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Pulsatilla chinensis (Bge.) Regel (PC) is one of the most commonly used Chinese medicines and has a history of thousands of years. This article reviews the research results of anti-cancer activity and its mechanism of action obtained from experimental, clinical, pharmacokinetic and bioinformatic studies in recent years. A large number of studies have shown that PC exerts had anti-cancer effects on different types of tumor cells by inhibiting cell proliferation, inducing apoptosis, inhibiting cell cycle and energy metabolism, inducing autophagy, and inhibiting angiogenesis. The literature has shown that PC can trigger the expression of autophagy-related molecules, activate the mitochondrial apoptotic pathway, inhibit the phosphorylation of PI3K downstream factors, down-regulate the expression of glycolysis-related proteins, and regulate a series of cancer-related signal pathways and proteins. The molecular mechanisms involved in PC include signal pathways such as Notch, PI3K/AKT/m TOR, AKT/mTOR, and MEK/ERK. The article also discusses the derivatives of the active ingredients in PC, which greatly improved the anti-cancer effect. In conclusion, this review provides a comprehensive overview of the biological effects and mechanisms of PC against cancer. The analysis of the literature shows that PC can be used as a potential drug candidate for the treatment of cancer.




Keywords: Pulsatilla chinensis (Bge.) Regel, anti-tumor, molecular mechanism, clinical researches, pharmacokinetic studies, bioinformatics research





Graphical Abstract | 




Retrieval Method

Information on the studies of Pulsatilla chinensis (Bge.) Regel (PC) is collected from scientific journals and reports via library and electronic data search (PubMed, Baidu Academic, Google Scholar, Science Direct, ACS, Web of Science, and CNKI). Meanwhile, it is also obtained from published works of folk records, ethnopharmacological literature, Ph.D. and Master’s Dissertation. The specific search results are as follows.

The keywords of the second part are “chemical composition of PC”. A total of 32 pieces of literature were retrieved. The keywords of the third part are “PC anti-tumor”, “PSA anti-tumor”, “AB4 anti-tumor”, and “PSA anti-tumor”. A total of 79 pieces of literature were retrieved. After the screening, 62 kinds of literature met the requirements. The keywords of the fourth part are “anti-tumor of PC” and “clinical application of PC”. A total of 7 literature were retrieved. 3 literature were screened to meet the requirements. The keywords of the fifth part are “PC pharmacokinetics”. A total of 11 pieces of literature were retrieved. The keywords of the sixth part are “network pharmacology of PC”, “modern technology of PC”, and “molecular docking technology of PC”. A total of 3 literature were retrieved.



Introduction

Traditional Chinese medicine (TCM) has been an integral part of healthcare in China for thousands of years. In modern medicine, Chinese herbs also have been used to treat a variety of diseases. For example, the anti-cancer effect of Pulsatilla chinensis (Bge.) Regel (PC) had been found in previous research studies. PC is a common TCM, which belongs to the plant genus Pulsatilla of the Ranunculaceae family. Because PC likes to be born in fields, wetlands, riverbanks, and damp grasses, it is widely distributed in China, such as Sichuan, Hubei, Jiangsu, Jilin, Heilongjiang, etc. In addition, PC has also been found in North Korea and the Russian Far East.

The first description of PC was recorded in the Shijing as early as the Western Zhou Dynasty. In addition, PC was first documented as a medicinal material in Shen Nong’s Herbal Classic, recording that it tasted bitter and cold. It is mainly used for treating malaria fever, dispelling dampness and heat, cooling blood, relieving pain, and treating malignant sores. Among them, concretions and gatherings were referred to as a type of tumor in modern medicine.

In recent years, a large number of literatures have reported that the pentacyclic triterpenoid saponins in PC (PC saponins) have significant anti-tumor activities in vitro and in vivo, such as inhibition of cell proliferation, effects of signal transduction, apoptosis and tumor invasion, etc (1). Modern pharmacological studies have shown that a large number of researchers have conducted extensive research on PC saponins, for their cancer chemopreventive potential against various cancers, for instance, gastric cancer, lung cancer, breast cancer, cervical cancer, hepatocellular carcinoma, pancreatic cancer (2), leukemia, colon cancer, multiple myeloma, etc (3). In particular, pulsatilla saponin A (PSA) (4), Anemoside B4 (AB4) (5), raddeanoside R13 (R13) (6), and Pulsatilla saponins D (PSD) (7) proved to have strong anti-tumor effects too. At the same time, it has also been widely studied.

As people pay more and more attention to the anti-cancer effects of PC, a lot of researchers had been conducted on its pharmacological effects and clinical applications. However, the literature lacked a systematic and comprehensive review of the anti-tumor effects of PC. Considering the complexity of TCM, more scientific research was needed to determine its chemical composition, biological activity, and potential molecular mechanism. In this review article, the mechanisms and biological effects of PC were reviewed from seven aspects: cell proliferation, apoptosis, cell cycle, energy metabolism, drug resistance, autophagy, and angiogenesis. And through the evaluation of its curative effect and therapeutic use, its clinical application value was discussed. This article also discussed the pharmacokinetic and bioinformatic studies of PC and proposes future research directions, to make this review article a useful reference resource for researchers.



Chemical Ingredients

In recent years, more and more scientists have paid attention to the bioactive molecules and anti-tumor activity of PC. Early literature reported that PC contained Anemonin, Okinalin, and Okinalein, etc (8). Subsequently, triterpene acids, lignans, carotinosides (9), non-O-linked glycoprotein components PCG-A (10), and a toxic protein AME (11) were gradually isolated from PC. According to the literature, the anti-tumor components of PC were mainly pentacyclic triterpenoid saponins. Chen Wenkan (12, 13), Yoshihirol (14, 15), etc. respectively extracted and separated various lupinane triterpenoid saponins and oleanane triterpenoid saponins from PC. And their aglycones were mainly divided into three types: oleanolic acid sapogenin, ivy sapogenin, and 2,3-hydroxy betulinic acid sapogenin (16). The names of these constituents were listed in Table 1, and their chemical structures were shown in Figure 1. In addition, the structure-activity relationship indicated that oleanane-type saponins had better cytotoxic activity than lupinane-type saponins. This was inseparable from the free carboxyl group on the aglycon C-28. Similarly, the length and bonding degree of the ethanol chain on the aglycon C-3 also had an important influence on the cytotoxic activity (30).


Table 1 | Types of saponins in Pulsatilla chinensis (Bge.) Regel.






Figure 1 | The types of Pulsatilla chinensis (Bge.) Regel aglycones.



Some studies showed that Pulsatilla saponin D (PSD) and Pulsatilla saponin A (PSA) had the strongest anti-tumor activity among PC saponins, and their IC50 for NCI-H460 cells were 5.2, and 7.9 μg/mL, respectively (31). Among these biologically active molecules, the release of the carboxyl group at position C-28 of PSD was essential for the anti-tumor activity of saponins. At the same time, the type of aglycon, the number of sugar groups, and the sugar chain sequence were rha(1→2)[glc(1→4)ara saponin, which had strong anti-tumor activity (32). Notably, to better apply the active compounds of PC saponins in clinics, PSA and PSD derivatives with C ring or C-28 or C-3 modifications were synthesized (32). In addition to PSD and PSA, raddeanoside R13 (R13) had clear anti-tumor activity and their IC50 for NCI-H460 cells was 4.6 μg/mL.

Among the PC, anemoside B4 (AB4) had the highest content in the herb, and it was used as a quality control marker for the PC, quantified as over 4.6% (33). At present, AB4 is the most studied active compound in PC. And some researchers reviewed the pharmacological effects of AB4 (34). However, the anti-tumor effect of AB4 had not been elucidated in detail. Particularly, studies have confirmed that AB4 can reduce the toxicity of cisplatin. After 10 days of intraperitoneal injection at a dose of 3 mg/kg, the inhibitory rate of AB4 (98.4%) on tumor cells was greater than that of cisplatin (95.1%) (35). This will provide a direction for the future anti-tumor research of AB4.



Anti−Tumor Effects

This article provides a comprehensive review of the literature on the anticancer activity of PC. The anti-tumor mechanism of PC is mainly to inhibit cell proliferation, induce apoptosis, inhibit cell cycle, regulate cell energy metabolism, reverse drug resistance, induce autophagy and inhibit angiogenesis. The specific molecular pathways are shown in Table 2 and Figure 2.


Table 2 | The studies of Pulsatilla chinensis (Bge.) Regel. on different cancer cell lines and normal cell lines.






Figure 2 | Molecular mechanism of Plusatilla chinensis (Bge.) Regel.




Inhibition of Tumor Cell Growth and Proliferation

More and more TCM plays a role in different stages of tumorigenesis (73). Mechanistically, these treatments inhibit the synthesis of DNA, RNA, and proteins and thus inhibit the proliferation of tumor cells (74). Next, we will discuss the important mechanism of PC extract anti-tumor and the tumor inhibition rate at different doses.


Pulsatilla saponin D

A previous study had shown PSD had a potent inhibition rate of tumor growth (IR, 82%) at the dose of 6.4 mg/kg on the BDF1 mice bearing LLC cells (36). Similarly, PSD had the strongest effect on human colorectal adenocarcinoma cell HT-29 (IC50 = 3.76 μg/mL). It is reported that PSD can achieve an anti-tumor effect by enhancing the expression of Caspase3 protein and LC3-II protein (37). Moreover, the investigation found that the anti-proliferative effect of PSD was demonstrated by increasing levels of cleaved caspase-3 and decreasing Bcl-2 expression via mitochondrial membrane potential, as well as elevating numbers of terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) (39). Admittedly, PSD, at doses of 5 and 10 µM, strongly inhibited up to 80% of cell growth in a dose-dependent manner. Further exploration showed PSD (4.5, 6.0 mg/kg) had a significant inhibitory effect on the H22 hepatoma solid tumor in mice, and the tumor inhibition rates were 38.67% and 41.59%, respectively. It was found that PSD could increase the expression of Wnt protein in tumor tissues, and decrease the relative expression of C-Myc and β-catenin proteins (40). In addition, it had been suggested that PSD inhibited the abnormal activation of the Wnt, which led to the timely degradation of β-catenin, thereby inhibiting the downstream gene cyclin D1and cMyc (46). Therefore, the results of this experiment suggest that PSD had a significant inhibitory effect on cell proliferation. The mechanism may be related to inhibiting the activation of the Wnt/β-chain protein signaling pathway (45).



Pulsatilla Saponin A

PSA can be combined with 5-fluorouracil or used alone. The effect showed that protein 53 and cleaved caspase 9 were increased. At the same time, B-cell lymphoma 2 protein expressions were decreased (38). PSA can promote the overexpression of miR-24-3p, and then target the down-regulation of RNF2 expression to inhibit tumor cells. Therefore, PSA may influence the proliferation of cancer cells through the Mir-24-3p/RNF2 pathway (75). In addition, recent studies have shown that PSA also regulated JAK2/STAT3 signaling pathway to inhibit Burkitt lymphoma cell proliferation (76).

In addition, PSA can also inhibit the proliferation of tumor cells in combination with chemotherapy. PSA significantly increased the killing and growth inhibitory effects on non-small cell lung cancer H1975 cells(IC50 = 10.56 ± 0.68μg/ml). A study showed that PSA combined with ionizing radiation can reduce the expression of DNA damage repair-related proteins mre11, DNA-pkcs, ku80, cycle-related proteins cycline, cyclinb1, and anti-apoptosis related protein BCL-2 (77). Simultaneously, PSA can also down-regulate SIRT1 protein to increase chemotherapy sensitivity (78).

Currently, PSA has been reported to induce tumor cell differentiation and inhibit its proliferation. A study showed that PSA can increase the hemoglobin content in K562 cells. This mechanism was related to the up-regulation of the expression of CD71 and GPA differentiation antigens on the cell membrane surface (48). In addition, acute myeloid leukemia cells can up-regulate the expression of CD15 differentiation antigen on the surface of K562, U937 and HL-60 cell membranes after administration of PSA (79). Another study showed that PSA can up-regulate the phosphorylation level of ERK and inhibit cell differentiation in the MEK/ERK pathway (49)

Similarly, the structure-activity and structure-toxicity relationship analysis of PSA derivatives have further confirmed that they also have anti-tumor effects. It inhibited tumor cell growth by causing G1 cell cycle stagnation (80).



Anemoside B4

In recent years, a large number of scientists have found that Anemoside B4 (AB4) had an anti-tumor effect. Xue et al. found that the inhibition rate of 100 μmol/L AB4 reached 46.26%. The mechanism may be related to up-regulation of the Bax/Bcl-2 ratio, activation of caspase-3, and cleavage of PARP (47). Besides, a study confirmed that AB4 inhibited the expression of Ki67 in tumor tissue, and its inhibitory effect on cancer may be connected with the expression of Notch signaling pathway-related proteins (51). Moreover, AB4 can promote the expression of autophagy-related molecules Beclin1 and Atg5, thereby inhibiting the proliferation and migration of human cervical cancer HeLa cells (52). Currently, recent studies reported that AB4 can down-regulate the expression of N-cadherin and up-regulate the expression of e-cadherin. The results illustrate that AB4 inhibited SKOV3 cell proliferation by regulating JAK/STAT3 signaling pathway-related proteins (50).



PC Saponins

PC saponin, a key class of compounds in PC, can inhibit the proliferation of tumor cells by down-regulating the expression levels of IL-6R, TNF-α and NF-KB in the inflammatory microenvironment of mice (41). Furthermore, PC saponins can inhibit the proliferation of HT29 cells in a dose-dependent manner (IC50 = 1.440μg/ml). At the same time, it was detected to be related to the expression of Cleaved-caspase 3 (42). The main mechanism was that the expression levels of calpain1 and N-cadherin decreased, while E-cadherin increased gradually (43). In addition, research reported that the inhibitory rate of 25μg/ml PC saponins on the proliferation of 12 tumor cell lines was above 96%. The average IC50 range was 3.44-9.91μg/ml. For example, the IC50 values of PC saponins against human liver cancer cells (Bel-7402, SMMC-7721) and human colon cancer (HT29, HCT-116) were 5.12, 2.26, 2.03, and 3.24μg/ml, respectively (44). At present, some researchers have confirmed that after PC saponin administration, serum IL-6 and TNF-α levels, expression of VEGF and CD31 in liver tissues, and CXCR4, CXCL12, MMP-9 and MMP-2 proteins in spleen tumor tissues of colon cancer mice were significantly reduced. The mechanism may be related to the down-regulation of the CXCR4/CXCL12 signaling pathway in tumor tissues (81).

(Research Mechanism Table 2: 1-19).




Induction Apoptosis

Apoptosis, which causes the initiative cell death process through the activation of a series of death signals, is quite different from cell necrosis (82). PC is reported to exhibit an anticancer effect via inducing apoptosis and its related cell death networks. The molecular mechanisms and biological functions are explained here.


PC saponin

A study showed that the apoptosis effect of tumor rats was verified by PC saponin administration and found no effect on the number of white blood cells, spleen and kidney indexes (83). In addition, PC saponins can significantly reduce the mitochondrial membrane potential, and up-regulate the expression of caspase-3, and caspase-9. The underlying molecular mechanisms involved in the activation of caspases were up-regulation of the pro-apoptotic proteins and downregulation of the anti-apoptosis protein Bcl-2 (56). Similarly, the level of Bax was also significantly increased (57). Meanwhile, PC saponins can also down-regulate the expression of the P I3K/AKT/m TOR signaling pathway-related protein PI3K-p85, p-AKT, p-mTOR, p-p70S6K protein (58, 59). In addition, PC saponins, in a time-dose-dependent manner, had a pro-apoptotic effect on multiple myeloma cells by up-regulating the expression of the antigen CD49e on the surface of multiple myeloma primary cells. At the same time, some cell growth was arrested in the G2 phase. It may be that BCL-2, cyclin-B1, and other proteins played a role in promoting apoptosis (60). Among them, PSD, R13, and PSA displayed greater antitumor activity (IC50 = 5.6, 5.1, and 10.5 µM, separately) against NCI-H460 cells compared with other monomers. In addition, through proteomics, DAVID Bioinformatics Resources, R software environment, and KEGG database analysis, candidate proteins (LDHA, PI3K, NOL3, and cleaved-caspase-3) may play a major regulatory role (53).



Pulsatilla Saponin D

PSD (20, 40 μmol/L) can induce apoptosis of lung adenocarcinoma cell A549 in vitro. Mechanically speaking, PSD can down-regulate BCL-2 and caspase-3 signal transduction. At the same time, PSD can also regulate the expression of proteins PI3K, p-Akt, p-m TOR, and p-p70S6K. Therefore, studies have shown that PSD can regulate the mitochondrial apoptotic pathway and PI3K/Akt/mTOR signaling pathway (54). Additionally, PSD strongly suppressed the growth of hepatocellular carcinoma cells and induced apoptosis by increasing the proportion of sub-G1 apoptotic cells from 8% to 21% through induction of expression of Bax and cleaved caspase-3 (55).

(Research Mechanism Table 2: 20-26).




Blockage of Tumor Cell Cycle

The occurrence of tumors is associated with abnormal regulation of the cell cycle (84). Based on the existing literature, the molecular mechanism of blocking tumor cell cycle by PSA, AB4 and PC saponins was summarized.


Pulsatilla saponin A

Mechanically, p53 and cyclin B protein levels were higher, whereas Bcl-2 protein levels were lower in PSA–treated cancer cells (79). The results showed that PSA may induce DNA damage and G2 phase arrest of cancer cells to play an anti-tumor role (2).



Anemoside B4

Anemoside B4 had a significant inhibitory effect on HepG2, with the maximum inhibition rate reaching 71.5%. Through cell cycle distribution analysis, it was found that up to 83.2% of cells are blocked in the G2/M phase (2, 61). It has been reported that AB4 may significantly inhibit the proliferation and induce apoptosis of HepG2 cells and Huh-7 cells by regulating the Caspase 3 pathway (85).



PC Saponins

Total saponins from PC could make human liver cancer SMMC-7721 cells arrested in the S phase and human lung cancer A549 cells were arrested in G0/G 1 phase. At the same time, the protein expression levels of Cleaved PARP and Cleaved caspase-3 increased (62). Additionally, PC saponins induced significant G1/S depletion by increasing p21 and p27 mRNA and decreasing cyclin D1, cyclin-A, and cyclin E mRNA (63).

These studies suggested that the regulation of cell cycle-associated regulatory factors was one of the mechanisms of PC saponins in the prevention and therapeutic intervention of cancer (Research Mechanism Table 2: 27-28).




Inhibition of Tumor Angiogenesis

Unrestricted invasive growth and metastasis of malignant tumors are all depending on vascular angiogenesis (86). Therefore, inhibition of tumor angiogenesis and blocking the angiogenesis pathway can effectively prevent the growth of the tumor (87). According to the existing literature, PSD is the main compound that PC plays an anti-tumor angiogenesis role. The specific mechanism is as follows.


Pulsatilla Saponin D

A study showed that PSD can significantly inhibit angiogenesis in mice with gastric cancer and effectively prolong the survival time of mice. Next, PSD showed a potent anti-angiogenic activity to decrease the expression of hypoxia-inducible factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF) (64). Moreover, PSD was found to effectively suppress the phosphorylation of PI3K downstream factors, such as Akt, mTOR and p70S6K both in vitro and in vivo. It inhibited angiogenesis and induced apoptosis of hepatocellular carcinoma (55). And studies demonstrated that PSD inhibited the AKT/mTOR pathway, leading to the suppression of tumor growth and angiogenesis together with induction of apoptosis (88). Also, PSD docks at an allosteric site on mesenchymal-epithelial transition factor (c-Met) and thereby targets the c-Met signaling pathway to inhibit angiogenesis (65) (Research Mechanism Table 2: 29-31).




Regulate Cell Energy Metabolism

Tumor cells need enough energy in order to reproduce indefinitely. This process is often through glycolysis to make the cells obtain enough energy materials (89). It has been reported that PC inhibits the energy metabolism of tumor cells mainly by regulating potential target proteins related to the glycolysis pathway. The specific mechanism is as follows.


PC Saponins

Studies have shown that PC saponins can significantly reduce glucose consumption, lactic acid production and adenosine triphosphate content in tumor cells (31). In addition, another study showed that PC saponins can reduce the key enzymes of glycolysis, such as hexokinase-II (HK-II), lactate dehydrogenase (LDHA), and M2 pyruvate kinase (PKM2), phosphofructokinase (PFK) and the amount of pyruvate kinase (PK) (67). At the same time, PC saponins can also increase the amount of succinate dehydrogenase (SDH) in the key enzymes of the tricarboxylic acid cycle (90).

At present, the existing literature shows that PC saponins can make glycolysis key proteins ERK1/2, hypoxia-inducible factor-1α (HIF-1a), Ras, glucose transporter 1 (GLUT1), lactate transporter (MCT4), Hexokinase 2 (HK2), MCT1, c-Myc and other factors were significantly reduced (91). The results showed that PC saponins can regulate the energy metabolism of tumor cells through the HIF-1α pathway to achieve the effect of inhibiting tumor growth (66). PC saponins may be a potential tumor energy metabolism blocker(Research Mechanism Table 2: 32-33).




Reversal of Drug Resistance

Chemotherapy is a primary means of cancer treatment. However, multidrug resistance often occurs in tumor cells, reduces the efficacy of chemotherapy, and is the major cause for the failure of chemotherapy in cancer patients (92). Thus, it is urgent and important to improve drug resistance in cancer treatment. A study showed that Anemoside B4 decreased the expression of P-gp gene in human colon cancer L-OHP resistant cells LoVo/L-OHP (68). Furthermore, data were showing that PSD inhibited Met phosphorylation and downstream signaling pathways required for growth and survival in Met-expanded HCC827GR cells (93) (Research Mechanism Table 2: 34-35).



Inducing Autophagy in Tumor Cells

Autophagy is an evolutionarily conserved mechanism to protect the cells from unfavorable environmental conditions (94). Inhibition of autophagy has been contemplated as a novel strategy to enhance the anticancer efficacy of existing chemotherapeutic agents (95).


Pulsatilla Saponin D

Zhang al et. indicated that PSD increased the phosphorylation of ERK and inhibited the phosphorylation of mTOR and p70S6K. This indicated PSD was an inducer of autophagosome formation (69). Notably, PSD significantly increased p62 protein levels. Simultaneously, the mechanistic study indicated that PSD profoundly abolished the co-localization of EGFP-LC3 and lysosomal-specific probe LysoTracker Red, suggesting that the autophagosome-lysosome fusion was blocked by PSD, which is similar to the action of chloroquine (70).



Anemoside B4

According to the existing literature, AB4 induces autophagy through four molecular pathways. 1)AB4 could regulate autophagy by acting on the Bcl-2-Caspase-3 and Beclin-1-LC3-P62 pathways. 2)AB4 could induce autophagy by up-regulating the expression of LC3-II/LC3-I and Beclin-1 protein and down-regulating the expression of p62 protein (71, 96). 3)AB4 may down-regulate the expression of P-Akt/Akt and P-MTOR/mTOR proteins in PI3K/Akt/mTOR signaling pathway and induce autophagy in SMMC7721 cells (72). 4)AB4 could inhibit Notch signaling and promote the expression of autophagy related molecules Beclin1 and Atg5 to induce autophagy (34).

Collectively, the study highlighted PSD and AB4 might be a novel way to treat carcinoma (Research Mechanism Table 2: 36-38).





Clinical Application

At present, after treatment with PC compound, adverse reactions such as neutropenia, vomiting and diarrhea were improved in 66 patients (97). It is reported that this may be related to the inhibition of zDHHC9 expression and the restricted function of the Ras gene (98). In addition, studies have shown that the TCM compound mainly based on PC is also used to treat complications caused by radiotherapy in 22 patients with cervical cancer (99). In short, the TCM compound mainly based on PC has achieved good clinical effects in the adjuvant treatment of colorectal cancer patients.



Pharmacokinetic Studies

Pharmacokinetic studies on PC are vital to clarify the principle of compatibility. The mechanisms contribute to deciphering a reasonable dose and lower clinical adverse reactions. Studies have shown that the main part of intestinal absorption of PC saponin is the duodenum (100). Simultaneously, the efficacy of PC saponin is concentration-dependent (101).


Pulsatilla Saponin D

In the last several years, studies have developed an LC-MS/MS method to determine the pharmacokinetics and oral bioavailability of PSD in rats (102). Interestingly, although the oral bioavailability of PSD was confirmed to be less than 5%, the efficacy experiments showed that the anti-tumor activities of PSD were particularly obvious (103). In addition, Rao et al. identified 18 metabolites of PSD in rat plasma, urine, and stool samples (104). It has been confirmed that the metabolic process of PSD in the body was mainly through glycosylation, deglycosylation, dehydrogenation, hydroxylation, and sulfation (105). Similarly, Yan et al. confirmed that the metabolic rate of PSD in the intestinal flora of liver cancer patients was significantly lower by collecting fresh feces from liver cancer patients and healthy people. In humans, this is the same rate as ginsenoside Rh2 in the intestinal flora of liver cancer patients (106). This showed that PSD can obviously play an anti-cancer effect. However, the factors that played a role in the pharmacokinetics of PSD needed to be further studied.



Anemoside B4

AB4 (50 mg/kg) was reported to be rapidly cleared from rat plasma. At the same time, the plasma T1/2 of the rats in each group was 1.18 and 1.40 h after i.p. and i.v. administration, respectively. The study also showed that AB4 was widely distributed in various tissues after injection. Among them, the highest concentration of AB4 in the kidney (≈4,800 ng/g) was found at 0.5 h after i.v. injection (107). This result indicated that the kidney may be a target organ for AB4. Meanwhile, other researchers found that AB4 (6 mg/kg) was released in the lungs at a concentration of 125.5μg/g after 24 h of intratracheal instillation (108). This study demonstrated that AB4 can accumulate in the lungs and then be slowly released into the bloodstream, extending its retention time in the body. Additionally, an anti-tumor assay showed that the metabolite pool had stronger activity in decreasing cell viability of human HCC SMMC-7721, HeLa and MCF-7 cell lines than did AB4 itself (109, 110). The results suggest that AB4 may exert antitumor effects through its active metabolites.



Others

In addition, studies have shown that the permeability coefficients of Pulsatilla saponins B3, BD, B7, B10, and B11 in different intestinal segments were absorbed as duodenum> jejunum> colon> ileum (111). Among them, the pharmacokinetic study of the main active ingredients in PC was shown in Table 3 (112). PC were quickly absorbed by intragastric administration in rats, eliminated quickly, and have low absolute bioavailability. The pharmacokinetics of PC confirmed its broad application prospects in development and utilization.


Table 3 | The pharmacokinetic study of the main active ingredients.






Bioinformatics

Bioinformatics is a common method to study the multi-target characteristics of TCM. It was reported that 11 active compounds in PC were found to overlap with colorectal cancer target genes through network pharmacology analysis. Among them, 21 core genes play an anticancer role through 11 major pathways including the p53 signal transduction pathway and the central carbon metabolism pathway in cancer. Furthermore, molecular docking results showed that the saponins of PC had a good binding effect on the target genes of colorectal cancer. Among them, PSA can bind to colorectal cancer proteins HSP90, KIT, and SIRT1 (113).

In addition, some researchers explored the bioinformatics of Baitouweng Decoction, a TCM compound based on PC. It is reported that 5 cases of colon cancer patients were purified by blood samples before and after treatment with Baitouweng Decoction. Agilent chip and computer software were used to screen 159 differentially expressed genes, including 38 up-regulated genes and 121 down-regulated genes. It is mainly manifested in Jak-STAT, MAPK, and other tumor-related signaling pathways (114). Another study predicted by network pharmacology that Baitouweng decoction may affect tumor cell proliferation, migration, apoptosis, and angiogenesis by regulating signaling pathways such as TNF, PI3K-Akt, HIF1, and vascular endothelial growth factor (115). These results provide a reference for discussing the anti-tumor mechanism of PC.



Conclusion

In this review, we summarized the reports on the anticancer effect and molecular mechanisms of active compounds and extracts of PC in both laboratory and clinic. In recent years, the anticancer effect of PC extracts against liver, lung, breast, gastric, and colon cancer, etc has been widely investigated. The majority of the scientific literature reported that PC exerted anticancer effects through suppressing cell proliferation, inducing apoptosis, inhibiting migration, inhibiting invasion, inducing autophagy, and restraining angiogenesis. To determine the molecular mechanism of the anticancer effect of PC, detailed studies have been carried out. The reported molecular mechanisms include Notch, PI3K/AKT/mTOR, AKT/mTOR, and MEK/ERK signaling pathways. PC can down-regulate the expression levels of IL-6R, TNF-α, NF-kB, Bcl-2, and Caspase-3, meanwhile, up-regulate the expression of autophagy-related molecules Beclin1 and Atg5. In addition, PC can reduce the expression of HIF-1α and VEGF and effectively inhibit the phosphorylation of PI3K downstream factors (such as Akt, mTOR, and p70S6K). Finally, it induces tumor cell apoptosis by inhibiting angiogenesis. Interestingly, PC regulates energy metabolism of tumor cells by reducing glucose consumption, lactic acid production and adenosine triphosphate content. At the same time, PC can also down-regulate key glycolytic proteins GLUT1, HK2, MCT4, MCT1, c-Myc and HIF-1a. It can be seen from the literature that the curative effect of TCM and the molecular mechanisms involved are very complicated. Although the biological role of the anticancer activity of PC has been reported in detail, the mechanisms of anti-tumor effects of PC saponins remain to be further identified. More explorations remain to be performed, such as the effects of PC saponins on cancer metastasis or immunity. It may be hoped that further studies will be conducted on PC saponins to identify more effective anti-tumor components.

PC extract has been widely applied in China as an alternative medicine against diseases. This review provides the latest progress in the anti-tumor activity and mechanism of PC. At the same time, the clinical application, pharmacokinetics and bioinformatics of PC are also described. Among them, the compounds PSA, PSD, AB4, and R13 have high anti-tumor activity. Some studies have confirmed that the anti-tumor effect of R13 is comparable to that of cisplatin (53). Meanwhile, the effect of R13 on apoptosis was stronger than that of PSD. However, as far as the existing literature is concerned, there are few significant antitumor studies of R13. Therefore, it is imminent to study the molecular mechanism of the antitumor effect of active compounds in PC. In addition, it is an important research topic to find the optimal process conditions for the further separation and purification of PC saponins monomer.

Moreover, studies based on UPLC-QTOF-MS serum metabolomics studies have confirmed that long-term oral PC total saponins can cause chronic liver damage, and its safety needs further attention (116). To be sure, the development of highly efficient and low toxic anti-cancer drugs is one of the most urgent problems in the medical field. PC compounds have the characteristics of natural, low toxicity, and high efficiency, which allows them a promising antitumor drug.
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