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A B S T R A C T

Cancer is a disease characterized by uncontrolled cell proliferation, leading to excessive growth
and invasion that can spread to other parts of the body. Traditional Chinese medicine has made
new advancements in the treatment of cancer, providing new perspectives and directions for
cancer treatment. Rhizoma Paridis is a widely used Chinese herbal medicine with documented
anti-cancer effects dating back to ancient times. Modern research has shown that Rhizoma Paridis
saponins (RPS) have various pharmacological activities. RPS can inhibit cancer in multiple ways,
such as suppressing tumor growth, inducing cell cycle arrest, promoting cell apoptosis, enhancing
cell autophagy, inducing ferroptosis, reducing inflammation, inhibiting angiogenesis, as well as
inhibiting metastasis and invasion, and these findings demonstrate the potent anti-cancer activity
of RPS. Polyphyllin I, polyphyllin II, polyphyllin VI, and polyphyllin VII have been widely re-
ported as the main active ingredients with anti-cancer properties. Polyphyllin D, polyphyllin E,
and polyphyllin G have also been confirmed to possess strong anti-cancer activity in recent years.
Therefore, this review dives deep into the molecular mechanisms underlying the anti-cancer ef-
fects of RPS to serve as a valuable reference for future scientific research and their potential
applications in cancer treatment.

1. Introduction

As the global population ageing is faster, the incidence of cancer is increasing, adversely affecting the quality of life and life ex-
pectancy of patients [1]. Cancer has emerged as a leading cause of death worldwide, presenting significant challenges to society and
healthcare systems, and cancer has become a significant public health issue of global concern [2,3]. In 2022, lung cancer was diag-
nosed as the most common cancer, resulting in nearly 2.5 million new cases, accounting for 12.4 % of global cancers followed by
female breast cancer (11.6 %), colorectal cancer (9.6 %), prostate cancer (7.3 %) and gastric cancer (4.9 %). Meanwhile, lung cancer
was considered as the leading cause of cancer death, with an estimated 1.8 million deaths, accounting for 18.7 %, which was followed
by colorectal cancer (9.3 %), liver cancer (7.8 %), female breast cancer (6.9 %) and gastric cancer (6.8 %) [4]. In 2022, the number of
new cancer cases in China was approximately 4824700 (2533900 males and 2290800 females), and the age standardized incidence
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rate (ASIR) of the Chinese population would be 208.58/100000 (212.67/100000males and 208.08/100000 females). The premier five
causes of cancer death (lung cancer 733300, liver cancer 316500, stomach cancer 260400, colorectal cancer 240000, and esophageal
cancer 187500) was account for 67 % of the total cancer deaths [5].

Cancer is complex and involves various processes such as cell damage, inflammatory responses, cell growth, and genomic insta-
bility. The imbalance between oncogenes and tumor suppressor genes is believed to be an important factor to contribute to cancer
progression. Disruption in the balance between these genes can result in abnormal cell proliferation, leading to cancer. Current cancer
treatment methods include surgery, radiation therapy, chemotherapy, immunotherapy, and targeted therapy [6]. Although these
treatment measures can reduce the incidence of cancer, they cannot stop the development of cancer. Additionally, the effectiveness of
these treatment methods is not satisfactory, as there are risks of metastasis and recurrence after surgery, what’s more, radiation
therapy and chemotherapy also cause side effects in patients [7]. Developing highly effective anti-cancer methods to inhibit tumor
growth, extend patient survival, and enhance quality of life is a crucial goal in cancer treatment. Therefore, it is necessary to look for
new effective anti-cancer treatment methods in clinic in time. Traditional Chinese Medicine (TCM) has gained attention as an alter-
native therapy in cancer treatment, offering unique theoretical systems and efficacy. Chinese herbal medicines are believed to possess
anti-cancer effects by intervening in cell growth, propagation, and metastasis through various pathways, as well as reducing
chemotherapy and radiotherapy side effects [8,9]. It can provide cancer patients with more personalized and comprehensive treatment
plans by integrating TCM and modern medicine, ultimately improving treatment outcomes, patient survival rates, and quality of life.

Fig. 1. Rhizoma Paridis and its anti-cancer bioactive ingredients Rhizoma Paridis saponins (RPS). Commercially available RPS include polyphyllin I/
polyphyllin D, polyphyllin II, Dioscin, polyphyllin V, polyphyllin VI, polyphyllin VII, polyphyllin B, polyphyllin C, polyphyllin E, polyphyllin F,
polyphyllin H, and polyphyllin G. Created with BioRender.com, FA2795Z54V.
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Rhizoma Paridis is widely used in TCM and has effects of heat-clearing and detoxifying, anti-inflammatory and pain-relieving, liver-
cleansing, and calming effects [10]. With the advancement of chemical extraction methods, the active ingredients in Rhizoma Paridis
are gradually being identified, including steroidal saponins [11–13], flavonoid glycosides [14], triterpene saponins [15], poly-
saccharides [16], plant sterols, flavonoids, plant ecdysone [17], and amino acids [18]. Modern pharmacological research has further
demonstrated that the components or extracts of Rhizoma Paridis have favorable pharmacological activities, such as anti-cancer effects
[19], antioxidant activity [20], antimicrobial effects [21], hemostatisis [22], antiparasite [23], anti-inflammation [24], immunosti-
mulatory effects [25], antivirus [26], and uterine contraction. Particularly, Rhizoma Paridis saponins (RPS) have shown significant
anti-cancer effects and played a vital role in combating cancer through various mechanisms, including inhibiting tumor cell prolif-
eration, inducing tumor cell apoptosis, blocking tumor cell angiogenesis, and inhibiting tumor cell migration and invasion [27]. The
common core configurations of RPS can be divided into four major categories, namely spirostanol, furostanol, spirostanol, and
rearranged spirostanol [28]. Currently, 37 kinds of spirostanol compounds have been discovered, and mostly reported RPS in the
research are spirostanol, including polyphyllin I (also named polyphyllin D), polyphyllin II, polyphyllin III, polyphyllin VI, polyphyllin
VII, polyphyllin C, and polyphyllin H [29,30] (Fig. 1). Polyphyllin I, polyphyllin II, polyphyllin VI, and polyphyllin VII have been
widely reported as the main active ingredients with anti-cancer properties [31]. Polyphyllin D, polyphyllin E, and polyphyllin G have
also been confirmed to possess strong anti-cancer activity in recent years [32–34]. RPS effectively suppress a range of cancerous tumors
such as lung cancer [35], gastric cancer [36], colorectal cancer [37], prostate cancer [36], and melanoma [38] by inhibiting tumor
growth, accelerating cell death, alleviating inflammatory reactions, inhibiting blood vessel formation, preventing the spread and
invasion of cancer cells, as well as suppressing cancer development through platelet aggregation, liver fibrosis, and immune-related
signaling molecules.

Thus, this review summaries the latest research progress on RPS in inhibiting the activity of tumor cells and delved into how these
active ingredients regulate signaling pathways and molecular targets in cancer. It helps researchers to have a more comprehensive
understanding of the potential mechanisms of Rhizoma Paridis in cancer treatment and provides important theoretical basis. This
review is expected to provide more scientific evidence for the clinical application of RPS for further research and development.

2. Tumor growth inhibition

The growth of tumors plays a crucial role in the formation and progression of cancer. Cancer is a disease characterized by the
continuous excessive division of cells, primarily due to uncontrolled cell growth. Cancer cells have the ability to proliferate infinitely
and do not exhibit the normal signs of aging which can be seen in non-cancer cells, as they grow and divide in a manner distinct from
normal cells. RPS can inhibit tumor growth by inducing cell cycle arrest [39], regulating metabolism pathways [40], modulating DNA
methylation [41], and regulating the Wnt/β-catenin [42] and MAPK signaling pathways [43]. MAPK pathway is a classic
proliferation-related signaling pathway that can participate in a series of cellular physiological activities such as cell growth, differ-
entiation, apoptosis, triggering tumor formation, etc. [43]. Polyphyllin VII can enhance the sensitivity of HepG2/ADR cells to
doxorubicin by modulating the PI3K/Akt/MAPK signaling pathway, thereby achieving the goal of killing tumor cells [44].

2.1. Cell cycle arrest

P53 regulates cell growth, DNA repair, and cell death processes by participating in multiple cellular signaling pathways [45,46].
P21 as a downstream protein of p53 influences the cell cycle by modulating the activity of the complex between cell cycle proteins and
CDKs, such as serving as the primary inhibitor of cyclin-dependent kinase 2 (CDK2) [47]. Overexpression of p21 can lead to G1 arrest,
and it has been confirmed to inhibit tumor growth in vitro and in vivo [48]. Research has found that the oncogenic factor c-Jun
associated with the formation and progression of tumors can induce the expression of the p21 gene. Increased generation of SP1/c-Jun
complexes was observed through in-depth analysis of the p21 gene promoter, indicating that these complexes are important in the
activation process of the p21 gene promoter. It has found that polyphyllin I increased the levels of c-Jun protein in a dose-dependent
manner in PC9 and H1650 cells [49]. Polyphyllin I triggers the p21/CDK2/Rb pathway without affecting CDK4/6. Although poly-
phyllin I did not inhibit CDK4/6, it increased p21 expression and decreased the levels of CDK2 and phosphorylated CDK2. Polyphyllin I
also reduced Cyclin E1 (a partner of CDK2) and downstream Rb phosphorylation without interfering with the total Rb protein [50].
Polyphyllin I has been shown to upregulate the expression of IL-6, accompanied by an increase in p21 expression [51]. The over-
expression of EZH2 leads to a decrease in pro-apoptotic proteins, and polyphyllin I successfully reverses this phenomenon. When
HOTAIR was reduced, the expression of EZH2 decreased, and pro-apoptotic proteins increased, thereby enhancing the therapeutic
effect of polyphyllin I by inhibiting EZH2-induced cell cycle arrest and apoptosis through the STAT3/HOTAIR signaling pathway [52].
Research has shown that when HepG2 cells were treated with polyphyllin I, it exerted its effects by increasing the expression of p21 and
Cyclin E1. Additionally, polyphyllin I significantly reduced the expression of Cyclin A2 and CDK2, leading to cell cycle arrest at the
G2/M phase, thereby exerting inhibitory effects on tumor cells [53]. Excessive ROS induced by polyphyllin I can lead to G2/M phase
arrest by modulating the expression of cell cycle regulatory factors such as p21 and Cyclin B1 [54]. Polyphyllin D can induce G2/M
phase arrest in liver cells and inhibit cell growth by impairment of bile ester function. When liver cancer cells were treated with
polyphyllin D, the levels of Cyclin/CDK markers (including Cyclin D3, Cyclin E1, Cyclin A2, Cyclin B1, CDK2, and CDK4) decreased,
confirming the significant impact of polyphyllin D on cell cycle arrest. Polyphyllin D also sensitizes ovarian cancer cells to
cisplatin-induced growth arrest [55]. The inhibitory effect of RPS on the proliferation of tumor cells may be related to their blockade of
signaling pathways on the cell membrane, but the specific mechanism is not yet clear. After treatment with polyphyllin D, the amount
of effective cell cycle protein-dependent kinase inhibitor p21 gradually increased, which may be one mechanism caused cell cycle
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arrest. In addition, polyphyllin D can induce G2/M phase arrest by inhibiting the growth of liver cancer cells [56]. Polyphyllin VII can
increase the sensitivity of non-small cell lung cancer patients resistant to gefitinib by modulating the levels of p21. Studies have shown
that p21 can inhibit cell cycle progression at the G1 phase by binding to CDK2/4 and cyclin proteins resulting in inhibiting their
activity, thereby suppressing the growth of gefitinib-resistant cells. The combination of polyphyllin VII and gefitinib can enhance the
accumulation of p21 by mediating its binding to CDK/Cyclin complexes, inhibiting the activity of CDK2/4 and Cyclin D1/E in resistant
cells, and preventing the degradation of p21 [57]. Polyphyllin II significantly downregulated the protein levels of Cyclin B1, Cyclin A2,
and CDC2 in colorectal cancer cells. Additionally, polyphyllin II upregulated the protein level of p21 in colorectal cancer cells, leading
to cell cycle arrest at the G2/M phase [58]. Treatment of U251 glioblastoma cells with polyphyllin H induced upregulation of p21 and
p27, and downregulation of the protein expression levels of Cyclin D1 and S-phase kinase-associated protein 2 (Skp2), thereby
inducing cell cycle arrest at the G1 phase [59]. In conclusion, polyphyllin I, polyphyllin D, polyphyllin H and polyphyllin II can induce
cancer cell cycle arrest by regulating cell cycle proteins and modulating the STAT3/HOTAIR signaling pathway (Fig. 2). Furthermore,
it was observed that the cell cycle changed with a significant increase in the proportion of G1 phase and a significant decrease in the
proportion of S phase in A549 cells treated with gracillin, which indicated that gracillin can inhibit cell growth leading to apoptosis
[60]. Moreover, gracillin exerts inhibitory impacts on AKT phosphorylation and cell proliferation in gastric cancer BGC-823 cells. In
the absence of TIPE2, the induction of TIPE2 expression and the inhibition of AKT phosphorylation by gracillin were more prominent,
intimating that gracillin could inhibit gastric cancer cells through TIPE2-mediated AKT phosphorylation [61].

Furthermore, RPS extraction can induce G1 and G2/M phase arrest in the cell cycle [62,63]. According to research findings, RPS
significantly reduced the proportion of S-phase in KYSE150 esophageal cancer cells in a dose-dependent manner, and also significantly
decreased the expression of Cyclin D1. This effect leads to the inhibition of KYSE150 cell growth, and effectively prevents further
development of esophageal cancer [63].

2.2. Regulation of metabolic pathways

RPS can inhibit tumor growth by modulating metabolic pathways, including glycolysis, gluconeogenesis, and amino acid synthesis.
In a study, it is discovered that RPS can inhibit tumor cell growth by reversing aerobic glycolysis through the activation of tumor
suppressors p53 and PTEN in H22 tumor-bearing mice with hepatocellular carcinoma (HCC). Additionally, RPS extraction reduces fat
production by inhibiting fatty acid synthase (FASN), further suppressing tumor growth [41]. More importantly, RPS extraction has the
ability to inhibit the expression of Myc and GLS, reduce glutamine levels, and modulate the network systems of PI3K/Akt/mTOR and
HIF-1α/Myc/Ras, which are involved in metabolic processes, effectively preventing tumor growth [41]. Another scientific study has
shown that RPS extraction has the ability to inhibit the conversion of glucose and valine into ketones, thereby participating in the
process of ATP generation. This action limits the oxidative pathways of fatty acids and sugars, interrupting the energy supply to tumor

Fig. 2. Illustration of Rhizoma Paridis saponins impeding tumor growth. This inhibition is achieved through the regulation of targets involved in cell
cycle arrest induction, metabolic pathway modulation, DNA methylation, and the Wnt/β-catenin signaling pathway. Created with BioRender.
com, UW27960QDO.
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cells. RPS extraction can also inhibit the generation of glycine and alanine, further preventing the progression of tumors [64]. The
study found that extracelluar acidification rate (ECAR) and lactic acid production were significantly reduced after triple negative
breast cancer cells treated with gracillin. Furthermore, the research has shown that gracillin can inhibit the activity of phospho-
glycerate kinase 1 in the glycolytic pathway [65].

2.3. Regulation of DNA methylation

In addition to changes in tumor metabolism, DNAmethylation plays a significant role in the development and progression of cancer
and can be considered as a biomarker for cancer diagnosis and early screening [66]. DNA methyltransferases (DNMTs) are an
important class of enzymes, whose core function is to transfer methyl groups to cytosine residues of CpG, directing the entire process of
DNA methylation [67]. DNMT1, DNMT3A, and DNMT3B are excessive expression in cancer patients’ tumor tissues, where their
expression levels significantly higher than those in non-tumor tissues [68]. Transcription of DNMT genes can be induced by the
Ras-c-Jun signaling pathway, Sp1 and Sp3 zinc finger proteins, Wilms’ tumor 1, homeobox B3, and other human viruses [40]. Research
shows that polyphyllin I can enhance the phosphorylation of stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK)
triggered by stress when reducing the expression levels of p65 and DNMT1 proteins. When JNK phosphorylation is triggered, it has the
ability to have the effect on downstream transcription factors (JUN, ELK1, ET) and promote activities such as cell growth, differen-
tiation, survival, and apoptosis [69]. Due to the decreased expression of p65 and DNMT1 proteins, the expression of the enhancer of
zeste homolog 2 (EZH2) decreased. DNMT1 and EZH2 as highly active genes in cancers is expected to become new targets for future
cancer therapy [49,69,70]. Temozolomide (TMZ) is a commonly used chemotherapy drugs for glioma patients. Unfortunately, this
substance is somewhat limited due to the severe side effects and the drug resistance caused by the expression of
O6-methylguanine-DNAmethyltransferase (MGMT). The combination of TMZ and polyphyllin generates significant synergistic effects
during the treatment process [71]. MGMT is an enzyme that participates in transferring a methyl group from the O6 position to a
cysteine residue, effectively repairing mutations in tumor cells before DNA replication. High levels of MGMT expression can lead to
tumor cell resistance to TMZ, thus reducing the efficacy of TMZ [72]. Polyphyllin VII can reduce TMZ resistance by inhibiting MGMT
expression [73].

2.4. Regulation of the Wnt/β-catenin signaling pathway

The Wnt/β-catenin signaling pathway is involved in the proliferation of tumor cells. Numerous scientific studies have confirmed
that the Wnt/β-catenin signaling pathway is one of the key oncogenic pathways leading to the occurrence and progression of

Fig. 3. Visualization of Rhizoma Paridis saponins promoting cancer death. The process of cell death is intricate, with these saponins hindering tumor
progression by targeting molecules that facilitate apoptosis, autophagy, and ferroptosis in cancer cells. Created with BioRender.com, RP279613L1.
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osteosarcoma [74]. β-catenin is the intracellular signaling mediator of the Wnt/β-catenin signaling pathway, and it can regulate
cadherin-catenin complex [75]. In addition, it is vital in the activation of the Wnt/β-catenin signaling pathway during embryo
development and tumor formation processes [76]. When GSK-3β is phosphorylated at Ser9, β-catenin will not be phosphorylated and
lose its activity [76–78]. Polyphyllin I can deactivate the Wnt/β-catenin pathway both in vitro and in vivo, effectively inhibiting the
growth of human osteosarcoma. The levels of p-GSK-3β decreased after treatment with polyphyllin I, further inhibiting the accu-
mulation of active β-catenin. This dynamic change leads to a unique regulatory state of β-catenin, when β-catenin is phosphorylated, it
can be ubiquitinated and further degraded by proteasomes [42].

Polyphyllin VII is an innovative moesin inhibitor with the ability to inhibit the proliferation of multiple myeloma cells and
overcome resistance to bortezomib. Moesin, the target of polyphyllin VII, is a core regulatory factor in the Wnt/β-catenin pathway.
Polyphyllin VII binds to moesin and targets it for degradation through the ubiquitin-proteasome pathway. This process disrupts the
activity of the Wnt/β-catenin pathway, leading to a decrease in myeloma cell proliferation and solving the problem of bortezomib
resistance [79].

Tumor growth is mainly due to cancer cells proliferating unlimitedly in the human body. Normal tissues exhibit precise regulation
over the generation and release of growth-promoting signals, which can guide the initiation and progression of cell proliferation and
differentiation cycles, maintaining a balance in cell numbers and ensuring the structure and function. Cancer cells typically lose
sensitivity to these regulatory signals or autonomously produce excessive signals promoting cell proliferation, leading to their un-
limited proliferation and tumor formation. RPS can achieve the goal of inhibiting tumor growth by inducing cell cycle arrest, regu-
lating metabolic pathways, regulating DNA methylation, and regulating the Wnt/β-catenin signaling pathway.

3. Promotion of cell death

Regulated cell death (RCD) is a cell death mode that can be regulated by various biological macromolecules and differs from
accidental cell death (ACD) [80]. RCD that occurs in a normal physiological environment is also referred to as programmed cell death
(PCD). RCD mainly includes autophagy-dependent cell death, apoptosis, necroptosis, pyroptosis, ferroptosis, parthanatos, entosis,
NETosis, lysosome-dependent cell death (LCD), alkaline lipid accumulation disease, and oxeiptosis [81]. During the process of RCD,
different lethal subprograms can have an impact on the development and treatment response of cancer. The resistance of cancer cells
may lead to treatment failures [82,83]. In the early stages of cancer, cancer cells may exhibit resistance to cancer treatment by dis-
rupting the RCD pathway caused by mutations [84]. The prevention of RCD is considered as an important indicator of cancer, and RPS
can inhibit cancer by promoting cell death (Fig. 3).

3.1. Apoptosis induction

Mitochondria play a central role as core regulatory organelles in the process of cell apoptosis, and the release of cytochrome c is an
important step in apoptosis. The released cytochrome c forms a complex by binding with apoptotic protease-activating factor 1 (Apaf-
1) in the presence of dATP. This leads to the activation of caspase-9, which in turn activates caspase-3 and other caspases, triggering
cell apoptosis [85]. Cysteine aspartate protease, especially caspase-3, is one of the key mediators during the process of apoptosis.
Caspase-3 is a death protease that is frequently triggered and can specifically cleave essential cellular proteins. The Bcl-2 family in-
cludes anti-apoptotic members (such as Bcl-2 and Bcl-xL) and pro-apoptotic members (such as Bax and Bak), playing vital regulatory
and modulating roles in the process of apoptosis. It is worth emphasizing that a high Bcl-2/Bax ratio is considered as a key factor in
resisting the apoptosis process. The dose-dependent increase of polyphyllin I enhanced the release of mitochondrial cytochrome c,
while also elevating levels of Fas, p53, p21, and the Bax/Bcl-2 ratio [53]. Additionally, polyphyllin I reduced the inhibitory effect of
lncRNA-ROR on tumor growth, and induced intrinsic and extrinsic apoptosis in nasopharyngeal carcinoma cells, thereby enhancing
p53 signaling transduction [86]. In addition to the above functions, the cleavage of caspase-3, -8, and -9 were also be triggered,
followed by the subsequent cleavage process of poly (ADP-ribose) polymerase (PARP). These events collectively participate in
regulating the process of apoptosis in cells [86]. Patients with decreased cell proliferation and increased cell apoptosis levels are often
associated with an increase in the pro-apoptotic protein Bax. Studies have found that the expression of Bcl-2 protein decreased while
Bax increased, meanwhile, the expression levels of caspase-3 protein and the Bax/Bcl-2 ratio significantly increased after polyphyllin I
treatment [87]. The research findings confirm the therapeutic effect of polyphyllin I on HCC. The study revealed that polyphyllin I can
inhibit the PI3K/Akt signaling pathway and effectively suppress the growth and spread of HCC by activating both cysteine-dependent
and -independent apoptotic pathways [88]. The apoptosis-promoting elements consisting of Bax, cytochrome c in the cytoplasm,
activated caspase-3, and activated caspase-9 showed an increasing trend in human ovarian cancer cells (SKOV3) after the treatment of
polyphyllin II. Furthermore, polyphyllin II treatment also reduced the phosphorylation level of the extracellular signal-regulated ki-
nase (ERK1/2) and the expression of anti-apoptotic protein Bcl-2, promoting the apoptosis process [89]. Research has shown that the
activity of the anti-apoptotic protein Bcl-2 decreased with the increase of polyphyllin II concentration, while the activity of the
pro-apoptotic protein Bax increased, resulting in an increase in the ratio of Bax/Bcl-2. This indicates that the complexity of regulating
the cell apoptosis pathway involved multiple complex molecular interactions. It is also observed that the protein expression level of
cleaved caspase-3 slightly decreased after treatment with polyphyllin II [90]. Gracillin inhibits the growth of human leukemia HL60
cells and causes cell cycle arrest in the G1 phase. Cells were treated with gracillin resulted in a notable increase in malondialdehyde
(MDA) and a dose-dependent reduction in superoxide dismutase (SOD). Concurrently, the expression level of Bcl-2 decreased while the
expression level of Bax increased, indicating that gracillin may induce apoptosis by enhancing intracellular oxidative stress and G1 cell
cycle arrest [91]. Additionally, gracillin impaired mitochondrial mediated cellular bioenergy by inhibiting the mitochondrial function
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mediated by Complex II (CII) resulting in a decrease in mitochondrial membrane potential, oxidative phosphorylation, and adenosine
triphosphate (ATP) synthesis, and an increase in the generation of reactive oxygen species (ROS) in cancer cells, consequently pro-
moting apoptosis. This implies that gracillin could potentially become a targeted anti-tumor drug that has an impact on mitochondrial
function [92]. One scientific study showed that polyphyllin D induced cell apoptosis through the mitochondrial apoptosis pathway.
Specifically, it is characterized by decreased expression levels of Bcl-2 and Bcr/Abl, disruption of mitochondrial membrane potential,
and increased levels of Bax, cytochrome c, and cleaved caspase-3. Additionally, polyphyllin D at lower doses can enhance the
expression of CD14 on the surface of K562 cells and promote cell differentiation towards monocytes or mature macrophages [93]. The
study found that polyphyllin G significantly increased the cleavage of caspase-3, caspase-8, caspase-9, and PARP in nasopharyngeal
carcinoma cells in a dose-dependent manner in 24 h. Besides, polyphyllin G significantly reduced the expression levels of Bcl-2 and
Bcl-xL proteins, increased the expression level of Bax proteins, leading to apoptosis of cancer cells [94]. The activity of proteins related
to cell apoptosis (such as Fas, caspase-3, -8, -9, and PARP) was studied after treating HepaRG cells extracted from human liver cancer
cells with polyphyllin VI. Compared to the control group, a slight increase in Fas expression level was observed after 24 h when treated
with polyphyllin VI. Also, the expression of PARP (as a substrate of caspase-3) was increased, which led to biochemical and
morphological changes in the cells. The expression levels of caspase-3, -8, and -9 increased, indicating the activation of caspase en-
zymes and initiation of cell apoptosis signals. These research findings suggest that polyphyllin VI induces apoptosis in HepaRG cells
through both extrinsic and intrinsic apoptotic pathways [95]. According to research findings, polyphyllin VI can induce a transition
from apoptosis to pyroptosis by activating caspase-1 in A549 and H1299 cells, ultimately leading to cell death. This process is closely
associated with the ROS (reactive oxygen species)/NF-κB (nuclear factor-kappa B)/NLRP3 (NOD-like receptor protein 3)/GSDMD
(gasdermin D) signaling axis [96]. Natural products such as polyphyllin I, polyphyllin II, polyphyllin D, polyphyllin G, and polyphyllin
VI can induce apoptosis by regulating the levels of Bax/Bcl-2 ratio and the expression of caspases in cells.

A scientific study has found that polyphyllin I can inhibit the viability of gefitinib-resistant non-small cell lung cancer (NSCLC) cells
and xenograft models, further inducing cell apoptosis. This therapeutic effect is closely associated with the downregulation of
metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) during metastasis of human lung adenocarcinoma, leading to the
inactivation of the STAT3 signaling pathway. The JAK2/STAT3 signaling transduction pathway involves multiple processes such as
physiological and pathological responses, cell growth, differentiation, and death [97]. When JAK2 is activated, it triggers the phos-
phorylation of STAT3. The inhibitory and apoptotic effects of polyphyllin I on gefitinib-resistant NSCLC cells are counteracted by the
overexpression of MALAT1, while the inhibitory and apoptotic effects of polyphyllin I are enhanced by the inhibition of MALAT1.
These findings suggest that polyphyllin I effectively inhibits the activity of gefitinib-resistant NSCLC cells by reducing MALAT1 and
inhibiting the STAT3 signaling pathway, thereby inducing the process of cell apoptosis both in vitro and in vivo [98]. Another scientific
study has shown that p-STAT3 can bind to the promoter of its target genes, activating the transcription and expression of related genes.
The study demonstrated that polyphyllin I can effectively inhibit the phosphorylation of STAT3 in a concentration-dependent manner
in a mouse model with gastric cancer [99]. Excessive generation of ROS may lead to induction of apoptosis resulting from an increase
in apoptosis-related proteins. The role of polyphyllin VI in inducing ROS generation in glioma cells was investigated using the fluo-
rescent probe DCFH-DA, and the research data showed that polyphyllin VI can induce ROS production and activate JNK and p38 when
treating glioma cells [100].

RIP3 (also known as RIPK3) is a serine/threonine protein kinase that can trigger two parallel cell death pathways, necroptosis and
apoptosis [101]. Necroptosis is a form of cellular self-defense mechanism that is triggered when it is inhibited. This process is mediated
by the RIPK1-RIPK3-MLKL signaling cascade, which is the downstream of tumor necrosis factor-alpha (TNF-α), Fas or TRAIL ligands,
and Toll-like receptors [102]. Activation of RIPK3 kinase is required to promote the phosphorylation of MLKL at Ser358 in human,
whereas the phosphorylation site of MLKL is at Ser345 in mice [103]. The TAM (Tyro3, Axl, and Mer) receptor tyrosine kinase family
members have been widely acclaimed for their outstanding anti-apoptotic, pro-cancer, and anti-inflammatory properties. In many cell
model studies, TAM kinases are able to effectively inhibit necroptosis and cell death. Phosphorylation of MLKL at Tyr376 by TAM
kinases has been identified as a critical node in the involvement of TAM kinases in necroptotic signaling [104]. In one study, two
different human neuroblastoma cell lines were used to establish subcutaneous tumor models in mice. Polyphyllin D as a treatment
option utilized immunohistochemistry to observe its effects on normal tissues and metastatic tumor cells to explore the mechanism.
The research indicated that polyphyllin D significantly increased the sensitivity of cancer cells to chemotherapy. Polyphyllin D induced
the expression of RIPK3 with different responses observed at Ser358 in IMR-32 cell line as well as at Ser358 and Tyr376 in LA-N-2 cell
line in human neuroblastoma. It suggests that polyphyllin D has a notable inhibitory effect and leads to necrotic apoptosis in cancer
cells [105]. CIP2A is a protein phosphatase that is also considered as an oncogene, regulating several key oncogenic signaling proteins
including Akt, c-Myc, ERK, and p70S6K. CIP2A promotes cell transformation and tumor formation by inhibiting the activity of PP2A.
Research has shown that polyphyllin I reduced the activity of the CIP2A inhibitor, leading to the degradation of CIP2A protein,
decreased expression levels of p-Akt, and the death of gastric cancer cells [36]. Polyphyllin I exerted inhibitory effects on CIP2A/PP2A
signaling, leading to reduced expression levels of p-ERK, thereby decreasing epithelial-mesenchymal transition (EMT) of prostate
cancer cells and inducing apoptosis [106].

In addition, RPS extraction can reduce the levels of inflammatory cytokines, TNF-α, IL-10, and IL-8 in the serum of C57BL/6 mice
via immunemodulation, leading to nuclear changes such as DNA condensation and chromatin fragmentation in A549 cells, resulting in
cell apoptosis [13] (Fig. 3).

3.2. Autophagy enhancement

Autophagy has been confirmed as a newly discovered programmed cell death phenomenon, which is the process of cellular self-
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digesting, playing a vital role in maintaining tissue homeostasis [107]. The PDK1-Akt-mTOR signaling pathway can regulate auto-
phagy and apoptosis processes in tumor cells [108]. AMP-activated protein kinase (AMPK) is considered as the most important sensor
of cancer cell energy status, which can prevent rapid proliferation and metabolism of tumors. When AMPK is activated, TSC2 and
RAPTOR are phosphorylated, leading to the downregulation of the mammalian target of rapamycin complex 1 (mTORC1). Activation
of AMPK phosphorylates ULK1, increasing its activity and promoting the autophagy process [109]. When autophagy is initiated, a
small peptide of cytosolic LC3-I is cleaved off, which conjugates with phosphatidylethanolamine (PE) to form the membrane-bound
LC3-II. Therefore, estimating the ratio of LC3-II/I can evaluate the level of autophagy. LC3-II is considered as a marker of auto-
phagy and an important regulatory factor in the process. In mammals, there are four isoforms of LC3 (LC3A, LC3B, LC3B2, and LC3C),
each with I and II subtypes. After synthesis, LC3 protein is cleaved by Atg4 to expose a glycine residue, forming the cytosolic LC3-I.
During autophagy, LC3-I undergoes ubiquitin-like conjugation and processing to be coupled with PE to form LC3-II, which then lo-
calizes on the inner and outer membranes of autophagosomes. As autophagosomes form, cytosolic LC3-I binds to PE and is transferred
to the double-membrane of autophagosomes, forming the membrane-bound LC3-II [110]. The conversion from LC3-I to LC3-II is a
crucial step in the autophagy process. P62 is another known protein that plays an important role in autophagy. Results showed that
polyphyllin I led to a dose-dependent increase in the expression of LC3-II in HGC-27 cells, while the expression of p62 showed a
decreasing trend. It indicates that polyphyllin I is involved in the autophagy process [111]. The subsequent results confirmed that
polyphyllin I reduced the phosphorylation levels of mTORC1 effectors (mTOR, p70S6K, and 4E-BP1) in an AMPK-dependent manner,
significantly inhibiting the Akt/mTOR signaling pathway and downstream effectors. There are several studies reported that poly-
phyllin I induced autophagy through the AMPK/mTOR signaling transduction pathway [31,112,113]. Polyphyllin I can inhibit the
Akt/mTOR pathway through ROS and promote autophagy, cell death, and apoptosis in colon cancer cells [114]. It is demonstrated that
polyphyllin G significantly increased the autophagy biomarkers expression (LC3I/II, Beclin-1and p62) and reduced the expression of
PI3K, activated mTOR (ser2448), total mTOR, Raptor, Rictor, and GβL in a dose-dependent manner [94]. Research has shown that
polyphyllin II can lead to a decrease in the levels of p-Akt and p-mTOR proteins in colorectal cancer cells. Further studies indicate that
the autophagy induced by polyphyllin II is associated with the inhibition of the PI3K/Akt/mTOR signaling pathway. In the presence of
the mTOR inhibitor rapamycin, the effects of polyphyllin II on p-mTOR decrease and LC3B-II increase in colorectal cancer cells further
confirmed polyphyllin II realizing autophagy via Akt/mTOR pathway [58]. Gracillin can significantly upregulate the expression levels
of FAM102A and Beclin-1, downregulate the expression level of p62, inhibit the phosphorylation of PI3K and Akt to enhance auto-
phagy process [60]. It is also showed that gracillin can regulate autophagy behavior via mTOR signaling pathway [115]. Research has
shown that when glioma cells were exposed to polyphyllin VI, the expression of LC3-II increased. When glioma cells treated with
polyphyllin VI, Beclin-1 (another autophagy-related protein) was also upregulated, suggesting that polyphyllin VI was involved in
inducing autophagy in glioma cells [100]. Polyphyllin VI can promote the generation of ROS and activate the JNK and P38 pathways.
Previous studies have indicated that excessive production of ROS may trigger the autophagy process. This suggests that polyphyllin VI
may promote the process of cellular autophagy through the ROS-mediated mechanism [116]. The formation of acidic vesicular or-
ganelles (AVOs) is a characteristic of autophagy [117], and polyphyllin VII increased the expression of AVOs in a dose-dependent
manner. It is widely believed that LC3 promotes the formation of autophagosomes and activates the Atg5-Atg12 complex, thereby
facilitating the binding of LC3I. These results suggest that polyphyllin VII can promote the process of autophagy by affecting the
expression of autophagy genes and the formation of autophagosomes [118]. Polyphyllin VII upregulated LC3II, Atg7, Atg5, and
Atg12-Atg5 complex to induce autophagy [118], while polyphyllin G induced the formation of AVO in nasopharyngeal carcinoma cells
[94].

Chaperone-mediated autophagy (CMA) is a selective autophagy mechanism specific to protein degradation that effectively disrupts
the degradation process by inhibiting the interaction between HSC70 and LAMP2A [119]. Polyphyllin D has been identified as a small
molecule inhibitor of CMA by disrupting the interaction of HSC70-LAMP2A. Polyphyllin D binded to the nucleotide-binding domain of
HSC70 as well as the E129 and T278 residues at the C-terminus of LAMP2A. Polyphyllin D induced the accumulation of ROS by
inhibiting the HSC70-LAMP2A-eIF2α signaling axis to accelerate the production of unfolded proteins. Furthermore, polyphyllin D cut
off the STX17-SNAP29-VAMP8 signaling axis to prevent cellular compensatory mechanisms induced by CMA inhibition [120].

Based on the above research, we have learned that RPS can enhance cell autophagy capacity through various mechanisms. It mainly
includes enhancing the PDK1-Akt-mTOR signaling pathway, increasing the activity of autophagic protein p62, inhibiting the
expression of LC3- II, suppressing PI3K/Akt/mTOR signaling transduction, inducing the formation of AVOs, and interrupting the signal
transduction axis of STX17-SNAP29-VAMP8 (Fig. 3).

3.3. Ferroptosis induction

Ferroptosis is a newly emerging iron-dependent programmed cell death characterized by lipid peroxidation and iron accumulation.
Reduced glutathione (GSH) is important in this process by converting harmful lipid peroxides into non-toxic lipid alcohols, preventing
the occurrence of ferroptosis [121]. More andmore scientific studies indicate that GPX4 belonging to the selenocysteine enzyme family
is of significance in many common malignant tumors [122]. Polyphyllin B, a novel small molecule, has been identified as GPX4 in-
hibitor. In the research model, polyphyllin B can directly bind to GPX4 and reduce its expression. Besides, it regulated iron ion
metabolism by promoting iron ion transport and ferritin engulfment to increase Fe2+ activity, and ultimately leading to ferroptosis.
Mitochondrial shrinkage, reduced mitochondrial ridges, and autophagic vacuoles were observed in gastric cancer cells treated with
polyphyllin B. These observations suggest that polyphyllin B has the ability to induce ferroptosis in gastric cancer cells in vitro [123].

Nuclear factor erythroid 2-related factor 2 (NRF2), as a specific transcription factor, involves in reducing lipid peroxidation and
iron-mediated cell death processes [124]. Ferritin heavy chain 1 (FTH1) is not only a major subunit of ferritin, but also a key regulator
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of iron-mediated cell death [125]. According to research, the intervention of polyphyllin I can induce ferroptosis by enhancing
mitochondrial damage and activating the Nrf2/HO-1/GPX4 axis. Findings showed that HCC cells treated with polyphyllin I led to
elevated levels of ROS and malondialdehyde (MDA), resulting in dose-dependent inhibition of proliferation, invasion, and migration.
This inhibitory effect promoted the accumulation of Fe2+ in the cells, depleted reduced GSH, and suppressed the expression of xCT and
GPX4, ultimately triggering iron ferroptosis. The induction of ferroptosis by polyphyllin I is closely associated with its interaction with
Nrf2, HO-1, and GPX4 proteins, further affecting the function of the Nrf2/HO-1/GPX4 antioxidant axis. In in vivo studies, polyphyllin I
was capable of inhibiting ferroptosis caused by the Nrf2/HO-1/GPX4 axis, suppressing cell growth, and exhibiting similar effects to
sorafenib [126]. According to research, polyphyllin I effectively reduced the expression levels of factors related to NRF2 and FTH1 in
AGS and MKN-45 gastric cancer cells. Further studies have shown that the ferroptosis inhibitor Liproxstain-1 largely neutralizes the
regulatory effect of polyphyllin I on these factors. This indicates a close relationship between ferroptosis induced by polyphyllin I and
the NRF2/FTH1 pathway. Specifically, polyphyllin I affects the ferroptosis process by modulating the expression levels of NRF2 and
FTH1 [127]. Furthermore, research has found that polyphyllin I increased the expression level of miR-124-3p in tumor tissues both in
vitro and in vivo. MiR-124-3p regulated ferroptosis by directly targeting the 3′-UTR region of NRF2, leading to a decrease in NRF2 level
and ultimately resulting in ferroptosis [128]. The above results indicate that polyphyllin I mainly exerts its anti-cancer effect via the
ferroptosis Nrf2-related signaling axis.

Extensive studies have shown that there is a close interaction between autophagy and ferroptosis. Excessive autophagy in cells can
lead to iron accumulation, thereby accelerating the process of iron-dependent cell death. Ferritinophagy is a selective autophagic
degradation process targeting ferritin proteins, primarily aimed at releasing free iron to promote intracellular iron accumulation. The
iron-specific autophagic process can induce oxidative damage through the Fenton reaction, triggering iron-dependent cell death [129].
The nuclear receptor coactivator 4 (NCOA4) acts as a transmembrane receptor in the process of ferritin degradation, the C-terminal
domain of which binds to ferritin, facilitating the transfer of ferritin to autolysosomes for degradation. This process promotes the
release and recycling of iron, maintaining intracellular iron homeostasis and regulating iron metabolism processes [130]. In the case of
ferroptosis, the autophagic mechanism of mitochondria becomes complicated. In the early stages of iron overload, a large amount of
free iron enters the mitochondria, and the autophagy of the mitochondria isolates the iron in the autophagosome, thereby reducing the
generation of ROS. However, as the iron overload worsens, the mitochondria are damaged, their autophagic ability is further
enhanced, and the previously isolated iron begins to be released massively, leading to an excessive generation of ROS and lipid
peroxidation. It further triggers multiple cell death pathways, including ferroptosis caused by ROS-induced cell death pathways. The
intricate relationship between mitochondrial autophagy and ferroptosis reveals the crucial regulatory mechanism of cellular iron
metabolism balance for cell survival [131]. Autophagy and ferroptosis are connected at the molecular level, with distinct types of
autophagy such as ferritinophagy, mitophagy, lipophagy, and clockophagy contributing to ferroptosis [132]. T-LAK cell-originated
protein kinase (TOPK) is a serine-threonine, the overexpression of which promotes tumor development and progression in gastric
cancer [133]. RPS exerting anti-tumor effects by effectively inhibiting the TOPK signaling pathway. Polyphyllin VII induced
autophagy-dependent ferroptosis by targeting TOPK, which triggers iron-dependent cell death. The autophagic upstream of
Unc-51-like autophagy activating kinase 1 (ULK1) was activated by polyphyllin VII, which inhibited the activity of TOPK resulting in
reducing its constraining effect on downstream ULK1 realized by directly binding to the stable non-active dimer form of TOPK [134].
Polyphyllin VII inhibited the generation of gastric cancer by triggering autophagy-mediated ferroptosis and by contributing to the
degradation of FTH1 primarily responsible for ferroptosis during autophagy, eventually enhancing autophagic iron formation and
reducing its toxicity.

It is learned that cell death is a complex process based on in-depth research recent years. Many studies have explored the role of cell
death in cancer tumors and provided new insights for therapeutic approaches. In sum, studies mentioned above have shown that RPS
can inhibit tumor development by inducing apoptosis, autophagy, and ferroptosis in cancer cells (Fig. 3).

4. Reduction in inflammation

In the process of inflammation, NF-κB signaling transduction is considered to be one of the main transcription pathways. In
macrophages, NF-κB is activated by Toll-like receptors (TLRs), leading to the reverse activation of cell factors, chemokines, and other
pro-inflammatory mediators. Activated macrophages of importance in host pathogen infection by producing inflammatory factors and
pro-inflammatory mediators, such as nitric oxide (NO), prostaglandin E2 (PGE2), inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2), metalloproteinases, TNF-α, interleukin (IL)-1β, and IL-6, which recruit more immune cells to the site of
infection or tissue damage [135–137]. In the traditional signaling pathway, strong stimuli such as lipopolysaccharide (LPS),
interferon-gamma (IFN-γ), and TNF-α can activate the NF-κB (IκB) kinase complex (IKK), leading to phosphorylation and degradation
of IκBα protein at serine residues. This process releases NF-κB, which then enters the nucleus to regulate the transcription of target
genes including TNF-α, IL-1β, IL-6, and iNOS [138–140]. Polyphyllin I inhibits macrophage inflammatory response by blocking the
NF-κB pathway. In the innate immune system, macrophages respond to external stimuli such as LPS by activating surface TLRs. In the
initiation and perpetuation of inflammation in rheumatoid arthritis (RA), TLR activation triggers signaling pathways including
dimerization. Besides the TLR3 signaling pathway, other TLR signaling pathways also recruit adaptor molecule MyD88, which then
recruits downstream signaling mediators (such as IRAK-1, IRAK4, and TRAF6) to form a receptor complex. Polyphyllin I has a certain
impact on the anti-NF-κB pathway downstream of TAK1 [141]. NF-κB p65 is an important subunit of NF-κB, of great importance in
regulating biological processes such as inflammation, immune response, and cell apoptosis. It is reported that polyphyllin I can inhibit
the platinum-induced phosphorylation of NF-κB p65 protein and the expression of its downstream genes, thereby increasing the
sensitivity of liver cancer to chemotherapy drugs [142]. Pre-treatment with polyphyllin VII successfully reduced the cytoplasmic
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translocation and nuclear translocation of NF-κB p65 protein under lipopolysaccharide stimulation. Additionally, lipopolysaccharide
treatment significantly enhanced the phosphorylation level of IκB-α, while the total amount of IκB-α in macrophages was reduced. This
indicates that IκB-α is phosphorylated and degraded via the ubiquitin-proteasome system, but its phosphorylation process is markedly
inhibited. The degradation process is partially reversed by treatment with polyphyllin VII by inhibiting the activity of JNK, ERK, and
p38MAPK induced by lipopolysaccharide [143]. Clinical studies have shown that inflammation-related factors are involved in the risk
of cancer, and cytokines form a pro-inflammatory cytokine network through secretion, functional regulation, and interactions in
various cell population [144]. The levels of IL-8 and IL-10 in the serum of NSCLC patients were significantly higher than those in
normal individuals [145],which can be reversed by RPS treatment. It is explained that RPS treatment can reduce the expression of
pro-inflammatory cell factors MCP-1, IL-6, TGF-β1, and cell adhesion molecule ICAM-1 [13](Fig. 4).

In conclusion, inflammation increases the risk of cancer development, and tumor cells regulate the inflammatory process by
secreting inflammatory mediators in the tumor microenvironment. Inflammation controls the occurrence, prognosis, and treatment
process of cancer. RPS have the ability to inhibit tumors by reducing the activity of inflammatory factors and inhibiting the NF-κB
signaling pathway.

5. Inhibition of invasion and metastasis

The spread of tumor cells is a dangerous process in the development of tumors. While normal cells undergo orderly proliferation
and differentiation, tumor cells exhibit abnormal proliferation, losing the balance of normal growth regulation and leading to rapidly
uncontrolled proliferation and metastasis. This abnormal proliferation triggers a series of disruptions, such as angiogenesis, extra-
cellular matrix (ECM) degradation, and dysregulation of anti-apoptotic mechanisms, which contribute to the invasiveness and met-
astatic potential of tumors [146]. When tumor cells form a clonal structure in distant organs, it often causes significant damage to the
human body. Cancer cells undergo EMT, resulting in changes in morphology and acquiring enhanced motility and invasive capabil-
ities. The invasiveness of tumors during their development is mainly determined by the complex biochemical and biological changes in
the tumor cells themselves and their associated stroma [147]. During the process of EMT, cancer cells transit from tightly packed
epithelial cells to active and motile mesenchymal cells. Cancer cells must abandon many characteristics of epithelial cells, change their
morphology, detach from the epithelial layer, and undergo a series of notable transformations in order to gain better motility and
invasive capabilities [148]. EMT is essential in the entire process of cell invasion and metastasis (Fig. 5).

5.1. MMPs and EMT

Matrix metalloproteinases (MMPs) are a part of the zinc-dependent neutral peptidase family, which collectively possess the ability
to degrade components of the ECM. Initially, MMPs defined as enzymes responsible for tadpole tail dissolution, subsequent scientific
research has revealed that these proteinases are vital in the ECM remodeling associated with a range of physiological processes such as
uterine involution, bone resorption, and wound healing [149,150]. MMPs degrade the basement membrane and ECM, facilitating
malignant cells to invade through connective tissue and blood vessel walls, leading to metastasis [151]. RPS extraction exhibits
inhibitory effects on the growth of A549 cells, effectively inhibiting the adhesion, migration, and invasion behaviors. Furthermore, RPS
extraction can also suppress the expression and secretion of MMP9 and MMP2, inhibiting the proliferation, migration, and differen-
tiation of A549 cells [152]. The compounds polyphyllin II and polyphyllin E can effectively inhibit the expression of MMP2/MMP9 by
downregulating the Akt/NF-κB pathway, eventually effectively suppressing the migration and invasion of cancer cells [153,154]. EMT
plays an irreplaceable role throughout the entire process of cell invasion andmetastasis [155]. In the process of EMT, the main changes
include a decrease in the level of the epithelial marker E-cadherin (CDH1), an increase in the level of the mesenchymal marker
N-cadherin (CDH2), and an increase in the levels of the Snail family transcriptional repressor 2 (SNAI2) and the Twist family BHLH
transcription factor 1 (TWIST1), both of which are transcriptional inhibitors of CDH1 [156]. Polyphyllin II treatment significantly
increased CDH1 expression in bladder cancer cells, and reduced the expression of CDH2, SNAI2, TWIST1, MMP2, and MMP9. These

Fig. 4. Visualization of Rhizoma Paridis saponins inhibiting inflammation. Rhizoma Paridis saponins inhibit tumors by reducing the activity of
inflammatory factors and inhibiting the NF-κB signaling pathway. Created with BioRender.com, UY27961FZL.
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results suggest that Polyphyllin II can inhibit the invasion and migration by regulating EMT-related proteins and MMPs [153,157].

5.2. EGFR-mediated migration

EGFR, a receptor tyrosine kinase, can phosphorylate the tyrosine residues of proteins and it is a key regulatory factor in cellular
processes such as cell proliferation, differentiation, survival, and migration [158,159]. PTPN11 (encoding SHP2) enhances EGFR
signal transduction by dephosphorylating RasGAP, which is a negative regulatory factor in the Ras pathway. SHP2 includes two Src
homology 2 (SH2) domains, N-terminal (N-SH2) and C-terminal (C-SH2), located in the PTP catalytic domain structure [160]. The
N-SH2 domain negatively regulates the activity of protein tyrosine phosphatase (PTP) by interacting with the catalytic domain [161].
The growth factor receptor-bound protein 2 (GRB2) associated binding protein 1 (Gab1) binds to SHP2 and activates SHP2 by
interaction with the N-SH2 domain, leading to inactivation of RasGAP and subsequent activation of Ras, further activating the
Raf/MEK/ERK pathway to promote tumor cell proliferation, growth, survival, and metastasis [162]. Polyphyllin D acts as a selective
SHP2 inhibitor with good efficacy, and the binding of polyphyllin D and SHP2 renders SHP2 inactive [163]. Circulating tumor cells
(CTCs) are cells that are separated from the primary tumor and enter the bloodstream, playing a role between the primary and
metastatic tumors [164]. Studies have shown that the protein levels of MMP2 and MMP9 can significantly reduced with treatment of
polyphyllin VII in CTC-TJH-01 and lung cancer cells, effectively inhibiting the EGFR-Ras/Raf-MEK/ERK signaling pathways. In
addition, Anoikis is a specific programmed cell death triggered by the loss of cell adhesion to the ECM [165]. Polyphyllin VII can
induce Anoikis by downregulating the EGFR pathway and significantly reducing the risk of metastasis [166].

5.3. Other regulation mechanisms

Many scientific studies have indicated that the enhanced activity of AP-1 is mainly associated with the c-Jun subunit, which is
considered as an oncogenic element, involving processes of growth, metastasis, and drug resistance [167,168]. Polyphyllin I can
reduce the activity of HOTAIR, increase the protein expression of transcription factor c-Jun, stimulate the protein expression of
cyclin-dependent kinase inhibitor p21 and the activity of its promoter, effectively inhibiting the growth and migration of human lung
cancer cells [49,169]. In addition, polyphyllin I, polyphyllin II, polyphyllin VI, and polyphyllin VII can significantly stimulate the
release of lactate dehydrogenase by human umbilical vein endothelial cells (HUVECs), resulting in inhibiting the migration and in-
vasion. Among them, polyphyllin I shows the most significant inhibitory effect on cell invasion [170]. The endoplasmic reticulum
chaperone protein GRP78 regulates cancer cells invasion and metastasis, and studies have shown that downregulation of GRP78
induced by polyphyllin I results in reduced cell migration and invasion [171]. Research has shown that polyphyllin VII can inhibit
osteoclastogenesis through the c-Fos/NFATc1 signaling pathway, thereby preventing bone resorption caused by breast cancer. Pol-
yphyllin VII can suppress osteoclast formation in bone marrow-derived macrophages (BMM) induced by breast cancer cells
(MDA-MB-231 CM). Furthermore, polyphyllin VII significantly reduced osteoclast bone resorption and F-actin ring formation induced
by MDA-MB-231 CM in vitro. During the process of osteoclastogenesis, polyphyllin VII markedly downregulated the activation of the
c-Fos and NFATc1 signaling pathways, leading to the downregulation of osteoclast-related genes such as Oscar, Atp6v0d2, MMP9,
integrin β3. However, there is one study showed opposite results that polyphyllin VII promotes osteoblastogenesis [172]. It indicates

Fig. 5. Depiction of Rhizoma Paridis saponins inhibiting tumor invasion and metastasis. Rhizoma Paridis saponins primarily impede cancer cell
migration, invasion and metastasis by modulating MMPs and EMT, as well as regulating EGFR-mediated migration, or employing other regulation
mechanisms. Created with BioRender.com, OZ27961XDJ.
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that more scientific research is needed for clarifying the mechanism clearly.
Tumor metastasis refers to the process in which tumor cells grow and settle at a distance from their primary sites, and this is one of

the most lethal features of cancer. The cause of death for most cancer patients is due to metastasis rather than the primary tumor itself.
The occurrence of metastasis is often accompanied by EMT, which allows cancer cells to detach from the primary tumor and spread to
other sites. Therefore, inhibiting tumor invasion and metastasis is prominent for preventing the late-stage deterioration of cancer and
improving patient survival rates. The comprehensive analysis shows that RPS inhibit cancer cell migration and invasion by modulating
MMPs and EMT. RPS can reduce the risk of cancer cell metastasis by regulating EGFR, which can increase the protein expression of the
transcription factor c-Jun, inhibit the downregulation of SHP2 and GRP78, modulate the signaling of c-Fos/NFATc1 and release lactate
dehydrogenase, eventually inhibiting the process of cancer cell metastasis. Research has shown that gracillin can inhibit migration of
human colorectal cancer cells by suppressing the phosphorylation pathway of STAT3 and IL-6 induced p-STAT3 nuclear translocation
[173].

6. Inhibition of the generation of vasculogenic mimicry

Vasculogenic mimicry (VM) is a simulation process in which tumor cells mimic the formation of normal blood vessels to construct a
network structure similar to blood vessels allowing tumors to acquire the necessary nutrients and oxygen [174]. The results showed
that the ethanol extraction of RPS can inhibit VM and tumor growth in osteosarcoma by reducing the activity of migration-inducing
gene 7 (MIG-7), which is considered as a key molecule in promoting VM in tumors [175]. Tumor-mediated VM is a complex process
involving multiple steps, including cell adhesion, ECM remodeling, and rearrangement of actin filaments. During this process, MIG-7, a
protein-rich in cysteine, is specifically overexpressed in metastatic cancers. MIG-7 promotes VM formation in osteosarcoma by acti-
vating the PI3K/MMPs/Ln-5γ2 pathway [176]. After treatment with RPS extraction, the expression levels of MIG-7, p-PI3K, p-Akt,
p-mTOR, MMP2, MMP14, Ln5γ2′, and Ln5γ2x were significantly reduced. It indicates that RPS extraction effectively inhibits the
signaling pathway of MIG-7/PI3K/MMPs/Ln-5γ2, by reducing the formation of lamellipodia and filopodia to prevent VM. This further
confirms that RPS can inhibit the formation of VM in osteosarcoma cells by regulating the expression of MIG-7 [177]. During the
formation of VM, cancer stem cells (CSC) and EMT play important roles [178]. The core transcription factor Twist1 of EMT binds to the
promoter of VE-cadherin, accelerating the process of VM formation, which is disrupted by polyphyllin I through the
PI3K-Akt-Twist1-VE-cadherin pathway, resulting in damage to VM. Polyphyllin I blocked the transcriptional activity of the Twist1
promoter and affected its ability to bind to the VE-cadherin promoter, leading to the inhibition of VM and exerting a dual effect on
Twist1 [179] (Fig. 6).

Polyphyllin II exhibits a significant inhibitory effect on the growth of human umbilical vein endothelial cells triggered by vascular
endothelial growth factor (VEGF) with dose and time dependency. In addition, polyphyllin II can interfere with the formation of renal

Fig. 6. Visualization of Rhizoma Paridis saponins inhibiting the generation of vasculogenic mimicry (VM). Rhizoma Paridis saponins effectively
inhibit tumor VM through the regulation of various molecules (p-PI3K, p-Akt, MMP2, MIG-7, etc.), modulation of Twist1 and VE-cadherin
expression, and inhibition of VEGFR2 activation. Created with BioRender.com, RV27962F7H.
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tubules, the mechanism of which is related to the direct disruption of the glycoprotein receptors on the membrane of vascular smooth
muscle cells. Polyphyllin II has been shown to effectively inhibit microvessel growth to suppress vascular formation in an ovarian
cancer mouse model, furthermore, polyphyllin II can promote the proliferation of fibroblasts. In tumor cells, VEGF downregulated
when treated with polyphyllin II, which led to a decrease in the phosphorylation levels of VEGF-induced vascular generation-related
kinases such as extracellular signal-regulated kinase, Src family kinases, focal adhesion kinase, and Akt kinase by inhibiting the
activation of VEGFR2 [180].

In conclusion, RPS can effectively inhibit the VM of tumor by regulating the activity of MIG-7, influencing the expression of Twist1
and VE-cadherin, and inhibiting the activation of VEGFR2.

7. Others

In addition to RPS impact on the occurrence and development of cancer, RPS have the ability on platelet aggregation, liver fibrosis,
and immune-related signaling molecules. RPS exhibit characteristics of inducing platelet aggregation, further can increase the activity
of thrombin. Thrombin as a local hemostatic drug is difficult to be obtained, and RPS have the potential to become an alteration. It was
found that polyphyllin H, polyphyllin I, polyphyllin II, and polyphyllin VII all showed effective hemostatic effects in mouse tail-cutting
experiments [181,182] (Fig. 7).

Liver fibrosis is a complex process involving multiple stages triggered by various factors such as viral hepatitis, excessive alcohol
consumption, biliary obstruction, and liver toxins [183]. Necrosis and regeneration of hepatocytes after liver cell injury are key steps in
the process of liver fibrosis, involving mechanisms such as activation of cytokines, increased synthesis of ECM, and reduced degra-
dation. Liver cirrhosis marks the advanced stage of liver fibrosis. Collagen fiber synthesis in the liver increases under normal cir-
cumstances, but excessive collagen deposition leads to inflammation and regeneration disorders when the liver is damaged or diseased.
Liver fibrosis is reversible and closely related to the apoptosis process of activated hepatic stellate cells. Therefore, inhibiting the
proliferation of activated hepatic stellate cells or promoting their regeneration may be an effective method for treating liver diseases
[184]. Results showed that RPS extraction can reduce the levels of p-ERK1/2 mRNA and RASAL1 protein, and increase the concen-
tration of p-ERK1/2 mRNA and RASAL1 protein, thereby contributing to alleviate degenerative changes and necrosis in liver tissue,
reducing the risk of excessive fibrous tissue growth [185,186]. Polyphyllin D can combate drug resistance by stimulating hypertro-
phied lysosomes targeting acidic sphingomyelinase (SMPD1) in liver cancer. Lysosomal can be damaged when treated with polyphyllin
D, such as blocking autophagic pathways, loss of lysosomal acidity, and release of lysosomal contents, thereby exhibiting anti-cancer
effects on liver cancer cells in vitro and in vivo. Further research has revealed that polyphyllin D can inhibit the activity of SMPD1,
which is a lysosomal acidic phosphodiesterase that catalyzes the hydrolysis of sphingomyelin by directly filling its surface groove,
producing ceramide and phosphocholine [187]. Prolonged inhibition of SMPD1 activity by polyphyllin D leads to lysosomal damage

Fig. 7. The effects of Rhizoma Paridis saponins on inhibiting liver fibrosis, inducing platelet aggregation, and boosting immune response. Created
with BioRender.com, VJ279632CN.
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Fig. 8. A comprehensive overview of the molecular targets of Rhizoma Paridis saponins in anti-cancer activity. Created with BioRender.
com, PW27962RRU.
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and induces lysosome-dependent cell death. Moreover, polyphyllin D can also enhance lysosomal membrane permeability, release
sorafenib, and enhance the anti-cancer effects of sorafenib [188].

Polyphyllin VII can activate the stimulator of interferon genes (STING) pathway through targeting macrophages, triggering the
infiltration of cytotoxic T cells into lung cancer cells, initiating an immune response to combat tumors. The STING-activated innate
immune pathway helps the host to resist pathogen infections and initiates effective anti-tumor adaptive immunity [189]. Macrophages
play a significant role in the process of tumor infiltrating immune cells [190]. Studies have shown that STING-activated macrophages
released large amounts of cytokines and chemokines, not only promoting the infiltration of cytotoxic T cells but also enhancing their
cytotoxicity against lung cancer. Polyphyllin VII can guide macrophages to transform into STING-controlled M1-type macrophages,
showing anti-tumor effects in the accumulation of CD8+ T cells [191].

8. Toxicity of RPS

Research has found that RPS canexhibit hepatotoxicity. Polyphyllin VI has been confirmed to have significant hepatotoxicity on
HepaRG liver stem cells showing that it increased the production of ROS, prompted cytochrome c to be released from mitochondria to
the cytoplasm, and activated a series of proteins (such as Fas, caspase-3, caspase-8, caspase-9, and poly (ADP-ribose) polymerase),
resulting in causing morphological changes and inducing apoptosis. It is showed that the IC50 values of Polyphyllin I, Polyphyllin II,
Polyphyllin VI and Polyphyllin VII were 4.666 μM, 3.747 μM, 6.656 μM and 2.75 μM in HepaRG cells, respectively. Regarding to 72 h-
cytotoxicity test on HL-7702 cells, the IC50 values of Polyphyllin I, Polyphyllin II, Polyphyllin VI and Polyphyllin VII were 0.5 μM,
0.701 μM, 3.898 μM and 0.505 μM, respectively [192]. Particularly, polyphyllin I exhibits strong cytotoxicity. It is also demonstrated
that polyphyllin I has the ability to directly bind with SQLE protein, leading to significant disruption in lipid metabolism through the
SREBP-2/HMGCR/SQLE/LSS pathway, potentially causing liver toxicity [193]. Also, animal studies have shown that RPS extraction
have side effects such as nausea, vomiting, diarrhea [194], and polyphyllin D can even cause hemolysis [195].

It has been reported that the water extract of Curcuma (CW) can significantly enhance the anti-cancer effects and reduce harmful
effects of RPS, such as restoring liver function and improving functional indicators, while normalizing abnormal areas in the liver and
lungs. CW demonstrated an inhibitory effect on the proliferation of liver cancer cells in mice, with no significant toxic side effects
observed. CW may contribute to reducing RPS toxicity by promoting the binding of Trx and TXNIP, enhancing the activity of HO-1,
GSH, SOD, and Nrf2, while lowering levels of ROS, MDA, and 8-OHdG, as well as decreasing the expression of COX-2, IL-1B, and NF-kB.
The ideal ratio of curcuminoids in CW to RPS is 16:500 (w/w). Additionally, compounds such as curcuminoids reduced the promoting
effect of RPS on the efflux of Rhodamine 123. The function of curcuminoids is similar to that of P-glycoprotein (P-gp) inhibitors, which
means that the combination of cyclosporin A and RPS exhibits comparable effects [196]. The LouHuang preparation (LH), a combi-
nation of Rhizoma Curcuma longa and RPS, has been shown to enhance the anti-cancer effects of RPS while reducing its toxicity. Acute
oral toxicity testing determined the LD50 of LH in mice was 3410.9 mg/kg. LH significantly mitigated the inhibitory effect of RPS on
gastric emptying and inhibited tumor growth compared to RPS alone [197].

9. Conclusions

Chinese herbal medicine as an alternative treatment for cancer has demonstrated its powerful potentials, providing a new and
complementary method for cancer therapy. The combination of chemotherapy and Chinese herbal medicine (CHM) has gained
attention for its potential to enhance treatment outcomes in cancer care such as improving the prognosis of cancer patients and
reducing the side effects. Rhizoma Paridis, a documented Chinese herbal medicine in ancient times, contains the main anti-tumor active
ingredient RPS, which could be new drug candidates for cancer therapy based on the deep research on the pharmacology and toxi-
cology in recent years (Fig. 8). The review comprehensively summaries the current research progress on RPS to provide a basic
literature reference for scientific research. It is still a long way to go before RPS formally enters clinical application. Extensive research
is necessary to explore and gain an in-depth understanding of underlying molecular mechanisms in the future.
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