and monitored tumor growth by luciferase bioluminescence imaging. After confirming tumor formation in the brains on day 7, each group of animals was intraperitoneally injected with vehicle (0.5% β-cyclodextrin) or cinobufagin (5 mg kg−1) once a day. The survival was evaluated by Kaplan–Meier analysis. The median survival time (23 days) for the cinobufagin treatment group was significantly longer than 20.5 days for the vehicle group (Figure 6A). The mice were subjected to luciferase bioluminescence imaging 10 days after treatment. The luminescence intensity of brain tumor treated with cinobufagin was decreased about 70% (Figure 6B,C).
[image: Figure 6]FIGURE 6 | Cinobufagin suppresses tumor growth of U87MG-EGFR cells and elongates nude mice life span. (A) Survival curves of brain tumor–bearing mice. After confirmation of brain tumor formation by luminance imaging, mice were intraperitoneally injected with vehicle or cinobufagin once a day until the termination of the experiment (n = 8 for vehicle group or 10 for cinobufagin group). The cinobufagin treatment group (23 days) showed a significant improvement in their survival compared with the vehicle treatment group (20.5 days, p < 0.05). (B) Luminance imaging of individual mice 10 days after cinobufagin treatment. The presence of a glioma is detected through the colorful luminance intensity. (C) Quantitative analysis of intracranial tumor luminance intensity in mice treated with vehicle or cinobufagin. Cinobufagin significantly suppressed tumor growth compared with the vehicle. Data represent means ± SD (*p < 0.05, n = 6). (D) Cinobufagin inhibits EGFR and STAT3 signaling in intracranial tumor. The tumor tissue lysates from vehicle or drug-treated mice were analyzed by immunoblotting with the indicated antibodies. (E,F) Cinobufagin inhibits cell proliferation and induces apoptosis in intracranial tumor. The immunofluorescence staining of Ki67 (E) and active caspase 3 (F) on tumor sections derived from animals treated with or without cinobufagin. Quantification of Ki67 and active caspase 3–positive cells in intracranial tumor. Data represent means ± SD. *p < 0.05; **p < 0.01 compared with the vehicle group.
Next, we tested the signaling molecules in these samples and found that cinobufagin strongly decreased p-EGFR, p-STAT3, and p-Akt levels in the intracranial tumors as compared with the vehicles (Figure 6D), which were consistent with what were observed in subcutaneous tumors. Moreover, Ki67 and active caspase-3 immunostaining of intracranial tumors were significantly decreased in cinobufagin-treated group compared with those in the vehicle-treated group (Figure 6E,F). Therefore, cinobufagin blocks EGFR/STAT3 signaling in glioblastoma and shrinks brain tumors, elongating nude animal survival.
DISCUSSION
We found cinobufagin, a monomer of Chansu from Traditional Chinese Medicine, that demonstrated selective antiproliferative activity against EGFR-overexpressed and PTEN-deficient GBM cells, compared with normal EGFR and PTEN cells. It also exhibited antiproliferative activity in various carcinoma cancer cells with EGFR expression, including lung cancer cells, colorectal cancer cells, and liver cancer cells. Cinobufagin blocked the oncogenic pathways mediated by EGFR and STAT3, and triggered apoptosis in a dose-dependent manner in vitro and in vivo (Figures 2, 5, 6). Intraperitoneal administration of cinobufagin dose-dependently inhibited the tumor growth of U87MG-EGFR in subcutaneous xenograft model. Moreover, cinobufagin significantly inhibited tumor growth and extended the life span of intracranial xenograft mice, implying that this monomer itself or its metabolites could cross the brain–blood barrier to exert anti-tumor effects (Figure 6).
The early studies showed that the anti-cancer activity of cinobufagin is manifested in eliciting apoptosis, inhibiting autophagy, blocking cell cycles, and inhibiting cell proliferation (Zhang et al., 2016; Zhu et al., 2018; Dai et al., 2018; Cao et al., 2017; Zhang et al., 2019). In the study, we demonstrated that cinobufagin exhibited specific antiproliferation effect in the special carcinoma cells with EGFR expression, including glioblastoma cells, lung cancer cells, colorectal cells, and hepatocellular carcinoma cells (Figures 1A, 3A,C, 4B,C, Supplementary Figure S4A,B). We further characterized that cinobufagin displayed antiproliferation effects on the cells with EGFR mutation, which are resistant to EGFR inhibitor (Figure 3A). Zhang et al. and other groups’ reports indicate that cinobufagin blocks Akt signaling pathway, decreases Bcl-2, and induces mitochondrial cytochrome c release to trigger apoptosis, or inhibits STAT3 and Notch pathways to suppress tumor cell growth (Yin et al., 2013; Zhang et al., 2016; Zhang et al., 2019). Pan et al. reported that cinobufagin arrests cell cycle at G2/M or S phase and induces apoptosis in melanoma and nasopharyngeal carcinoma cells (Pan et al., 2019; Pan et al., 2020). Our work is consistent with these studies and further demonstrated that cinobufagin inhibits EGFR/STAT3 and its downstream signaling to arrest cell cycle at G2/M phase, to inhibit cell proliferation, and to promote apoptosis (Figures 2A,B, 3B,D). Our work also validated that cinobufagin inhibited tumor growth and elongated nude mice life span via blocking EGFR and STAT3 signaling pathways and inducing apoptosis in vivo (Figures 5B–D, 6D–F). Our study demonstrates that the malignant tumors with wild-type or mutated EGFR are sensitive to cinobufagin. Unfortunately, the in vitro kinase assay displayed that cinobufagin did not inhibit EGFR and STAT3 activity (Supplementary Figure S2 and Supplementary Table S1). It also cannot affect the EGFR upstream kinase Jak2 or phosphatases activity (Supplementary Figure S3, Supplementary Tables S1, S2). We failed to identify the cellular target of cinobufagin after screening around 90 kinases and phosphatases (Supplementary Tables S1, S2).
Chansu, a traditional medicine from Chinese toad, has been widely used in clinic in Asian countries. Huachansu, which is a water-soluble extract from toad and an intravenous formulated agent, has been used in clinic for treating late-stage liver cancer, lung cancer, and gastric cancer (Gibson et al., 2006; Meng et al., 2009; Zhang et al., 2018; XU and WU, 2017; MA and LU, 2011). Both Chansu and Huachansu are mixtures, which include various bioactive components, such as cinobufagin, bufotalin, bufalin, arenobufagin, and so on, and show potential anti-cancer effect, as well as side effects (Meng et al., 2016). In the current study, we collected the bioactive components of Chansu and performed SAR analysis, and found that each derivative had unique selectivity and antiproliferation efficacy. Among them, cinobufagin, cinobufotalin, and resibufogenin have similar chemical structure except for the acetyl group and hydroxy groups. Cinobufagin and cinobufotalin, having same acetylation and different hydroxy, exhibit better selectivity and higher efficiency against cancer cells with EGFR expression and PTEN deletion than resibufogenin (Figure 1D), implying the acetyl group increases the inhibitory effect and 1-hydroxy is not critical. Toma et al. reported that cinobufagin can be metabolized to desacetylcinobufagin (Toma et al., 1987), and our study showed that resibufogenin without the acetyl group had less inhibitory effect, implying that the deacetylation of cinobufagin might contribute to its low anti-cancer efficacy in vivo. In the near future, we could focus on cinobufagin and modify it to enhance its anti-cancer efficiency and selectivity in vitro and in vivo, and to avoid the side effect.
Chansu has been used in clinic for a long time, but its toxicity cannot be ignored. Two preclinical studies showed that intraperitoneal injection of 10 mg kg−1 cinobufagin is tolerable in nude mice (Lu et al., 2017). However, in our study, we tried the highest dose of cinobufagin (10 mg kg−1) via intraperitoneal injection and found that one-third of the nude mice were dead, and then reduced the highest dose to 5 mg kg−1. We daily injected C57BL/J mice with 5 mg kg−1 cinobufagin up to 1 month and performed complete blood count and did not observed any abnormity and difference between cinobufagin and vehicle-treated groups (Supplementary Table S3). We also treated the cells in vitro with different doses of cinobufagin and monitored the toxicity and apoptosis. The data showed that cinobufagin did not cause cellular toxicity in MEFs, but triggered significant cell apoptosis after 6 h of treatment, and caused significant cytotoxicity and apoptosis after 72 h of treatment in U87MG-EGFR cells (Figure 2C,D). Cinobufagin’s structure is similar to ouabain, one of the digitalis drugs used to treat congestive heart failure through targeting Na+/K+-ATPase, which can trigger neuron-glia necrosis at high concentration (50–100 μM) (Xiao et al., 2002). However, ouabain inhibits cancer cell proliferation and cannot cause significant changes of intracellular ration of Na+/K+ at low concentration (<100 nM) (Kometiani et al., 2005). So cinobufagin might not induce intracellular changes of ratio of Na+/K+ to trigger cytotoxicity at low concentration (<0.5 μM). However, it could be possible that cinobufagin triggers acute cytotoxicity due to high concentration at the site of injection, leading to mice death.
At this moment, the cellular targets of cinobufagin remain unclear. Future efforts are necessary to delineate the potential molecular targets for deciphering cinobufagin’s anti-cancer effects. Optimization of this compound might warrant a new drug for the treatment of malignant glioma and other human cancers expressing EGFR.
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Background: Radiation-induced skin injury is a major side-effect observed in cancer patients who received radiotherapy. Thus identifying new radioprotective drugs for prevention or treatment of post-irradiation skin injury should be prompted. A large number of clinical studies have confirmed that Compound Kushen injection (CKI) can enhance efficacy and reduce toxicity of radiotherapy. The aim of this study is to confirm the effect of CKI in alleviating radiotherapy injury in the skin and explore the exact mechanism.
Methods: 60 patients who met the inclusion/exclusion criteria were allocated to treatment group (CKI before radiotherapy) or control group (normal saline before radiotherapy) randomly. MTT assay, flow cytometry, Western Blot, and transient transfection were performed to detect the cell viability, cell apoptosis and Bim expression after treatment with CKI or/and radiotherapy.
Results: CKI had the effect of alleviating skin injury in cancer patients who received radiotherapy in clinic. CKI induced cancer cell apoptosis when combined with irradiation (IR), while it reversed the induction of cell apoptosis by IR in human skin fibroblast (HSF) cells. And Bim, as a tumor suppressor, was induced in cancer cells but had no change in HSF cells when treated with CKI. Moreover, the above effect could be attenuated when Bim was silenced by siRNA.
Conclusion: We conclude that CKI represents a promising radio-protective agent with a potential differential beneficial effect on both cancer cells (inducing apoptosis) and HSF cells (providing radio-protection via inhibiting IR-induced apoptosis), via regulating Bim. Our study uncovers a novel mechanism by which CKI inhibits human cancer cell while protects skin from radiotherapy, indicating CKI might be a promising radio-protective drug.
Clinical Trial Registration: Chinese Clinical Trial Registry (www.chictr.org.cn), identifier ChiCTR2100049164.
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INTRODUCTION
Radiation therapy is an effective non-surgical treatment for human cancers. However, the radiation injury induced by radiation therapy affects the quality of life (QoL) of patients inevitably and seriously. Therefore, prevention and treatment of radiation injury is of great significance. Compound Kushen injection (CKI) is the most used Chinese Herbal injections (CHIs) in human cancers. It has been reported to have the ability to increase QoL and enhance immunity of cancer patients, especially when patients received radiotherapy (Yang et al., 2021). For example, a study showed that CKI combined with radiotherapy is the most preferable and beneficial option for patients with esophageal cancer (EC) in terms of efficacy and safety (Zhang et al., 2019). Since CKI could improve the clinical effectiveness rate and performance status of cancer patients, whether CKI could relieve the radiation injury in the skin at the same time is to be illustrated.
CKI, a Traditional Chinese Medicine (TCM) preparation and a mixture of natural compounds extracted from Kushen (Sophorae Flavescentis Radix) and Tufuling (Smilacis Glabrae Rhixoma), which have been used for adjuvant anti-cancer clinical therapy for over 20 years (Qu et al., 2016; Cui et al., 2020). Based on the TCM theory, CKI can be used for clearing away heat and dampness, cooling blood and detoxifying and relieving cancer pain, which has been proven to have significant effects against cancer (Guo et al., 2015; Yu et al., 2017). Based on the Western Medicine (WM) theory, CKI suppressed tumor growth by inhibiting cancer cell proliferation and metastasis, promoting cell apoptosis and improving patients’ immune system (Wang H. et al., 2019). For example, CKI-primed macrophages obviously promoted the proliferation and the cytotoxic ability of CD8+ T cells and decreased its exhaustion, resulting in HCC (hepatocellular carcinoma) cell apoptosis (Yang et al., 2020). Another study reported that CKI inhibited HCC progression by regulating signaling pathways involving MMP2 (Matrix Metalloproteinase-2) and Caspase-3 and the key pathways of glycometabolism and amino acid metabolism (Gao et al., 2018).
There were researches revealed that the active ingredients from CKI could induce cancer cell apoptosis by regulating p53 and PI3K-Akt pathway (He et al., 2020). Matrine and oxymatrine are main components from Sophorae Flavescentis Radix. It has been reported that both matrine and oxymatrine have characteristics of anti-inflammatory, anti-tumor, anti-viral, and cardiovascular protection effects (Ma et al., 2014; Wang et al., 2015). Matrine could suppress the BrCSCs (breast cancer stem cells) differentiation and self-renewal by downregulating Lin28A expression, leading to the inactivation of Wnt pathway in a Let-7b-dependent way (Li et al., 2020). Oxymatrine could inhibit the invasiveness of HCC by reducing the expression of MMP-2/-9 via inhibiting the activity of p38 signaling pathway (Chen et al., 2019). Meanwhile, Smilacis Glabrae Rhixoma has also been reported to have anti-inflammatory, antiviral, anti-cancer, and immunomodulatory effects (Jiang and Xu, 2003; Ooi et al., 2004; Galhena et al., 2012; Samarakoon et al., 2012). For instance, it could suppress the phosphorylation of Akt (Thr308) and thereby inhibit gastric cancer (GC) cell proliferation and metastasis as well as accelerating GC cell apoptosis through Akt-mediated signaling pathways (Hao et al., 2016).
The above studies emphasized the inhibition role of CKI in human cancers. What’s the role of CKI in non-cancerous cells? A previous study showed that cell apoptosis was increased by CKI in breast cancer (BC) but not in non-cancerous lines (Nourmohammadi et al., 2019). Interestingly, our clinic data also showed that CKI had the effect of protecting skin from radiation injury in patients with nasopharyngeal carcinoma (NPC) who received radiotherapy. Therefore, we hypothesized that CKI has differential roles in human cancer and skin cells. In the present study, we’ll further identify the role and mechanism of CKI in human cancers including lung cancer (LC) and NPC when combined with radiotherapy, and in human skin fibroblast (HSF) cells.
MATERIALS AND METHODS
Clinical Research Protocol
The clinical research protocol was approved by the Ethics Committee of Guangdong Provincial Hospital of Traditional Chinese Medicine (YF2018-064). Sixty-two patients from the department of Radiotherapy, Guangdong Provincial Hospital of Traditional Chinese Medicine, were identified, screened, and enrolled in the study between June 2014 and January 2018 and all patients provided informed consent. The factors affecting the severity of acute radiation dermatitis, such as age, obesity, KPS (Karnofsky Performance Status) score, stage and other baseline characteristics, were comparable between treatment group and control group. If the subjects would like to withdrawal of consent or fail to adhere to the research protocol or serious adverse events happened, the study of the participant would be suspended and recorded as withdrawn. During the treatment, two patients withdrew from the clinical trial due to personal wishes, and the other sixty patients successfully completed the trial as planned.
Inclusion/Exclusion Criteria
Inclusion Criteria

• Patients who were pathologically diagnosed as Nasopharyngeal Carcinoma (NPC) and planned to receive intensity modulated radiotherapy (IMRT).
• The age is between 18 and 70 years old, regardless of gender.
• Normal bone marrow, liver, kidney, heart, and lung function.
• Patients received the first radical radiotherapy or chemo-radiotherapy.
• Karnofsky’s behavior score is above 60.
Exclusion Criteria

• Active repeated cancer.
• Patients suffering from mental disorders.
• Patients with skin infectious diseases.
• Allergic constitution or allergic to the components of the preparation.
• Suspected or true history of alcohol and drug abuse.
• Pregnant or lactating women or those with recent birth planning.
• The researcher believes that it is not suitable to participate in this experiment.
Study Design
In the prospective trial, 60 patients who met the inclusion/exclusion criteria were allocated to treatment group or control group using a computer-generated random sequence.
The Radiation-Induced Skin-Reaction-Assessment-Scale Score
The skin of the neck radiation field was evaluated weekly from baseline using the RISRAS table for a total of 7 weeks. The first part of the RISRAS form is filled in by the patient, which is the subjective symptom evaluation form of the patient, including itching, pain, burning or tension of the skin of the neck radiation field, and the impact of the skin reaction caused by radiotherapy on the patient’s daily activities. The patient’s response ranges from “none at all” to “very.” The higher the score, the more serious the patient’s subjective symptoms (Supplementary Table S1). The second part is the professional scoring table for medical staff, including erythema (E), dry desquamation (DD), wet desquamation (WD), and necrosis (N). “E” is scored according to the change of skin color of the patient’s neck irradiation field, and 0–4 points from “normal” to “deep purple erythema.” For “DD,” “WD,” and “N” the proportion of the area of dermatitis in the whole radiation field skin was evaluated, and 0–4 points were calculated from “normal” to “>75%–100” (Supplementary Table S2). Finally, the test observer will summarize the scores of the two scoring tables into the continuous evaluation table to get a final score of each patient.
Intervention
All candidates were treated with standard intensity modulated radiotherapy according to the NPC guidelines of Chinese society of clinical oncology (CSCO). In the treatment group, the candidates received 10 ml of CKI solution intravenously each day before radiotherapy. In the control group, the candidates received normal saline solution intravenously each day before radiotherapy.
Trial Registration
Chinese Clinical Trial Registry Trial registration number: ChiCTR2100049164. Name of registry: Compound Kushen injection alleviates radiation-induced skin injury: randomized controlled trial. Date of registration: 2021-07-24 (1008002 retrospective registration).
Chemicals and Cell Culture
Compound Kushen Injection (CKI, z14021231) was produced by Shanxi Zhendong Pharmaceutical Co., Ltd. (Shanxi, China), and 1 ml CKI contains 0.4 g crude drug. MTT (M5655) and Dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Co. (St. Louis, MO, United States). Monoclonal antibodies specific of Bim, and GAPDH were purchased from Cell Signaling Technology Inc. (Beverly, MA, United States). Lipofectamine 3000 reagent was purchased from Life Technologies (Carlsbad, CA, United States). NSCLC (non-small cell lung caner) cell line H1299 and Human Skin Fibroblast (HSF) cell line were obtained from the Chinese Academy of Sciences Cell Bank of Type Culture Collection (Shanghai, China). Nasopharyngeal Carcinoma cell line CNE-2 was purchased from the Cancer Center of Sun Yat-Sen University (Guangzhou, China). All cells were grown at 37°C, in a humidified 5% CO2 and 95% air and cultured in RPMI-1640 medium (Life Technologies, Carlsbad, CA, United States) containing 10% FBS (Gibco, United States) and 0.5% penicillin-streptomycin sulfate (Invitrogen Life Technologies, Carlsbad, CA, United States). Cells were counted using the automated cell counter star (Inno-Alliacne Biotech Inc., Denver, CO, United States).
MTT Assay
MTT assay was performed as described previously (Wang S. et al., 2019). Briefly, cells were seeded in 96-well plates at a density of 1 × 104 cells/well and incubated at 37°C for 24 h. After treatment, cells were maintained at 37°C in a humidified atmosphere containing 5% CO2 for 24 h. The medium was supplemented with 20 µL MTT (5 mg/ml) at 37°C for 4 h. Subsequently, the medium was replaced with 100 µL DMSO. Following incubation for 20 min at room temperature, the absorbance was read by measuring the optical density (OD) at 490 nm in a microplate reader (Molecular Devices, LLC, Sunnyvale, CA, United States). The viability rate was calculated as follows: Viability rate (%) = OD 490 trail/OD 490 blank × 100. The experiment was repeated three times.
Ionizing Radiation
Irradiation was performed at The Second Clinical College of Guangzhou University of Chinese Medicine/Guangdong Provincial Hospital of Traditional Chinese Medicine using MultiRad 225 machine (Faxitron). The cells were divided into the following three groups: Control group, which was cultured in regular medium and without any treatment；Irradiation group, which was treated with irradiation alone; and CKI combined with irradiation group, which was incubated with CKI before irradiation. After irradiation, cells were maintained at 37°C in a humidified atmosphere containing 5% CO2 for 24 h for further analysis.
TUNEL Assay
TUNE assay was performed using TUNEL cell apoptosis kit according to the manufacturer’s protocol (Beyotime, China). Briefly, cells were fixed with paraformaldehyde for 30 min, and incubated at room temperature with 0.3% Trinton X-100 PBS for 5 min. Wash cells with PBS twice. Samples were added with 50 μL TUNEL detect liquid and incubated at 37°C for 60 min in dark. Finally, samples were sealed with antifluorescence quenched liquid and observed under a fluorescence microscope (Nikon ECLIPSE Ti2-E, Japan).
Confocal Assay of Cell Apoptosis
Cell apoptosis was carried out using cell apoptosis kit according to the manufacturer’s protocol (Dojindo, Japan). Briefly, cells were collected, centrifuged for 3 min at 1,000 rpm, and resuspended in 1 × Annexin V binding solution to a final concentration of 1 × 106 cells/ml. Finally, 5 μL Annexin V-FITC and 5 μL PI were added into the cells at room temperature for 15 min. Then 400 μL 1 × Annexin V binding solution were added. The cells were then analyzed using confocal microscope in 1 h (Zeiss LSM 710, German).
Flow Cytometry Analysis
Flow cytometry was performed as described previously (Wang et al., 2018). Cell apoptosis was analyzed by Annexin V-FITC/PI apoptosis detection kit according to the manufacturer’s protocol (Sigma-Aldrich Co. St. Louis, MO). Briefly, cells (CNE-2, H1299, and HSF) were seeded in 6-well plates. After 24 h of culture, cells were treated with CKI, IR, or IR combined with CKI, and then incubated at 37°C for 24 h. Afterwards, cells were collected, centrifuged for 5 min at 1,500 rpm, and resuspended in 1 × binding buffer. Finally, 5 μL Annexin V-FITC and 5 μL PI were added into the cells at room temperature for 15 min. The cells were then analyzed using flow cytometer (Beckman FC 500, Beckman Coulter, Inc., CA, United States).
Western Blot Analysis
Western blot analysis was performed as described previously (Wang et al., 2020). Briefly, cells (CNE-2, H1299, and HSF) were harvested, washed and lysed with 1 × RAPI buffer. Protein concentration was determined by the Thermo BCA protein assay Kit. Equal amounts of protein from cell lysates were solubilized in 5 × SDS sample buffer and separated on 8–10% SDS polyacrylamide gels, and transferred onto polyvinylidene fluoride membranes. Membranes were blocked with 5% non-fat milk in TBST and incubated with primary antibodies against Bim and GAPDH proteins at 4°C overnight. Afterwards, the membranes were washed and incubated with a secondary antibody against rabbit IgG for 1 h, followed by washing and transferring into ECL solution (Millipore, Darmstadt, Germany), and scanned under the Bio-Rad ChemiDoc XRS + Chemiluminescence imaging system (Bio-Rad, Hercules, CA, United States). The results were measured by ImageJ software.
Transient Transfection Assays
The cells were seeded in 6-well plates and reached to 50–60% confluence. The negative control and Bim siRNA were obtained from RiboBio (Guangzhou, China). For each well, 10–60 nM NC or Bim siRNA were transfected into the cells using Lipofectamine 3000 reagent (Life Technologies, Carlsbad, CA, United States) for 24 h based on the instruction from the provider.
Statistical Analysis
Statistical analysis was performed using the SPSS statistical software. Statistical evaluation for data analysis used Student’s t-test when there were only two groups (two sided) and differences between groups were assessed by one-way ANOVA. RIAPAS data was evaluated using Wilcoxon matched-pairs signed rank test. All data are reported as Means ± SD. Differences between groups were considered significant statistically when p ≤ 0.05.
RESULTS
CKI Alleviated Radiotherapy Injury in the Skin in Clinic
A prospective randomized controlled clinical trial was conducted to investigate the difference in the severity of radiation injury of skin between the two groups of NPC patients after radiotherapy treated with or without CKI. A total of 62 NPC patients were admitted to the Department of radiotherapy of Guangdong Provincial Hospital of Chinese Medicine, from June 2014 to January 2018. In the course of treatment, 2 patients withdrew from the clinical trial due to their personal wishes. Sixty NPC patients were randomly divided into control and CKI group, both of which were accepted intensity modulated radiotherapy (IMRT). The patients from control group receivednormal saline intravenously before radiotherapy and from CKI group received CKI intravenously before radiotherapy (Figure 1A).
[image: Figure 1]FIGURE 1 | Patients had lower RISPAS scores in the CKI- treated group compared to control group. (A) Participant flow through the trial. (B) Graph showing RISPAS scores in the CKI and control group. p = 0.0313 (< 0.05), indicates a significant difference in the CKI group compared to the untreated control group.
At the end of radiotherapy, the incidence of grade III and grade IV radiodermatitis in the CKI-treated group was 30.0 and 13.3%, respectively. While the incidence of grade III and grade IV radiodermatitis in the control group was 56.7 and 20.0%, respectively. Obviously, the data showed that the incidence of severe radiodermatitis in the CKI-treated group was lower than that in the control group, and the difference was statistically significant (p = 0.03, Table 1). Moreover, the RISRAS (Radiation-Induced Skin Reaction Assessent Scale) score of the CKI-treated group was also lower than that of the control group, and the difference was statistically significant (p = 0.002, Table 2; Figure 1B). Therefore, the above clinical results revealed that CKI could alleviate radiotherapy injury in the skin significantly in clinic.
TABLE 1 | Radiation injury of neck skin was alleviated in CKI-treated group.
[image: Table 1]TABLE 2 | Patients have lower RISPAS scores in the CKI-treated group compared to control group (mean ± SD).
[image: Table 2]CKI Inhibited Cancer Cell Growth While Promoted HSF Cell Growth
The above clinic data have shown that CKI had the effect of alleviating radiotherapy injury in the skin. To understand the mechanism by which CKI alleviates radiodermatitis, we first performed MTT assay to see the effect of CKI on cancer cells and HSF cells. As shown in Figures 2A,B, CKI inhibited human cancer cell growth including NPC and LC, in a both dose- and time-dependent manner. However, in the HSF cells, CKI showed a promotion effect in HSF cell growth (Figure 2C). The above results showed a differential role of CKI in human cancer and HSF cells.
[image: Figure 2]FIGURE 2 | CKI inhibited tumor cell growth while promotes HSF proliferation. (A–C) Cancer cells (CNE-2 and H1299) and HSF cells were treated with increased concentrations of CKI for 24, 48, and 72 h. Afterwards, cells were treated with MTT as detailed in Materials and Methods. Values in bar graphs were given as the mean ± SD from three independent experiments performed in triplicate. *Indicates significant difference as compared to the untreated control group (*p < 0.05).
Combination of CKI and IR Inhibited Cancer Cell Growth Additively, While Protected HSF From IR Treatment
Whether CKI could influence the effect of cancer radiotherapy? We treated cancer cells and HSF cells with CKI, IR, and the combination of CKI and IR, respectively. Our findings showed an additive effect of CKI and IR in inhibiting cancer cells, as shown in Figures 3A,B. Nevertheless, there was no inhibition effect seen in the HSF cell growth under the combination treatment of CKI and IR, as shown in Figure 3C. The data showed that CKI could reverse the inhibition effect of IR in HSF cells, suggesting a protective role of CKI in HSF cells when treated with IR.
[image: Figure 3]FIGURE 3 | CKI combined with IR inhibited cancer cell growth additively, while had no obvious effect in HSF cells compared to control. (A–C) Cancer cells (CNE-2 and H1299) and HSF cells were treated with CKI (4 mg/ml), IR (4Gy), and CKI combined with IR. Afterwards, cell viability was analyzed using MTT assay. Values in bar graphs were given as the mean ± SD from three independent experiments performed in triplicate. *Indicates significant difference as compared to the untreated control group (*p < 0.05; ***, p < 0.001). ns, not significant, indicates no significant difference as compared to the untreated control group.
Combination of CKI and IR Promoted Cancer Cell Apoptosis Additively, While Protected HSF From IR Treatment
TUNEL assay was performed to show the effect of CKI on cancer cells (CNE2 and H1299) and HSF cells. The results showed that CKI induced cancer cell apoptosis while has no obvious induction effect of HSF cell apoptosis (Figure 4A). Meanwhile, PI and FITC annexin-V double staining using confocal microscope was also carried to show that CKI could induce cancer cell apoptosis rather than HSF (Figure 4B). To further understand the mechanism by which CKI protects HSF cells from IR treatment. We then performed flow cytometry of cell apoptosis. As expected, CKI combined with IR had an additive effect of promoting cancer cell apoptosis (Figures 4C,D). While there was no induction effect of cell apoptosis observed in HSF cells when combined CKI with IR (Figure 4E). HSF cell apoptosis was markedly increased following IR alone. While pretreatment with CKI followed by IR resulted in reduced apoptosis levels, which had no significance compared with control group, indicating that CKI could inhibit irradiation-induced apoptosis in HSF cells. In total, the above results showed that CKI could reverse the IR-induced cell apoptosis in HSF cells, indicating a protective role of CKI in the skin.
[image: Figure 4]FIGURE 4 | CKI enhanced cancer cell apoptosis by IR, while rescued the HSF cell apoptosis when treated with IR. (A) Cancer cells (CNE-2 and H1299) and HSF cells were treated with CKI (0, 1, 4, 8 mg/ml), and cell apoptosis was observed by TUNEL assay. (B) Cancer cells (CNE-2 and H1299) and HSF cells were treated with CKI (0, 1, 4, 8 mg/ml), and cell apoptosis was detected by doing PI and FITC annexin-V double staining using confocal microscope. (C–E) Cancer cells (CNE-2 and H1299) and HSF cells were treated with IR (4Gy) and CKI (4 mg/ml) combined with IR. Afterwards, cell apoptosis was analyzed using flow cytometry. Values in bar graphs were given as the mean ± SD from three independent experiments performed in triplicate. *Indicates significant difference as compared to the untreated control group (*p < 0.05; ***, p < 0.001). ns, not significant, indicates no significant difference as compared to the untreated control group.
CKI Increased Bim Expression in Cancer Cells While had No Obvious Effect in HSF Cells
Cell apoptosis was more induced in CKI together with IR group in cancer cells, while no obvious induction of cell apoptosis was found in HSF cell, even a rescue effect of CKI was observed in HSF cells when combined with IR. Apoptosis is a highly conserved form of programmed cell death that can be triggered by extrinsic or intrinsic signals. Bcl-2 family proteins play a decisive role in apoptosis initiated by intrinsic signaling by regulating the integrity of the mitochondrial outer membrane (MOM). It is composed of three classes: pro-survival proteins (BCL-2, MCL-1, BCL-XL, BCL-w, and BFL-1), multi-domain pro-apoptotic proteins (BAX and BAK) that compromise the outer mitochondrial membrane, and BH3- only pro-apoptotic proteins (BIM and NOXA). Among those, the BH3-protein Bim (BCL-2-interacting mediators of cell death) is an important mediator of apoptosis initiated by intracellular stressors. It is related to tumor progression, metastasis, drug resistance, and promotes apoptosis at mitochondria by activating proteins Bax and Bak and by inhibiting the anti-apoptotic proteins Bcl-XL, Bcl-2, and Mcl-1 (Chi et al., 2020).
Therefore, we detected Bim expression in both cancer and HSF cells when treated with CKI. Our results showed that Bim was significantly increased in both NPC and LC cells, while no significant change was observed in HSF cells, with the increased dose of CKI (Figures 5A–C). The results indicated that Bim might be a key protein leading to the differential role of CKI in cancer and HSF cells. When combined CKI with IR, a additive increase expression level of Bim was observed in H1299 cells while a slight reverse effect was found in HSF cells (Figures 5D,E, left panel). When Bim was silenced by siRNA, the differential expression trends of Bim in H1299 and HSF cells by the treatment with CKI and IR were almost disappeared (Figures 5D,E, right panel). The data suggested that Bim plays a crucial role in the differential effect of CKI in human cancer and HSF cells, especially when combined with IR.
[image: Figure 5]FIGURE 5 | Inhibiting Bim attenuated the differential Bim expression trends caused by the combination of CKI and IR. (A–C) Cancer cells (CNE-2 and H1299) and HSF cells were treated with increased dose of CKI. (D–E) Cancer cell H1299 and HSF cells were treated with CKI (4 mg/ml), IR (4Gy) and combination of CKI and IR, respectively. Transient transfection was performed to inhibit Bim expression by siRNA. Bim expression was evaluated using Western Blot. GAPDH was used as an external control. The results were measured by ImageJ software.
Silencing Bim Attenuated the Effect of CKI in Cancer and HSF Cell Apoptosis When Combined with IR
Since the differential expression of Bim almost disappeared when inhibiting Bim in both cancer cells H1299 and HSF cells, whether the cell apoptosis effect could be suppressed when Bim was silenced is to be identified. We then performed flow cytometry to detect the cell apoptosis percentages by inhibiting Bim expression. Our data showed that in H1299 cells, inhibiting Bim could partially reverse the combination effect of CKI and IR in inducing cell apoptosis (Figure 6A). And in HSF cells, inhibiting Bim attenuated the effect of CKI combined with IR in reversing the cell apoptosis by IR (Figure 6B). This data reconfirmed that Bim is the key protein making CKI functions differently in cancer and HSF cells. Therefore, we concluded that CKI protected skin from radiation injury via regulating Bim.
[image: Figure 6]FIGURE 6 | Inhibiting Bim attenuated the differential effect of CKI in cancer and HSF cell apoptosis. (A, B) Cancer cell H1299 and HSF cells were treated with CKI (4 mg/ml), IR (4Gy) and combination of CKI and IR, respectively. Cell apoptosis was analyzed using flow cytometry. Values in bar graphs were given as the mean ± SD from three independent experiments performed in triplicate. *Indicates significant difference as compared to the accordingly group (*p < 0.05).
DISCUSSION
Many studies have shown that CKI could relieve acute radiation injury and protect normal tissue of patients. The protective effects of CKI on human dermal fibroblasts suggest that it has potential applications in the protection against irradiation -induced skin injury. However, the mechanism of CKI in reducing radiation injury is unknown. In the present study, we are proposed to uncover the mechanisms by which CKI protect skin against radiation injury.
In the present study, we first identified that CKI had the effect of alleviating radiotherapy injury in the skin in patients with NPC who received IMRT. To discover the mechanism, we then performed a series of in vitro experiments. We found that CKI inhibited cancer cell growth by inducing cell apoptosis in NPC CNE-2 cells and LC H1299 cells. At the same time, CKI promoted HSF cell proliferation in a dose- and time-dependent manner. Apoptosis plays a key role in the differential role of CKI in cancer and non-cancerous cells. The induction of apoptosis is a common and required event for different classes of anticancer agents, and disruption of such mechanism can lead to non-specific side effects (Shukla et al., 2017). Our further data found that Bim is the key protein making CKI plays a differential role of in human cancer and HSF cells when combined with IR.
Bim, also known as B-cell chronic lymphocytic leukemia/lymphoma (Bcl-2)-like 11 (BCL2L11), is a member of the Bcl-2 family and a critical modulator of cell apoptosis. Bim encodes the BH3 protein, which activates cell death either by opposing the pro-survival activities of members of the BCL2 family or by binding to and directly activating pro-apoptotic BCL2 family members. It promotes apoptosis by activating Bax/Bak, and it is regulated at both transcriptional and post-translational levels (Byerly et al., 2020). Induction of Bim triggers cytochrome C release from mitochondria to cytosol. Then, cytosolic cytochrome C induces Caspase cleavage followed by PARP cleavage, finally resulting in cell apoptosis (Akiyama et al., 2009). The overexpression of Bim inhibits tumor growth and drug resistance. Cancer cells suppress Bim expression, associating with tumor promotion, metastasis, and drug resistance (Akiyama et al., 2009; Shukla et al., 2017). For example, Bim plays an important role in sensitizing epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) in EGFR-Positive NSCLC (Incharoen et al., 2019). And modulating Bim transcription is one of the mechanisms by which aspirin overcomes osimertinib resistance in EGFR-mutated NSCLC (Han et al., 2020). A study reported that the homozygous deletion of Bim characterizes it as a novel tumor suppressor in MCL (mantle cell lymphoma) (Tagawa et al., 2005). MCL with high levels of proapoptotic Bim expression are more likely to result in a patient’s complete response rather than progressive disease following therapy (Wang JD. et al., 2019). In accordance with other hematopoietic and solid-organ malignancies, Bim’s role as a tumor suppressor appears to have prognostic and therapeutic significance. For example, in chronic myeloid leukemia (CML), Bim deletion polymorphisms lengthen the time for patients to achieve a major molecular response on TKIs (Than et al., 2019). Additionally, loss of Bim or its expression in melanoma, colorectal cancer, intrahepatic cholangiocarcinoma, and EGFR-positive NSCLC is associated with worse prognoses (Dai et al., 2008; Sinicrope et al., 2008; Ng et al., 2012; Lee et al., 2015; Zhang et al., 2018). Those data revealed the important role of Bim in human cancers and cancer-related therapies. Here in the present study, Bim serves as a critical protein in protecting skin from radiation injury, with the advent of radiotherapy acting on the cell apoptosis.
CONCLUSION
Our study indicated that CKI represents a promising radioprotective agent with a potential differential beneficial effect on both cancer cells (inducing apoptosis) and HSF cells (providing radio-protection via inhibiting IR-induced apoptosis) as clearly demonstrated through this study, via regulation of mitochondria pathway by regulating Bim. Taken together, these results uncover a novel mechanism by which CKI inhibits human cancer while protect skin from radiotherapy.
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Tumor-associated macrophage (TAM)-mediated angiogenesis in the tumor microenvironment is a prerequisite for lung cancer growth and metastasis. Therefore, targeting TAMs, which block angiogenesis, is expected to be a breakthrough in controlling the growth and metastasis of lung cancer. In this study, we found that Sanguinarine (Sang) inhibits tumor growth and tumor angiogenesis of subcutaneously transplanted tumors in Lewis lung cancer mice. Furthermore, Sanguinarine inhibited the proliferation, migration, and lumen formation of HUVECs and the expression of CD31 and VEGF by regulating the polarization of M2 macrophages in vitro. However, the inhibitory effect of Sanguinarine on angiogenesis remained in vivo despite the clearance of macrophages using small molecule drugs. Further high-throughput sequencing suggested that WNT/β-Catenin signaling might represent the underlying mechanism of the beneficial effects of Sanguinarine. Finally, the β-Catenin activator SKL2001 antagonized the effect of Sanguinarine, indicating that Sanguinarine can regulate M2-mediated angiogenesis through the WNT/β-Catenin pathway. In conclusion, this study presents the first findings that Sanguinarine can function as a novel regulator of the WNT/β-Catenin pathway to modulate the M2 macrophage polarization and inhibit angiogenesis, which has potential application value in immunotherapy and antiangiogenic therapy for lung cancer.
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Introduction

Primary bronchogenic carcinoma (lung cancer) represents the leading cause of cancer death, accounting for 18% of total cancer deaths (1), and is a public health problem worldwide. Tumoral angiogenesis is a prerequisite for the progression, invasion, and metastasis of solid tumors (2). When the cancer is more significant than 1 to 2 mm, new blood vessels will be formed in the microenvironment (3) to transport nutrients and oxygen to tumor cells and clear metabolites. Lung cancer is a highly vascularized tumor (4) and refers to a typical vascular-dependent lesion (5), which is related to its poor prognosis. Therefore, anti-angiogenesis is one of the most critical strategies in the treatment of lung cancer. Currently, the clinical efficacy of traditional antiangiogenic agents alone is not ideal. Consequently, it is of great significance to deeply study the mechanism of angiogenesis.

Researchers have found that macrophage infiltration into the tumor microenvironment, namely, tumor-associated macrophages (TAMs) are usually considered to be the key members of the tumor microenvironment (TME) that is correlated with tumor progression (6, 7). A retrospective study involving patients with lung cancer showed that the number of TAMs in tumor nests is more than 50%, which is much higher than the proportion of other cells such as CD3+T cells (8). Accumulating evidence has shown that TAMs trigger “angiogenic switch” (9, 10)by secreting a variety of vascular growth factors (VEGF, Ang2, Tie2, etc.) (11), and matrix metalloproteinases (MMPs) (12), as well as inflammatory factors (TNF-α (13), IL-8 (14), etc.), ultimately resulting in tumor invasion and metastasis. In addition, TAMs are also the cause of treatment failure in chemotherapy (15), radiotherapy, and immunotherapy (16) and are a crucial factor of poor prognoses for lung cancer patients (6). As such, targeting TAMs has gradually become a hot spot at the forefront of tumor research.

Macrophages are characterized by strong heterogeneity and plasticity. M1 type macrophages are activated by lipopolysaccharides (LPS) and the pro-inflammatory cytokine IFN-γ. They exert robust killing activity against pathogens and tumor cells (17) and the promotion of polarized Th1 immune responses by the up-regulation of pro-inflammatory cytokines(TNF-α, IL-1, and IL-6), reactive oxygen species (ROS), and nitric oxide (NO). In contrast, the M2 type is activated by cytokines such as IL-4 or IL-13 and specifically expresses arginase-1 (Arg-1), macrophage mannose receptor (CD206) and YM1 (18), with functions such as inducing the Th2 immune response. Research suggests that M2 macrophages tend to be activated in the tumor microenvironment, and the number of TAMs infiltrating tumor tissues is often positively correlated with poor prognosis in patients. As a result, if the phenotypic transformation of macrophages can be regulated effectively, namely, inhibiting the M2 type and inducing the M1 type, tumor angiogenesis mediated by TAMs can be blocked and the antitumor immune response of the body can be reversed (19).

Sanguinarine, a type of benzophenanthridine alkaloid, possesses various effects, including antibacterial (20), reduce pain (21), and anticancer activities. Current research proves that Sanguinarine has demonstrated significant anticancer effects in a wide variety of tumor types via multiple targets-multiple pathways. Sanguinarine induced apoptosis in pancreatic cancer through the expression Bcl-2 protein levels (22). And, Sanguinarine suppresses the proliferation and migration of gastric cancer cells through the DUSP4/ERK/MMP-9 pathway (23). In hepatocellular carcinoma,Sanguinarine inhibits epithelial-mesenchymal transition(EMT) via targeting HIF-1α/TGF-β feed-forward loop (24). In addition, Sanguinarine could inhibit VEGF-mediated angiogenesis through the Akt pathway (25).In summary, Sanguinarine can play an anticancer role through a variety of methods, including inhibiting proliferation and invasion and inducing apoptosis and antiangiogenesis, representing a promising anticancer natural compound with great potential.

However, whether Sanguinarine inhibits angiogenesis through the regulation of macrophages and thereby exerts an anti-lung cancer effect has not yet been reported. In this study, we show for the first time that Sanguinarine can target the WNT/β-Catenin pathway to inhibit the M2 polarization of TAMs and exert antiangiogenic effects on lung cancer and the regulation of immune factors. This finding suggests that Sanguinarine is a potent immunomodulatory agent and angiogenesis inhibitor and has a broad potential in anti-lung cancer applications.



Materials and Methods


Cell Culture

The Lewis murine lung adenocarcinoma (Lewis lung cancer cells, LLCs) cell strain and human umbilical vein endothelial cell (HUVEC) strain were both purchased from the Shanghai Cell Bank of Chinese Academy of Sciences; DMEM cell culture medium (KGI Biotechnology Co., Ltd., Jiangsu) with 10% FBS (Gibco, USA) was used to culture the cells in a 37°C incubator.

Selleck Chemicals Co. supplied the Sanguinarine (Catalog: S9032, CAS: 2447-54-3, Chemical Formula: C20H14NO4, Molecular Weight: 332.33, Smiles Structural Formula: C[N+]1=C2C(=C3C=CC4=C(C3=C1)OCO4)C=CC5=CC6=C(C=C52)OCO6). DMSO was used to dilute the Sang into a 10 mM stock solution, which was stored in a -20 refrigerator.



Subcutaneous Transplanted Tumor Model of Lewis Lung Cancer Mice and Macrophage Clearance

The Animal Ethics Committee of Shanghai Traditional Chinese Medicine Hospital approved all the experimental steps. Six-week-old male C57BL/6 mice (20 ± 2 g) were purchased from Shanghai Slack Laboratory Animal Co., Ltd. and were raised in an SPF environment. Each animal was anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg).Under the right scapula of each mouse, 5×105 LLCs were injected subcutaneously. Mice began to receive treatment on the next day (day1) with an intraperitoneal injection of normal saline (0.1 ml/mouse/day), Sanguinarine (2.5 mg/kg/day, 5 mg/kg/day) (26) or Cisplatin (DDP) (2 mg/kg, twice a week).

For the model of subcutaneously transplanted tumors with macrophage clearance in Lewis lung cancer mice, was performed as previously published (27). First, on the day before the transplantation of subcutaneous tumors (day -1), mice were injected intraperitoneally with 200 µl of clodronate liposomes (CLPs; US FormuMax, cat: F70101C-AL) for the exhaustion of mononuclear macrophages in mice in vivo. Hereafter, CLPs were injected intraperitoneally into mice twice a week, 100 µl per mouse, to continuously exhaust the mononuclear macrophages in mice in vivo. At the end of the experiment, the splenic single-cell suspension was extracted. The ratio of CD11b+F4/80+ macrophages was detected by flow cytometry to evaluate the efficiency of macrophage clearance. Mice receive treatment with intraperitoneal injections of normal saline (0.1 ml/mouse/day), Sanguinarine (5 mg/kg/day) or Sanguinarine combined with CLPs. A Vernier caliper was used to measure the size of the tumor every 2 days. Three weeks after administration, the mice were sacrificed and tumor tissues were isolated.



Preparation for Splenic Single-Cell Suspension

The spleen tissues of mice were extracted and homogenized to form the single-cell suspensions. These suspensions were filtrated through a 70-μm strainer filter, centrifuged at 1000 rpm at 4°C for 5 minutes, and 1 or 2 volumes of red blood cell lysis buffer (Biosharp, China; Catalog: 143191) were added and incubated at room temperature for 5 minutes. Next, 5 ml PBS was added to terminate the lysis. Afterward, the single-cell suspensions were collected and relevant flow antibodies were incubated at 4°C for 30 minutes in the dark. The data was collected with a flow cytometer (Beckman Coulter Inc, USA) and analyzed with FlowJo software (Ashland, OR, USA).



Paraffin Section Immunostaining

Fresh transplanted tumor tissues in mice were fixed with 4% paraformaldehydeand embedded in paraffin. Tissue sections were stained with anti-mouse CD31 antibody (Bioss, lot: bs-20322R), anti-mouse F4/80 antibody (CST, lot: 30325) and anti-mouse CD206 antibody (CST, lot: 24595). The secondary antibody used in this research was CY3-conjugated AffiniPure goat anti-rabbit IgG (H+L), purchased from Boster (catalog: BA1032). Pictures were taken and recorded using an inverted microscope.



Extraction of Bone Marrow-Derived Macrophages (BMDMs) in Mice and Construction of an M2 Polarization Model

Five-week-old healthy male C57BL/6 mice were purchased from Shanghai Jie-Si-Jie Laboratory Animal Co., Ltd. The experimental program was as described above (28, 29), where mice were sacrificed by cervical dislocation with adequate cleansing using 75% alcohol, and femora and tibiae of mice were separated, of which marrow cavities were flushed with PBS. The flushing fluid collected was filtered through a 70-mesh screen and centrifuged at 20°C at a rate of 1000 rpm. The supernatant liquid was discarded, and the sediments were resuspended in DMEM containing 10% FBS and M-CSF (Pepro Tech, Lot: #0817245) at a final concentration of 20 ng/ml. The liquid was renewed every 48 h, and the cells were cultured continuously for 5 days. Adherent cells from mice were referred to as bone marrow-derived macrophages (BMDMs). On the 5th day of culture, IL-4 (Pepro Tech, Lot: #021749) at a final concentration of 20 ng/ml was added according to the concentration of 1×106 cells for stimulation for 24 h. Flow cytometry was used to determine the rate of positive expression in M2 macrophages.



Flow Cytometry and Reagents

FITC anti-mouse CD11b antibody (lot: 101206), PE anti-mouse F4/80 antibody (lot: 12310), and APC anti-mouse CD206 antibody (lot: 141708) were all purchased from BioLegend Co.

After the mature BMDMs were treated under different conditions, the cells were collected under 3% BSA in PBS and blocked at room temperature for 15 minutes. The corresponding flow antibody was added at 4°C and incubated away from light for 30 minutes. The antibody was washed with PBS, and a CytoFLEX flow cytometer (Beckman Coulter Inc, USA) was used for sample detection. FlowJo vX.10 software (Ashland, OR, USA) was used for the analysis of FACS data.



Cell Counting Kit-8 (CCK-8) Assay

BMDMs well-grown were seeded in a 96-well plate at a density of 3×104 cells per well. The next day, cells were treated with Sang and incubated for 24 h. And then the culture medium was changed with a medium containing 10% CCK-8 solution (YEASEN Biological Company; Shanghai, lot: 40203ES76) and incubated for 1 to 4 h in an incubator. The optical density(OD) value at 450 nm was detected by a microplate reader. Cell viability was calculated in accordance with the formula in the instructions.



Western Blot

To lyse the cells,RIPA (Beyotime; lot: P0013B) and 1/100 PMSF lysis buffer (Beyotime; lot: ST506) were applied According to the instructions of the BCA quantitative kit (Beyotime; lot: P0010S), the protein content of the samples was measured based on a standard curve of protein. Based on the measured protein content of the sample, 5X loading buffer (Beyotime; lot: P0015) was added(1 μl loading buffer per 4 μl sample)and protein samples were boiled at 100°C for 8 minutes for protein denaturation. Next, 10% gels (Enzyme Biotechnology, Shanghai, China; lot: PG112) were used for SDS-PAGE analysis. Chemiluminescence Substrate (Thermo Fisher Scientific; lot: 32106) was used for immunoblotting, and finally, the images were analyzed using Quantity One software (BIO-RAD; ChemDoxTM XRS+ with image LabTM software). All antibody information is shown in Supplementary Table 1.



qRT-PCR

Extraction of the total RNA was performed according to the instructions of the TRIzol reagent (Invitrogen), and the RNA was then reverse-transcribed into cDNA by a reverse transcription kit (Takara, Dalian, China). Next, the SYBR Green PCR kit (Takara) was applied to perform real-time PCR according to the manufacturer’s instructions on the QuantStudio 6 Flex real-time PCR system (Thermo Fisher). All the primers were synthesized by Sangon Biotech (Sangon Biotech, Shanghai, China). All the primer sequences used are shown in Supplementary Table 2. The 2-△△Ct method was applied to analyze the real-time PCR data (30).



Preparation of Conditioned Medium (CM)

The experimental method was performed as previously described (31, 32), mature mononuclear macrophages were treated with IL-4, Sang, or the combination treatment for 24 h and then the original medium was replaced by a serum-free medium to be cultured for another 24h.The liquid supernatant was collected and then filtered twice with a 0.45-μM filter and stored in a -80 refrigerator until use. When used, the macrophage-conditioned medium was mixed with the fresh culture medium at a ratio of 1:1, and 10% FBS was added.



Endothelial Cell Tube Formation Assay

Matrigel (200 µl/well, BD Matrigel matrix, Catalog: 356234) was added to a 24-well plate and incubated at 37°C for 30 minutes for solidification. HUVECs were resuspended in different conditioned media; these cells were inoculated into a 24-well plate at a density of 1.5×105 cells/well and cultured in a 37°C incubator to observe tube formation and to photograph.



Scratch Wound Healing Assay

HUVECs were seeded into a 6-well plate at a density of 1×106 cells/well; when the cell density reached 80%, 3 parallel scratches was generated in the monolayer with a 200-µl pipette tip. After washing with PBS, the serum-free medium (control group) or macrophage conditioned medium (with or without Sang) was added to the respective wells. Images of the scratch were taken after 0 h, 6 h, 12 h, and 24 h, and the wound area was measured and assessed with the ImageJ software (ImageJ Software Inc., MD, USA).



Transwell Migration Assay

Transwell inserts (CORNING,lot: 3422) were removed, 50 µl of Matrigel was spread in the upper chamber, and these were placed in a 37°C incubator for 30 minutes. After solidification, 5×103 HUVECs resuspended in serum-free medium were inoculated. Five hundred microliters of complete conditioned medium (containing 10% FBS) was added to the lower chamber; after 12 h-18 h, the upper chamber was removed and wiped off the cells on the surface of the upper chamber. Next, it was fixed with paraformaldehyde (Boster; lot: AR1069) for 30 minutes, stained with crystal violet (Beyotime, lot: C0121-100 ml) for 30 minutes, washed with distilled water twice, repeatedly washed with water and air dried. The cells that migrated through the membranes for each insert were counted under a microscope.



RNA-Seq Analysis

M0 and M2 cells with good growth status were collected. Three biological replicates were established in each group. After adding TRIzol and blowing repeatedly, they were quickly transferred to an enzyme-free freezing tube. After quick freezing in liquid nitrogen for 30 minutes, they were transferred to a -80°C freezer for long-term preservation; Shanghai Meiji Biotech Co., Ltd. was entrusted to perform eukaryotic mRNA sequencing. Based on the Illumina NovaSeq 6000 sequencing platform, all mRNAs transcribed from cells in each group during the same period were sequenced.

RSEM software package was applied for quantitative statistics of the expression levels of genes and transcripts. Differential gene expression analysis was performed using edgeR and the screening threshold was |log2FC| ≥1 and p-value <0.05. Finally, differential genes screened were subjected to pathway enrichment analysis using the KEGG database.



Statistical Analysis

All the statistical analyses in this article were completed using SPSS software (Version 21.0), and all the data are presented as the mean ± SD of the results of three independent experiments., A t-test was used for statistical analysis for numerical variables conforming to a normal distribution.A One-way analysis of variance (ANOVA) was performed to test the homogeneity of variances between different groups, followed by a post hoc LSD test. Statistically significant differences were by the symbols*p<0.05, **p<0.01, and ***p<0.001). Nonsignificant was denoted as “ns” (p>0.05).




Results


Sanguinarine-Enhanced Tumor Regression and Angiogenesis Inhibition In Vivo

To evaluate the effect of Sanguinarine on tumor growth, C56BL/6 Lewis lung cancer mouse models were used. Different doses of Sanguinarine were injected intraperitoneally (i.p.) for 21 days. The results showed high-dose Sanguinarine and DDP significantly inhibited LLC cell tumor growth (Figure 1A). The tumors of mice treated with high-dose Sanguinarine (5 mg/kg) and cisplatin were much smaller (Figure 1B) and lighter (Figure 1C) compared with mice treated with low-dose Sanguinarine (2.5 mg/kg) or control group.In addition, the body weight of mice was also detected. The results showed that mice in the DDP group lost a significant amount of weight, while mice in the low-dose Sanguinarine and high-dose Sanguinarine groups did not have significant weight loss (Figure S1), indicating that high-dose Sanguinarine has a better antitumor effect with minor side effects. This was consistent with the results of previous studies (33).




Figure 1 | Sang may inhibit tumor growth and angiogenesis in mice through a TAM-dependent mechanism. A total of 5 × 105 LLCs per mouse were subcutaneously injected into the right flank of C57BL/6 mice, and then mice were intraperitoneally injected with saline (0.1 ml/mouse), Sang (2.5 mg/kg, 5 mg/kg) or cisplatin (2 mg/kg) from day 2. Tumor size was measured every 2 days, and following treatment for 3 weeks, the mice were sacrificed, and tumor tissues were isolated. Data are presented as the mean ± SEM of measurements from five mice per group. *p < 0.05; ***p < 0.001. ns, not statistically significant (p > 0.05). (A) Tumor volume curves; (B) Tumor tissues collected at the end point; and (C) Tumor weights. (D) The expression of CD31, (E) F4/80, and (F) CD206 in the subcutaneous tumor tissue of lung cancer mice were revealed by immunofluorescence staining. Nucleus was stained with DAPI solution. Scale bars: 100, 100, and 100 μm, respectively.



Angiogenesis is necessary for the transport of nutrients and elimination of metabolites for tumor cells. In other words, angiogenesis acts as a bridge for the growth of malignant tumor cells and distant metastasis. CD31, also known as platelet-endothelial cell adhesion molecule (PECAM-1), maintains the migration and survival of endothelial cells and is a direct indicator for the evaluation of angiogenesis (34). To investigate the effect of Sanguinarine on angiogenesis, immunofluorescence was applied to detect the expression of CD31 in the tumor tissues. Compared to the control group, the percentages of CD31+ positive cells were dramatically decreased in the high-dose Sanguinarine group but were unaffected in the low-dose Sanguinarine or the DDP group (Figures 1D, S4A), indicating that high-dose Sanguinarine can restrain tumor growth and angiogenesis.

Recent research has found that TAMs in the tumor microenvironment induce angiogenesis, which is considered to be the initiating “switch” for tumor angiogenesis and promotes tumor progression. Therefore, we next focused on exploring whether inhibition of tumor angiogenesis by Sanguinarine is related to TAMs from the perspective of the microenvironment. The expression of F4/80, a total macrophage marker, was detected. The results suggested that compared with the control group, there was no dramatic effect on the expression of F4/80 in the Sanguinarine-treated group (Figures 1E, S4B). Subsequently, the impact of Sanguinarine on CD206, that is, the M2 phenotype, was observed. The results implied that compared with the control group, percentages of CD206+ positive cells (M2-phenotype) were massively reduced in the Sanguinarine group (Figures 1F, S4C), indicating that the anticancer effects of Sanguinarine may be correlated with the inhibition of angiogenesis and the regulation of M2-type macrophages.



Inhibition of the M2 Polarization of Macrophages by Sanguinarine

The results of the above in vivo study initially revealed that the antiangiogenic effect of Sanguinarine is related to the regulation of TAMs. Further research on the regulation of Sanguinarine on the TAM phenotype was carried out, based on the different roles of M1 and M2 macrophages in tumor angiogenesis. First, bone marrow-derived macrophages (BMDMs) were isolated and cultured in the presence of M-CSF. After flow cytometry, the purity of CD11b+F4/80+ M0 macrophages was 98%, indicating that they developed into mature macrophages. Then, BMDMs were stimulated with IL-4 to induce M2 polarization. The flow cytometry results displayed that compared with the control group, IL-4 treatment markedly enhanced the CD206+ cell proportion(Figure 2A). Moreover, after IL-4 induction, the expression of CD206, an M2-type-specific protein, notably increased (Figure 2B). qRT-PCR detected that the mRNA expression of CD206 and Arg-1, both specific markers of M2 macrophages, was increased (Figure S2B). In addition, morphological observations suggested that monocytes gradually changed from rounded to flat and spindly under M-CSF culture; the cells became more prolate with pseudopodia after adding IL-4 (morphology of the M2 type) (Figure S2A), which is consistent with previous research reports (32). These results suggest that we have successfully established an M2 polarization model of macrophages.




Figure 2 | Sang suppresses M2 polarization in macrophages. Bone marrow-derived macrophages (BMDMs) were isolated from mice and treated with IL-4 (20 ng/ml) for 24 h for M2 polarization. (A) Flow cytometry analysis of the expression of the M2-like macrophage surface marker CD206. (B) Western blot analysis of CD206 protein expression in IL-4- stimulated BMDMs. (C) BMDMs were incubated in the presence of Sang at different concentrations (0, 0.2, 0.4, 0.8, 1, 2, and 4 µM) for 24 h, and cell viability was determined by the CCK-8 assay. (D) BMDMs in the presence or absence of IL-4 were treated with different concentrations of Sang (0.1, 0.3, and 1 µM), and the expression of CD68 and CD206 proteins was detected through a western blot assay. (E) Flow cytometry detection of CD206 expression treated with 1 µM Sang Each experiment was reproduced three times. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not statistically significant (p > 0.05).



Next, measurements of the IC50 value revealed an IC50 value of 1.81 µM for Sanguinarine-treated BMDMs (Figure 2C). Therefore, three types of Sanguinarine concentrations were set for further research that had no obvious effect on BMDM cell proliferation: 0.1 μM, 0.3 μM, and 1μM. The results showed that Sanguinarine markedly suppressed the protein expression of CD206 in M2 macrophages and showed concentration-dependent inhibition, whereas there was no effect on total macrophage CD68 protein expression (Figure 2D). The results of flow cytometry suggested that after Sanguinarine intervention, the ratio of F4/80+CD206+ M2 macrophages was 23.23± 5.10%, compared with the untreated F4/80+CD206+ ratio of 41.8 ± 4.47%, with statistical significance (p<0.01) (Figure 2E). Similarly, morphological alterations were observed under the microscope, and macrophages after Sanguinarine treatment became shorter and rounder with fewer pseudopodia and tended to be similar to the morphology before IL-4 polarization (Figure S2C). In summary, Sanguinarine can inhibit the polarization of M2 macrophages, thereby affecting their function.



Sanguinarine Inhibits Angiogenesis by Restraining M2 Polarization of Macrophages

We also examined whether the inhibition of M2 macrophage polarization through Sang-mediated would affect angiogenesis in the tumor microenvironment. Tube formation Assay revealed that M2-CM could obviously improve the vascular ring density of HUVECs, while most HUVECs in the M2-CM/Sang group did not have ring formation, with a significantly reduced number and density of vascular rings (p<0.01) (Figure 3A). Proliferation (35, 36) and migration of endothelial cells are both necessary steps for angiogenesis. The Wound Healing Assay results implied that M2-CM was able to increase the wound-healing rate compared to the untreated control, while this trend was reversed with the treatment of Sang (p<0.01) (Figure 3B). Transwell experiment results indicated that the number of HUVECs in the M2-CM group passing through the chamber increased significantly, while the number of HUVECs in the M2-CM/Sang group was considerably reduced (Figure 3C). The results above indicate that Sanguinarine can inhibit angiogenesis through inhibition of the polarization of M2 macrophages.




Figure 3 | Sang inhibits neovascularization by suppressing M2 macrophage polarization. Conditioned medium (CM) was used to determine the effects of Sang pre-treatment on angiogenesis promoted by M2-like macrophages. (A) Representative images of the HUVEC tube formation assay on Matrigel (magnification 20x) and quantification of tubes and branch points. (B) Representative images of the HUVECs wound healing assay at 0 h and 24 h, as well as quantitative analysis of the wound healing area. (C) HUVECs migration and invasion was detected using a Transwell assay. HUVECs were plated in the upper chamber, and the conditioned medium of macrophages after different treatments was collected and placed in the lower chamber. Representative images of HUVECs invasion, as well as quantification of the number of migrated HUVECs (20X). (D) Western blot assay for CD31 and VEGF protein expression in HUVECs that were co-cultured with macrophage-CM, and treated with Sang. Each experiment was reproduced three times. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not statistically significant (p > 0.05).



Vascular endothelial growth factor (VEGF) is the essential inducing factor for proangiogenesis, and when combined with the VEGF receptor (VEGFR) on endothelial cells, it mediates angiogenesis, changes vascular permeability, and mediates inflammation (37). Experimental results indicated that under M2-CM culture, the expression of CD31 and VEGF in HUVECs was critically increased, while under M2-CM/Sang culture, the expression of CD31 and VEGF in HUVECs was significantly inhibited (Figure 3D). Overall, these findings suggest that Sanguinarine may affect capillary like-tube formation of endothelial cells by regulating M2-type macrophage polarization.



Sanguinarine Inhibits Tumor Growth and Angiogenesis in Mice by Regulating the Polarization of M2 Macrophages

The above studies indicate that Sanguinarine can inhibit angiogenesis by regulating M2 macrophage polarization. Furthermore, our next objective was to evaluate if the findings in vitro were consistent with the effects in vivo. The model of macrophage clearance in Lewis lung cancer mice was constructed, as shown in the experimental flow chart (Figure 4A). The results showed that macrophage clearance alone and Sanguinarine treatment alone could inhibit tumor growth,(Figure 4B), manifesting in the smallest tumor (Figure 4C) and the lightest tumor (Figure 4D). The percentage of CD11b+F4/80+ macrophages significantly decreased in the spleen and tumor tissue treated with macrophage clearance (Figure S3 and Figures 4F, S6B, E), which is consistent with previous reports (38–40). In addition, the group treated with CLPs effectively decreased tumor size and load (Figures 4B–D), indicating that macrophages contribute to neoplastic progression. Unexpectedly, the tumor inhibition effect in the combination group was not significantly different from that in the Sanguinarine alone group, which could be related to the multitarget characteristics of Sanguinarine.




Figure 4 | Sang inhibits tumor growth and neovascularization in mice by suppressing macrophage M2 polarization. CLP (200 µl/mouse) was intraperitoneally administered on the day before starting tumor inoculation (day -1). A total of 5 × 105 LLCs per mouse were subcutaneously injected into the right flank of C57BL/6 mice (day 0), and then 100 µl of CLP per mouse was administered by intraperitoneal injection on days 4, 8, 12, 15 and 19 and Sang (5 mg/kg) from day 1. Tumor size was measured every 2 days, and following treatment for 3 weeks, the mice were sacrificed and tumor tissues isolated. Data are presented as the mean ± SEM of measurements from five mice per group. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not statistically significant (p > 0.05). (A) Experimental setup for depletion of macrophages in the Lewis lung subcutaneous transplantation mouse model. (B) Tumor volume curves; (C) Tumor tissues collected at the end point; and (D) Tumor weights. (E) The expression of CD31, (F) F4/80 colocalization with CD206, and (G) VEGF in the subcutaneous tumor tissue of lung cancer in macrophage-cleared mice was revealed by immunofluorescence staining. Nucleus was stained with DAPI solution. Scale bars: 100, 100, and 100 μm, respectively. In vivo, Sang reduced the secretion of VEGF by inhibiting M2 polarization, which ultimately resulted in inhibition of angiogenesis and tumor growth in mice.



Immunofluorescence co-staining demonstrated that the combination group had significantly reduced CD206 expression,(Figures 4F, S5B, S6A–D), which suggests that Sanguinarine exerts an influence by regulating the M2 phenotype but not reducing the overall population of macrophages.

Expression of the blood vessel marker CD31 in the tumor mass was detected by immunofluorescence. The results showed that clearance of macrophages reduced the signal expression of CD31. After combination therapy of macrophage clearance and Sanguinarine treatment, there was a more significant reduction in the signal expression of CD31 (as shown in Figures 4E, S5A). As expected, VEGF expression was decreased when treated with CLP and Sanguinarine alone, whereas the combination treatment exhibited a synergistic suppression (Figures 4G, S5C). Above all, these results suggest that tumor angiogenesis depends on M2 macrophages, and that Sanguinarine exerts an antiangiogenic effect by reducing VEGF expression, which is related to the regulation of M2 macrophages.



High-Throughput Screening of Differentially Expressed Genes of Macrophage Polarization Modulated by Sanguinarine

To clarify the molecular mechanism of Sanguinarine in the regulation of M2, RNA sequencing (RNA-seq) was subsequently applied to detect the whole-genome transcriptome levels of M0 and M2., The screening threshold for the genetic analysis of between-group variance was |log2FC| ≥1 and a p-value <0.05. We identified 6462 differential genes in the M2 vs. M0 group, of which 3370 were upregulated and 3092 were downregulated (Figure 5A). KEGG pathway analysis identified that these differentially expressed genes are mainly involved in the osteoblast differentiation pathway, cancer pathway, Toll-like receptor signaling pathway, cytokine receptor signaling pathway, VEGF signaling pathway, apoptosis, ferroptosis, WNT, etc. (Figure 5B).




Figure 5 | Sang regulates the M2 phenotype of macrophages by the WNT/β-Catenin pathway. RNA sequencing (RNA-Seq) was used to profile genome-wide gene expression and transcriptome changes in M0 and M2 macrophages. |log2FC| >1 and p-value<0.05 were taken as thresholds to screen differential genes. (A) Volcano plot showing the differentially expressed genes (DEGs) in M0 versus M2, n = 3. FC, fold change. (B) KEGG pathway enrichment analysis of differentially expressed genes (DEGs). Each of these blue entries represents a signaling pathway; broken yellow lines indicate the number of differential genes enriched in the pathway. (C) qRT-PCR was performed to determine Wnt ligand expression in M0, M2, and M2S. (D) Western blot assay for WNT5A and β-Catenin in M0, M2, and M2S, are considered to be key proteins in the non-classical and classic WNT/β-Catenin pathway, respectively. *p < 0.05; **p < 0.01; ***p < 0.001.



Multiple literature reports have shown that the WNT/β-Catenin pathway is involved in the differentiation of M2 macrophages (41–43), and prior studies by our group suggested that Sanguinarine might inhibit WNT/β-Catenin pathway activation (44). Therefore, RT-qPCR was applied to evaluate the mRNA levels of Wnt ligands. The results suggested that compared with M0 macrophages, the expression of all Wnt ligands increased in M2 macrophages, among which the expression of Wnt1, Wnt7a, Wnt7b, and Wnt10b improved the most significantly (p<0.05); after Sanguinarine intervention, compared with M2 macrophages, the expression of Wnt ligands was reduced, among which the expression of Wnt1 and Wnt7b was decreased the most significantly (p<0.01) (Figure 5C). The WNT ligand will bind to its receptor to activate the classic WNT signaling pathway, namely, WNT/β-Catenin, and β-Catenin represents the key switch for signal transmission. Results indicated that the expression of β-Catenin protein increased critically in M2 macrophages (p<0.05), while β-Catenin expression was dramatically attenuated after Sanguinarine intervention (p<0.01) (Figure 5D). The results above imply that WNT signaling is involved in the polarization of M2 macrophages and that Sanguinarine is highly likely to inhibit the polarization of M2 macrophages through inhibition of the WNT pathway.



Sanguinarine Targets the WNT/β-Catenin Pathway of Macrophages to Restrain M2 Polarization of Macrophages and Lung Cancer Angiogenesis

To further identify the mechanism of Sanguinarine involving the WNT/β-Catenin signaling pathway, the WNT/β‐Catenin activator SKL2001 was used. The results agreed with the outcome of Figure ​2C, showing that the expression of CD206 and β-Catenin was significantly suppressed after Sanguinarine-only treatment of macrophages, while SKL2001-only treatment increased the CD206 and β-Catenin levels. When administered in combination, the efficacy of Sanguinarine was antagonized by SKL2001 (Figure 6A).This outcome further proved that the WNT/β-Catenin pathway is involved in M2 polarization and that Sanguinarine can inhibit the WNT/β-Catenin pathway in M2 macrophages as well as the polarization of M2 macrophages.




Figure 6 | Sang inhibits M2-like polarization of macrophages and M2-mediated angiogenesis by targeting the WNT/β-Catenin pathway in macrophages. (A) The WNT/β‐Catenin activator SKL2001, alone or in combined with Sang, was utilized to treat BMDMs. Western blotting was performed to detect the protein expression of CD68, CD206, and β‐Catenin, and the results indicated that SKL2001 could upregulate β-Catenin and CD206 expression; however, β-Catenin and CD206 were markedly decreased following the SKL2001/Sang combination. (B–D) HUVECs were cocultured with M2 macrophages’ conditioned medium treated with SKL2001 alone or combined with Sang. (B) Representative images of the HUVEC tube formation assay on Matrigel (magnification 20x) and quantification of tubes and branch points. (C) Representative images of the wound healing assay of HUVECs at 0 h and 24 h, as well as quantitative analysis of the wound healing area. (D) HUVEC migration and invasion was detected using a Transwell assay. HUVECs were plated in the upper chamber, and the conditioned medium of macrophages after different treatments was collected and placed in the lower chamber. Representative images of HUVEC invasion and quantification of the number of migrated HUVECs (20X). Each experiment was reproduced three times. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not statistically significant (p > 0.05).



Moreover, tube formation experiments showed that in HUVECs cultured in SKL2001-CM, the density of vascular rings increased dramatically (p>0.05), while in HUVECs cultured in Sanguinarine together with SKL2001-CM, the number and density of vascular rings decreased dramatically (Figure 6B). In addition, the scratch experiment showed that scratches were significantly healed in HUVECs treated with SKL2001-CM (p<0.01), while in HUVECs cultured with Sanguinarine together with SKL2001-CM, scratch healing was significantly inhibited (p<0.01) (Figure 6C). In addition, the Transwell experiment showed that HUVEC migration and invasion increased significantly after SKL2001-CM treatment (p<0.01), while after treatment with Sanguinarine together with SKL2001-CM, HUVEC migration and invasion were inhibited (p<0.01) (Figure 6D). In summary, Sanguinarine can inhibit angiogenesis by inhibiting the WNT/β-Catenin pathway of M2 macrophages, which could be proven by the inhibition of the formation of vascular rings, proliferation, and migration of endothelial cells.




Discussion

Targeting tumor angiogenesis refers to an essential treatment strategy to block the invasion and metastasis of malignant tumor cells and to reduce cancer mortality. In this study, Sanguinarine inhibited the growth of tumors in Lewis lung cancer mice and angiogenesis. The antitumor angiogenesis effect of Sanguinarine is related to the regulation of TAMs, which is not linked to the decrease in total macrophage numbers but to the macrophage phenotype. Further research has found that Sanguinarine could exert an antitumor angiogenic effect by restraining the polarization of M2 macrophages and decreasing VEGF expression in endothelial cells. In addition, Sanguinarine reduced the mRNA expression of Wnt1 and Wnt7b and the protein expression of β-Catenin, a nuclear transcription factor in M2 macrophages. The results above suggest that Sanguinarine can exert an antitumor angiogenesis effect by targeting the WNT/β-Catenin pathway of macrophages to inhibit the polarization of M2 macrophages.

Studies have found that tumor angiogenesis has been closely related to the tumor microenvironment in recent years. Hypoxia, the growth factors CSF1 and VEGF, and chemotactic factors in the tumor microenvironment all contribute to increased macrophage recruitment and infiltration into the tumor matrix and blood vessel margins. Research suggests that TAMs are typically M2-polarized immunosuppressive cells in various tumors (45, 46). The M2 TAMs can directly activate angiogenesis through the release of VEGF, bFGF, and PlGF or indirectly activate angiogenesis through the release of matrix metalloproteinases (MMPs) to remodel the extracellular matrix and to improve the migration of endothelial cells (47), which could form new blood vessels and accelerate tumor progression. Therefore, inhibition of the M2 phenotype of macrophages has been proven to be a unique opportunity for effectively blocking tumor angiogenesis (48, 49). The experiments above indicated that inhibition of M2 macrophage polarization could inhibit angiogenesis and VEGF expression. These results are consistent with previous results, which could further confirm that M2-type TAMs promote tumor angiogenesis (31, 50). Previous studies have also found that macrophage clearance therapy alone could not significantly reduce the tumor growth of PDAC homogeneous mice in situ (32). However, according to the above findings, Sang and CLP alone significantly inhibited LLC cell tumor growth. Further studies have also shown that the effect of Sanguinarine on tumor suppression is independent of the reduction in the total number of macrophages but is correlated with the inhibition of M2 macrophages. It is considered that it may be due to the sensitivity to CLPs varying between tumor cells and models. In addition, we observed for the first time that the anti-tumor effect was enhanced after treatment by macrophage clearance combined with Sanguinarine. It is believed that TAM phenotypic regulation is not the only target of Sanguinarine. Our previous study pointed to Sanguinarine suppressing lung cancer stem cell (CSC) stemness and inhibiting the proliferation and invasion of lung CSCs (44). In addition, Sanguinarine exhibits multiple antineoplastic characteristics by inhibiting angiogenesis. Therefore, we reasoned that regulating the phenotype of TAMs is only one of the major targets of Sanguinarine action. An apparent synergistic effect is seen when clodronate-liposomes (CLPs) are combined. The results above suggest that Sanguinarine is a promising and exploitable natural anticancer compound with multiple targets and pathways.

The WNT pathway is not only closely related to the invasion and metastasis of lung cancer but also plays a vital role in the maintenance of TAM phenotypes and functions. Therefore, it is a potential clinical molecular target. Previous studies have found (51) that genes from invasive TAMs isolated from transplanted tumors in breast cancer mice were enriched in the WNT signaling pathway. Except for WNT8B, all the other WNT ligands and downstream molecules were increased, with the most obvious ones being WNT7B and 5B. The experiments above indicated that the expression of WNT ligands was significantly increased in M2 macrophages (compared with M0 macrophages), which is consistent with the gene expression analysis of murine myelogenous M2 macrophages in other groups (52). Interestingly, the mRNA levels of Wnt1, Wnt7a,Wnt7b, and Wnt10b were higher in M2 macrophages than in M0 macrophages, whereas the expression of Wnt1 and Wnt7b dramatically decreased in M2 macrophages after Sanguinarine intervention. These results suggest that macrophages might trigger WNT signaling activation in an autocrine manner to promote the polarization of M2 macrophages. The inhibition of M2 macrophage polarization by Sanguinarine might be related to the inhibition of the WNT pathway.

In addition, the expression of WNT5A in different types of cancers and TAMs remains controversial. In prostate cancer, WNT5A recruits and regulates macrophages through CCL2 to induce castrated prostate cancer (53). In breast cancer, WNT5A from TAMs can induce the expression of MMP-7, resulting in matrix remodeling (54). In contrast, data from our experiments showed that the expression of WNT5A was reduced in M2 macrophages (Figure 5D). However, WNT5A has been identified as a promoter protein of the non-classical WNT pathway, induced Ca2+, protein kinase C, Rho-GTPases, and the JNK pathway (55), indicating that the inhibition by Sanguinarine of M2 polarization may depend on the classical WNT/β-Catenin pathway. Among them, β-Catenin represents the key switch for signal transduction to downstream proteins in the classical WNT pathway. The results above showed that the expression of the β-Catenin protein was significantly increased in M2 macrophages, while after Sanguinarine intervention, its expression decreased. Moreover, it was discovered that with SKL2001 intervention, an agonist targeting the β-Catenin signal, the expression of the M2-specific protein CD206 and angiogenesis mediated by M2 increased. However, when the SKL2001 was used for antagonism, the expression of CD206 protein and angiogenesis were reversed, indicating that the WNT signal mediated by TAM-derived β-Catenin plays a central role in the polarization of M2 macrophages, which is consistent with previous research reports (56). Because Sanguinarine attenuated M2 polarization through the WNT/β‐Catenin pathway, it is suggested that Sanguinarine is a new type of regulator for the WNT/β-Catenin pathway targeting the polarization of M2 macrophages, which is considered to be a potential strategy for targeted treatment of lung cancer.

Vascular endothelial growth factor (VEGF), as the most specific angiogenesis-inducing factor, plays an essential role in the initiation of tumor angiogenesis (57). Research shows that WNT7B in breast cancer can stimulate endothelial cells to produce VEGF for angiogenesis (58). It is also observed in the experiments above that VEGF expression on HUVECs was upregulated in coculture with M2-CM compared with monocultured HUVECs. This upregulation was significantly weakened by Sang in HUVECs that were co-cultured with M2-CM (Figure 3D). At present, we do not yet know the direct relationship between WNT1, WNT7B, and β-Catenin derived from macrophages and VEGF from endothelial cells. This is also a limitation of our current research and will be the direction and focus of our subsequent research. However, the research above suggests that the WNT signal derived from macrophages may be at least partially involved in tumor angiogenesis. Activation of the WNT pathways is essentially engaged in macrophage-mediated angiogenesis and plays a crucial role in tumor invasion and metastasis.

Overall, the tumor microenvironment recruits TAMs to the tumor stroma and blood vessel edges through hypoxia and the release of the growth factor CSF1 or chemotactic factors. TAMs, with the abnormally activated WNT pathway and at the same time through autocrine signaling to promote polarization of the M2 type, secrete a variety of pro-angiogenic factors that eventually induce tumor angiogenesis. However, Sanguinarine can inhibit the occurrence of tumor angiogenesis by targeting the WNT/β-Catenin pathway derived from TAMs to inhibit the polarization of M2 macrophages (Figure 7). It was discovered for the first time that Sanguinarine is a new regulator for WNT/β-Catenin pathway that targets the polarization of M2 macrophages. This indicates that Sanguinarine is a promising candidate for targeting the polarization of M2 macrophages for antiangiogenic treatment in lung cancer.




Figure 7 | Sang targets the WNT/β-Catenin signaling pathway in TAMs, which represses M2 polarization and thus inhibits TAM-mediated neoangiogenesis. M2-like TAMs show upregulation of WNT ligands (1-7a-7b-10b), leading to transcriptional activation of β-Catenin. β-Catenin translocation into the nucleus induces M2 macrophage polarization, which further promotes the secretion of VEGF protein in HUVECs, leading to the initiation of tumor angiogenesis. However, Sang inhibited WNT/β-Catenin signaling in M2 TAMs by downregulating ligands (1-7b) and degrading β-Catenin. β-Catenin could not enter the nucleus to induce M2 macrophage polarization, which thus restrained the secretion of VEGF protein in HUVECs and ultimately suppressed tumor angiogenesis and tumor growth.
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Luteolin Chrysanthemi Flos (78)
Tangeretin Citrus Reticulata (79)
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Chrysin Propolis 81)
Isoflavones Daidzein Soybeans (82)
Daidzein Cyathulae Radix (83)
Daidzein Sojae Semen Praeparatum
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Genistein Eucommiae Cortex (83)
Flavonols Kaempferol Radix Bupleuri (83)
Kaempferol Polygoni Avicularis Herba (85)
Kaempferol Hippophae Fructus (86)
Kaempferol Paeoniae Radix Alba 83)
Myricetin Mori Fructus (87)
Myricetin Hippophae Fructus (88)
Myricetin Ginkgo Folium (89)
Myricetin Red wine (90)
Myricetin Black tea 91)
Quercetin Hedyotis Diffusae Herba (83)
Quercetin Radix Bupleuri
Quercetin Toosendan Fructus
Quercetin Slicing beans 92)
Quercetin Broccoli (93
Flavanones Naringenin Grapefruit pulp (94)
Naringenin Prunus yedoensis Mats (95, 96)
Hesperidin Viticis Fructus
Hesperidin Asteris Radix Et Rhizoma
Naringin Grapefruit juice
Flavanols EGCG Green tea ©7)
EGCG Ginkgo Semen
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Anthocyanidins  Delphinidin blueberry (98)
Delphinidin Ephedra Herba (83)
Pelargonidin Fritillariae Thunbrgii Bulbus
Pelargonidin Hippophae Fructus

Pelargonidin

Mori Cortex
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Flavones

Isoflavones

Flavanones

Flavanols

Anthocyanidins

Phytochemical

Kaempferol

Kaempferol
Kaempferol

Kaempferol

Quercetin

Quercetin

Quercetin

Quercetin
Diosmin

Apigenin

Apigenin

Apigenin

Luteolin

Luteolin

Luteolin

Chrysin
Chrysin

Chrysin

Genistein

Genistein

Genistein

Genistein

Hesperidin

Silibinin

Silibinin

Silibinin

EGCG

EGCG

EGCG

Theaflavins

Delphinidin

Pelargonidin

Epigenetic
modifications

HDAGC inhibitor
G9a inhibitor

HDAG inhibitor
HDAC inhibitor

DNMT1 inhibitor
DNMT3b inhibitor
DNMT3a inhibitor
Promotion of mir-146a
expression

Promotion of mir-217
expression

Promotion of mir-200b-
3p expression

Promotion of mir-34a
expression
DNA hypermethylation

HDAC inhibitor

HDAC inhibitor

HDAC1 inhibitor

HDACS inhibitor
Inhibition of p300
acetyltransferase and
histone acetylation;
Up-regulation of mir-195/
215et7c;
Down-regulation of mir-
1352

DNMT inhibitor

HMT inhibitor
Down-regulation of EZH2
DNMT inhibitor

HDAC inhibitor

HDACS inhibitor
HDAG2,3,8 inhibitor

Increase the expression
of TET1 and 5hme

Demethylation

Decreasing of DNA
methylation level

DNA methylation
feguiation and histone
modification

DNMT inhibitor

Hypomethylation

HDAC1,2,3 inhibitor

Improvement of total
DNMT activity;

Inhibition of the activity of
HDAC1, 2
Down-regulation of mir-
21 and mir-155

DNMTT inhibitor
DNMT3a inhibitor
DNMTBb inhibitor
Regulation of
LINC00511/mir-29b/
KDM2A axis

DNMTT inhibitor

HDACH inhibitor

HDAG2 inhibitor

Ga inhibitor

DNMT1 inhibitor
DNMT3a inhibitor

Dnmts inhibitor
Hdacs inhibitor
Dnmt inhibitor
Hdac inhibitor

Molecular targets

Down-regulation of P62;
Up-regulation of p-JNK and
CHOP

Down-regulation of DACT2 and
B-catenin

Activation of caspase-3 and Bax;
Inhibition of EGFR expression

Down-regulation of kras

Down-regulation of Notch
signaling pathway

Down-regulation of SIRT1;
Up-regulation of p53 and p21

Down-regulation of cyclin A, B
and CDK1;

Up-reguiation of p21"@/CP!
Decrease the expression of XIAP,
sunvivin, c-IAP1 and c-IAP2;
Disruption of Ku70-Bax
interaction

Up-regulation of p21*2"/°"! and
bax n transcriptional levels
Up-reguiation of POFUT and
DICER;

Down-regulation of E2F2,DOK2

Up-regulation of Nrf2,HO-1, and
NQO1 expression

Promoting p21 expression

Promoting STAT-1 and p21
expression

Promoting the expression of BAX
and inhibiting the expression of
boi2

Up-regulation of SFRP2, inhibition
of Wnt signal transduction;
Decreasing nuclear p-catenin and
increasing phospho-B-catenin
accumulation

Up-regulation of WNTSa

Down-regulation of Sfrp2,Sfrp5
and Wntsa

Up-regulation of RARB
And p16INKda

Down-regulation of EZH2,SUZ12
and EED

Up-regulation of caspase-9 and
bid
Up-reguiation of SCUBE2

Up-reguiation of G/EBP0,C/EBPe,
PCAF and p27

Up-regulation of Nrf2 and ARE

Up-regulation of Nrf2,NQO1 and
HO-1

Regulation of cell
phenotypes

1Autophagy

1Cell viabilty
Iproiferation
1Cell viabilty
Iproliferation
IProlferation
IMigration

TApoptosis
IProliferation
Jinvasiveness of
tumor cells
IViabilty

TAsymmetric cell
division
1Sel-renewal
IProliferation
TApoptosis
IProlferation
1Apoptosis
IProlferation
IProlferation
1Gell cycle arrest

TApoptosis
1Gell cycle block
1Cell survival rate

1Growth Arrest
tApoptosis

1Cell cycle arrest
1Cell migration

1Gell proliferation
1Gellular
transformation
1Gell growth
1Cell differentiation
1Gell proliferation
1Gell cycle
TApoptosis
1Cancer cell
migration and
invasion

1Cell viabilty
IProliferation
tApoptosis

1Cell prolferation

1Cell growth

1Cell viabilty

IMigration
Jinvasion

IProliferation
TApoptosis
1Cell growth
IMigration and
invasion
IProliferation
IMetastasis
Invasion
IProliferation
TApoptosis

1Cell Viabilty

1Cell carcinoma

1Cell deterioration

Dose

26,50,100 M

5-100 i
5-100 M

1.25-150 uM;
75 and 150 mg/kg

0,25,50,80 and 100
pvmi;
10 mg/kg
0,5, 10, 50, and 100

™
50 um

31.25 pM
0,50,100,150,200 and
250 uM
0,10,

20 and 40 uM
5-40 uM;
20,50 g

20-40 uM;
20 and 50 ug
10uM and 25,M;
100 mg/kg

10- uM,20- uM

10- M and 20- M

10,20, and 40 puM;
45 or 90 mg/kg
40,120 uM
0,10,20,40,80,160
uM;

20 mgkg

75 mmol/L

75 pmol/

140 mg/kg

2-100 pmolL

07810
25 mm;250,500,1000
ppm
3.75-12.5 uM

25-75 g/ml

0-300 M

0-100 uM

0-100 uM

30,40 uM

0,25, 50,75, 100,
125, 150 pg/mi;
0.02 mg/kg, 10 mg/kg
0-100 uM

0-,10,30,50 M

In vitro model  In vivo model
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TMAPK, NF-xB signaling pathways

1L-12

ITGF-B, Indoleamine 2,3-dioxygenase, IL-10;
tiL-12

1CX3CL1, TNF-a., Fas/FasL signaling
pathway

TIFN-y, IL-2, TNF-o.

TIL-2, IL-12, INF-y

ITAMs/CXCL1 signaling pathway

ITGF-B and p-STAT3

1Arg-1, iNOS, STAT3 |p-Akt, p-MEK, p-
ERK, p-STAT3

1IL-10, TGF - B

ITGF-B/CCL9 signaling pathway
1STAT3/S100A9/Bcl-2/caspase-3 signaling

pathway
ImTOR/S6K1/Myc signaling pathway

Specific main effects

tMacrophages

tMacrophages activity and M1
tMacrophages activity and M1

1The number and polarization of M1
1Proliferation and polarization of M2
|Function and polarization of M2

1The conversion of TAMs from M2 to M1
1The maturation and percentage of DCs
1The number and maturation of DCs

1The killing activity of DC-cCSC FCs

TNK cell tumor infiltration and NK cell cytotoxicity

1The recruitment and cytotoxicity of NK cells
1The number and tumor-killing activities of NK
cells

1The number and cytotoxicity of NK cells
1The differentiation of HSPC into MDSCs

| The function of MDSCs

1The proportions of MDSCs subsets; tApoptosis

of MDSCs
1The differentiation of MDSCs

1The content of G-MDSC and M-MDSC

1The elimination of MDSCs (especially G-MDSCs)

1The differentiation of BMCs into MDSCs

Cancer types

Colorectal cancer
Lewis lung cancer
Hepatocellular
carcinoma
Orthotopic lung
cancer

Breast cancer
Colorectal cancer
Gastric cancer
Hepatocellular
carcinoma
Non-small cell lung
cancer

Colorectal cancer
Lewis lung cancer
Lewis lung cancer
Colorectal cancer

Colorectal cancer

Breast cancer

Lewis lung cancer

Hepatocellular
carcinoma
Breast cancer

Orthotopic lung
cancer
Lewis lung cancer

Ref

(21)
(22)
(23)
(24)
(25)

(27)

33)
(34)

(29)

(40)

1, Up-reguiated or enhanced: |, Down-regulated or inhibited.





OPS/images/fonc.2021.746917/table2.jpg
Chinese medicine
compounds

Immune cells

CD4* T
lymphocytes

Yu-Ping-Feng

‘Yangyin Wenyang
Quxie capsule
Compound Sophorae

Decoction
JC-001

cD8* T
lymphocytes

Compound kushen
injection

‘Yangyin Wenyang
Tien-Hsien liquid
Yu-Ping-Feng

JC-001

Shugan Jianpi formula
Xiao-Ai-Ping

Shengi Fuzheng

Injection
Quxie capsule

Tregs
JC-001
Feiyanning Decoction
Yi-Yi-Fu-Zi-Bai-Jiang-
San
Xihuang Pill

Fuzheng Fangai

Signaling pathway/Cytokines

1IFN-y/IL-4 ratiotIL-12, TNF-o,, IFN-y; JIL-
10, IL-5, IL-4

1TMHC Il in Macrophages; 11L-2, IL-12;
ITGF-B, IL-4

1TNF-0,IL-2,IFN-y; 1IFN-y/IL-4 radio
1Foxo1, T-bet

ISTATS, IL-17

1IL-2, IL-10, TNF-a, IFN-y; | TGF-B, IL-17A
1T-bet, GATA-3

ILag-3, PD-1, TIGIT,Tim-3;

1TNF-o,, Perforin, IFN-y, Granzyme-B

TMAPK, NF-xB signaling pathways

TIFN-y, IL-2, TNF-ou

11L-12 p70, IFN-y

1Perforin, IFN-y, Granzyme-B
JIL-10, TGF-B, VEGF

|Foxp3 induced bytFoxo1
|Foxp3, RORyt

1Foxp3

1IL-6, CCXL13, IL-10
|PIBK/Akt/AP-1 signaling pathway

JIL-17, IL-23, IFN-y, Foxp3, RORmt,
SOCS3, JAK2, STAT3

Specific main effects

1Th2-biased immune state

1Th1 immune response; 1The lysis capacity of
CD4'T cells

1The proportion of CD4'T cells

1The differentiation of T cells into Th1; 1The ratio of
Th1/Th2

1The ratio of Th1/Th2

1The proportion of Th17

1Th1 function; JTh17 function

1Th1 function; JTh17 function

1CD8*T cells exhaustion;

1CD8*'T cells cytotoxicity

1CD8"'T cells generation by mature DCs

1The number and cytotoxicity of CTLs

1The proportion of CD8'T cells

1CD8'T cells generation

1CD8'T cells apoptosis

1CD8*'T cells proliferation and function

1The cytotoxic and migratory activities of Jurkat T
cells

1The proportion of Treg; | The ratio of Th17/Treg
cells

1Treg function

1The number of Tregs

|Tregs activated by ETBF

1The proliferation of Tregs; 1The apoptosis of
Tregs

1The proportion of Th17 and Treg; Restore the
balance of Th17/Treg

Cancer types

Hepatocellular
carcinoma
Orthotopic lung
cancer

Lewis lung cancer
Non-small cell lung
cancer

Colorectal cancer
UCRCC

Lewis lung cancer
Hepatocellular
carcinoma
Hepatocellular
carcinoma
Non-small cell lung
cancer

Colorectal Cancer
Lewis lung cancer
Lewis lung cancer
Breast cancer
Lewis lung cancer
Melanoma
Colorectal cancer
Hepatocellular
carcinoma

Lewis lung cancer
Colorectal cancer

Breast cancer

Lewis lung cancer

Ref

(44)

(89)
(36)

(46)

(52)
(53)

(54)

1, Up-requiated or enhanced: |, Down-regulated or inhibited.
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. A
L [ \ : S - ;
m2 ) A ,
@ /'./ : o S Exhausted CD8*T
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Study
(NCT-number)

impower150
(46, 47),
NCT02366143)

Keynote189
(36),
(NCT02578680)

Keynote407
(87),
NCT02775435)
PACIFIC (40),
NCT02125461)

Checkmate-227
(56, 57),
NCT02477826)

Checkmate-9LA
(58, 59),
(NCT03215706)

Checkmate-026
(61).
(NCT02041533)

Camel-sq (38),
(NCTO3668496)

Trial group

Previously untreated non-
squamous NSCLG patients
without EGFR/ALK aberrations

Patients with advanced non-
squamous (NSCLC) without an
EGFR/ALK alteration

Patients with previously
untreated metastatic squamous
NSCLC

Patients with unresectable
stage lll NSCLC without
progression after
chemoradiotherapy

Patients with unresectable
stage lll NSCLC without
progression

Patients with treatment-naive,
histologically confirmed stage IV
or recurrent NSCLG without an
EGFR/ALK alteration

Patients with untreated stage IV
or recurrent NSCLC and a PD-
L1 tumor-expression level of 1%
or more

Chinese patients with advanced
non-squamous NSCLC and
negative EGFR/ALK mutation

Trial design

Atezolizumab+Carboplatins Paciitaxel+
Bevacizumab (ABCP); Atezolizumab+
Carboplatin+Pacitaxel (ACP); Carboplatin-
Pacitaxel+ Bevacizumab (BCP)

Pembrolizuab+Chemotherapy; Placebo+
Chemotherapy
Pembrolizuab+Chemotherapy; Placebo+
Chemotherapy
Durvalumab-+Chemotherapy; Placebos

Chemotherapy

Nivolumaby+lpiimumab; Chemotherapy

Nivolumabs+lpiimumab-+Chemotherapy;
Chemotherapy

Nivolumab; Chemotherapy

Camrelizumab+Chemotherapy; Placebo+
Chemotherapy

Primary end points

PFS (Tef-high WT): NR*
OS (ITT-WT): median, ACP vs. BCP = 19.0 vs.

14.7 months median, ABCP vs. BCP = 19.5 vs.
14.7 months ABCP group is of great significance to
iver metastasis and EGFR mutation

OS: median, 22.0 vs. 10.7 months.

PFS: median, 9.0 vs. 4.9 months

0OS: median, 17.2 vs. 11.6 months
PFS: median, 8.0 vs. 5.1 months

OS: median, 47.5 vs. 28.1 months
PFS: median, 16.9 vs. 5.6 months

08: (PD-L1 21%): median, 17.1vs. 14.9 months
(PD-L1 250%): median, 21.2 vs. 14.0 months (PD-
L1 <1%): median, 17.2 vs. 12.2 months

OS: median, 15.8 vs. 11.0 months.
PFS: median, 6.7 vs. 5.3 months

PFS (PD-L1 25%): median, 4.2 vs. 5.9 months.

OS: median, NR* vs. 14.5 months
PFS: median, 8.5 vs. 4.9 months

Secondary end point

ORR: NR*
DOR: NR*

ORR: 48.3% vs. 19.9%
DOR: median,12.4 vs. 7.1
PFS2: median, 17.0 vs. 9.0
months

ORR: 62.6% vs. 38.4%
DOR: 8.8 vs. 4.9months
PFS2: 13.8 vs. 9.1months
NR*

DOR: (PD-L1 21%): 23.2 vs.

6.7 months; (PD-L1 250%):
31.8vs. 5.8 months; (PD-L1
<1%): 18.0 vs. 4.8 months
ORR: 38% vs. 25.4%

DOR: 13.0 5. 5.6 months.

0S: 14.4 vs. 13.2 months

ORR: 64.8% vs. 36.7%
DOR: median, 13.1 vs. 4.4
months.

Adverse reactions greater
than or equal to grade 3

Gr 3-4 treatment-related AEs
occurred in 43%, 57%, and
49% of patients in ABCP, ACP,
and BCP, respectively.

Gr 3-5 immune-mediated
adverse reactions and infusion-
related reactions occurred in
10.9% and 4.5%, respectively
Gr 3-6 treatment-related AEs
occurred in 74.1% vs. 69.6%

NR*

Gr 3-4 treatment-related AEs
occurred in 33% vs. 36%

Gr 3-5 treatment-related AEs
ocourred in 47% vs. 38%

(The incidence of blood toxicity
was higher in the chemotherapy
group than in the chemotherapy
group)

Gr 3 treatment-related AEs
occurred in 71% vs. 92%; Gr 4
treatment-related AEs occurred
in 18% vs. 51%

Gr 3-6 treatment-related AEs
occurred in 73.6% vs. 73.6%

“There is no report in the recently updated data of the trial.
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ID

MOL001320
MOL001321
MOL000771
MOL002690
MOL000340
MOL002737
MOL000006
MOL000415
MOL004474
MOL000414
MOL001456
MOL010858
MOL002111
MOL002143
MOL002146
MOL000360
MOL001935
MOL000422
MOL000513
MOLO11782
MOL002208
MOL002209
MOL000114
MOL002181
MOL002049
MOLO11786

Active Component

Amygdalin
Mandelonitrile
P-Hydroxycinnamic acid
Hydroxysafflor-yellow-A
3-Phenylpropionic acid
Scutellarein

Luteolin

Rutin

4-Ethylphenol

Caffeic acid

Citric acid

Tianshic acid
Butylidenephthalide
Senkyunolide C
Senkyunolide F
Jionoside B1

Ferulic acid
paeonilactone B
Kaempferol

Gallic acid

Ligustiide
Senkyunolide A
Senkyunolide G

Vanillic acid
4-Hydroxy-3-Butylphthalide
Ferulaldehyde
Senkyunolide E

Mw

457.48
133.16
164.17
612.59
150.19
342.34
286.25
610.57
122.18
180.17
192.14
330.52
188.24
204.24
206.26
814.78
194.20
196.22
286.25
170.18
190.26
192.28
208.28
168.16
206.26
178.20
204.24

nOHNH

PO N =N

S

k=T AR

e N = I - I SIF NI N}

nON

WWNO N A

WOORONN OO RN

miLog P

-2.30
1.20
1.64
-4.45
1.93
3.10
2.07
-1.45
2.51

1.37
-1.39
3.67
3.00
2.74
1.84

1.62
-0.10
1.77
0.63
2.94
3.19
2.54
1.15
2.99
1.67
1.90

Source
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Compound

Senkyunolide E
Kaempferol

Luteolin

Rutin

Scutellarein
Senkyunolide C
Hydroxysafflor yellow A
4-Hydroxy-3-Butylphthalide
Senkyunolide G

Ferulic acid
Senkyunolide A

Degree

166
158
157
162
151
148
148
147
146
134
128

Betweenness Centrality

0.11965001
0.06122716
0.05458365
0.07629322
0.05224282
0.07755585
0.05995414
0.05197661
0.04863749
0.04116615
0.03593588

Closeness Centrality

0.65498652
0.62790698
0.62467866
0.60902256
0.60598504
0.5970516
0.5970516
0.59413203
0.59124088
0.55862069
0.54362416
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Molecule Name Target Name Docking score (kcal/mol)

Kaempferol AKT1 -56.8
Kaempferol HRAS -5.4
Kaempferol MAPK14 7.6
Luteolin AKT1 -6.1
Luteolin HRAS -6.9
Luteolin MAPK1 -6.7
Luteolin MAPK14 -8.0
Senkyunolide E AKT1 -4.9
Senkyunolide E MAPK1 -5.3

Senkyunolide E MAPK14 -7.5
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Gene name

Forward and Reverse Primer (5't03')

Amplicon length

HRAS-F
HRAS-R
MAPK1-F
MAPK1-R
AKT1-F
AKT1-R
GRB2-F
GRB2-R
MAPK14-F
MAPK14-R
beta-Actin-F
beta-Actin-R

5'-TGCCATCAACAACACCAAG-3'
5'-CCTGCCGAGATTCCACA-3'
5'-CCAGAGCAAGTCCTCCAG-3'
5'-GGCACCAACAGTACAAAGC-3'
5'-AAGCCCCAGGTCACGTC-3'
5'-TCGCTGTCCACACACTCC-3'
5'-CTGGAGCGTTTGCTGTG-3'
5'-CCAGGTGTAGAATGCCAGA-3'
5'-CACAGGGCCACCTTCTT-3"
5'-GCACCTCCCAGATTGTCTT-3'
5'-TCTCCCAAGTCCACACAGG-3'
5'-GGCACGAAGGCTCATCA-3'

143

130

116

131

100

127
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Included studies

Ning.J.L (2015)
Zhang SH (2014)
Li.D.M (2020)

Wang.J.Y (2017)
Zeng.HX (2014)
Yang.L (2016)

Yang.W.J (2016)

Guo.J (2013)
JindJ (2016)
Zhang.Q (2011)
Zhao.QF (2019)
Shi.Q.H (2013)

TNM stage

ns-v
-1V
ns-v

ns-iv

ns-v
-1V

ns-v

ns-v
-1V
-1V
-V

ns-v

Patients
Exp/Con

93/93
55/55
50/50

40/40
23/23
32/32
43/43

32/31
49/49
39/39
45/45
25/20

Therapeutic regimen

Experimental

Con + KLT*
Con + KLT*
Con + KLT®

Con + KLT®
Con + KLT*
Con + KLT*
Con + KLT*

Con + KLT*
Con + KLT*
Con + KLT*
Con + KLT*
Con + KLT*

Control

Gefitinib
Gefitinib
Gefitinib

Gefitinib
Gefitinib
Gefitinib
Icotinib

Erlotinib
Gefitinib
Gefitinib
Gefitinib
Gefitinib

Dosage
of kanglaite
(daily)

200 ml
200 mi
279 Qid

279 Qid
200 ml
200 ml
200 ml

200 ml
200 ml
100 mi
200 ml
100 ml

Dose of EGFR-TKI
(daily) (mg)

250
250
250

250
250
250
375

150
250
250
251
250

Duration

8 weeks
9 weeks
Not
provide
60d

6 weeks
6 weeks
9 weeks

9 weeks
3 weeks
9 weeks
3 weeks
60d

Outcomes
measure

IF
DCRORR KPS AE
DCR ORR AE

DCR ORR AE

IF AE KPS

IF

DCR ORR KPS
IF AE

DCR ORR IF AE
DCR ORR IF AE
DCRORRKPS AE
DCR ORR IF AE
DCR ORR KPS

Con, control group; Exp, experimental group; DCR, disease control rate; ORR, objective response rate; KPS, Kamofsky performance status; IF, Immune function; AE, ackerse event.

*Kanglaite injection.
bKanglaite capsule.
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Parameter

DCR

ORR

Factorsat study

Sample size
>80

<80
Form of KLT
Injection
Capsule
Duration
3w

ow
Sample size
80

<80
Form of KLT
Injection
Capsule
Duration
3w

ow

Experimental
Patients(n)

282
96

288
90

94
169

282
96

288
90

94
169

Control
Patients(n)

282
90

282
90

94
168

282
90

282
90

94
168

Analysis
method

Fixed
Fixed

Fixed
Fixed

Fixed
Fixed

Fixed
Fixed

Fixed
Fixed

Fixed
Fixed

2

o

)

o

IS

Odds
ratio (OR)

3.44
2.87

3.48
215

1.42
1.34

2.96
1.89

254
3.03

332
229

95%Cl

2.17-5.44
1.43-5.74

2.31-5.46
0.77-6.01

1.19-1.70
1.18-1.53

2.01-4.37
1.04-3.42

1.80-3.58
1.13-8.14

1.79-6.15
1.47-3.57

p-value

<0.00001
0.003

<0.00001
0.14

0.0001
<0.00001

<0.00001
0.04

<0.00001
0.003

0.0001
0.0002
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Pharmacological effects

Promotes tumor cell apoptosis
improves the immunity

Inhibits migration and invasion

Inhibits profferation

Types

NSCL A549 cells
Lewis lung carcinoma
Lewis lung carcinoma
NSCL A549 cells
NSCL A549 cells
Serum sample

Main anticancer mechanism

Mechanism of the intrinsic mitochondrial pathway (Lu et al., 2013)
Regulates the expression of NF-xB/IkB, increases IL-2 (Pan et al, 2012)
Decreases the TAM levels and improves hypoxia status (Duan, 2018)
Inhibits JAK2/STATS signaling pathway (Wang and Wang, 2019)
Downregulates the S100A4 (Luo et al,, 2017)

Reduces the expressions of MRNA-21 (Wu et al., 2018)

Fraction

Polysaccharide
Coix seed extract
Coix seed extract
Coix seed extract
Polysaccharide

Coix seed extract
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