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Abstract. Steroidal saponins are a type of natural product
that have been widely used in Chinese herbal medicine, with
a variety of pharmacological activities, such as antitumor,
anti-inflammatory and anti-bacterial effects. Cancer has
become a growing global health problem, and drug therapy
is currently the most important clinical antitumor treatment.
However, drug resistance is a major obstacle to the effective-
ness of chemotherapy, resulting in >90% of deaths of patients
with cancer receiving conventional chemotherapy. It has
been found that steroidal saponins may exert an effect on the
reversal of drug resistance in tumor cells by regulating apop-
tosis, autophagy, epithelial-mesenchymal transition and drug
efflux through multiple related signaling pathways. The present
study reviews the role and mechanism of steroidal saponins in
the treatment of tumor drug resistance, aiming to provide a
scientific basis and research ideas for the future development
and clinical application of natural steroidal saponins.
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1. Introduction

As the second leading cause of death worldwide, cancer is a
major cause of premature mortality and shortened life expec-
tancy with the growth and aging of the global population (1).
It was estimated that the global incidence of cancer and its
mortality rate would approach 19.3 million cases and 10
million deaths in 2020, and that these rates would increase to
30.2 and 16.3 million by 2040, respectively (2). Traditionally,
the approaches for cancer treatment mainly include surgical
resection, chemotherapy and radiotherapy. In recent years,
although innovative treatment strategies, such as gene therapy
and immunotherapy, have gradually become supplementary
and alternative treatments for patients with cancer, chemo-
therapy remains the sole therapeutic approach for numerous
patients. However, in addition to side effects, such as severe
nausea and vomiting (3), varying degrees of drug resistance
are gradually developed in tumor cells after a period of treat-
ment with chemotherapy, which is less than ideal. For a long
time, the drug resistance of tumors has been the principal cause
of the failure of chemotherapy and of tumor recurrence (4),
accounting for >90% of deaths of patients with cancer (5).
Therefore, solving the challenge of drug resistance in tumor
cells has become a key step in cancer treatment.

Notably, natural products (NPs), such as Chinese herbs and
their extract preparations, have long been widely used to treat
various diseases, and they remain an important repository for
the exploration and identification of novel drugs. NPs have been
used as alternatives to a number of chemically synthesized drugs
due to their high efficiency and low toxicity. Studies have shown
that NPs exert obvious antitumor effects, and their combination
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with chemotherapy can reduce the dosage and toxic side effects
of chemotherapy, and improve drug efficacy (6,7).

Naturally occurring steroidal saponins are a type of natural
saponin mainly derived from a variety of monocotyledonous
angiosperms, such as Agavaceae, Dioscoreaceae, Liliaceae,
Alliaceae and Dracaenaceae (8). According to different molec-
ular backbone structures, steroidal saponins are commonly
classified into various types, of which spirostanol-type
steroidal saponins and furostanol-type steroidal saponins
are the most widely distributed. The spirostanol steroidal
saponins are the main type with an ABCDEF six-ring struc-
tural chemical backbone formed by a steroidal aglycone and
a C27 spirostane skeleton (9). By contrast, the furostanol
steroidal saponins have an ABCDE pentacyclic ring with
a sixth open ring (Fig. 1). On account of the attachment to
different glycoside backbones and different numbers of sugar
chains, steroidal saponins have a wide range of functional and
pharmacological activities, such as anti-inflammatory (10,11),
anti-bacterial (12), antitumor (13-16), immunomodulatory (17),
anti-angiogenesis (18), lipid and glucose metabolism-
regulating (19,20) and anti-Alzheimer's disease (21) effects.
Over the last few years, numerous studies have shown that
steroidal saponins exhibit a wide range of antitumor activi-
ties, and their anti-drug resistance activity has also attracted
wide attention for further exploration, either as a monotherapy
or when administered as a drug-drug combination in diverse
tumor models (22-25). The present study provides a review on
the mechanism of drug resistance in cancer chemotherapy, and
the action of >10 steroidal saponins (Fig. 2) in reversing drug
resistance in tumors.

2. Mechanisms of drug resistance in cancer chemotherapy

The resistance of tumors can be confined to a specific drug
or can extend to multiple drugs with independent modes of
action, which is known as multidrug resistance (MDR) (26).
According to the chronological order in which tumor drug
resistance arises, drug resistance can be divided into primary
resistance and acquired resistance (27,28). Primary drug resis-
tance means that tumor cells have an inherent resistance to a
particular antitumor drug before they are exposed to it (29).
Notably, the mechanisms underlying primary drug resistance
may be related to certain innate genetic mutations in tumor
cells, tumor heterogeneity or activation of intrinsic resistance
pathways, such as the function of interferon signaling pathways
and immune-evasive oncogenic signaling pathways (30-33).
Acquired drug resistance, on the other hand, is induced by
chemotherapeutic drugs; that is, tumor cells become progres-
sively less sensitive to the drugs during the employment of
chemotherapy and ultimately establish resistance (28). Mostly,
the development of acquired drug resistance is due to changes
in the tumor microenvironment, mutations in oncogenes (34),
such as Kirsten rat sarcoma viral oncogene homolog (KRAS)
and human epidermal growth factor receptor (EGFR)-2
(HER?2), and mutations in drug molecular targets, such as
EGFR (35,36). However, in cancer cells, a new ‘driver muta-
tion’ may occur at a different site of the proto-oncogene or
in a different proto-oncogene, which can activate a different
oncogenic pathway, and allow the tumor to bypass the effects
of the therapy; for instance, in non-small cell lung cancer

(NSCLC) driven by the KRASC?C mutation, the KRAS"%P
mutation confers resistance to KRAS%'*“-selective inhibitors
in cancer cells (37); NSCLC driven by EGFR gene muta-
tion can reactivate the rat sarcoma (RAS)/mitogen-activated
protein kinase (MAPK) signaling pathway and mediate drug
resistance through mutations in KRAS, the human MAPK
kinase 1 or neuroblastoma-RAS genes after treatment with
EGFR inhibitors (38).

At present, it has been confirmed that the mechanisms of
drug resistance in tumors mainly include the following: The
induction of apoptosis, autophagy and hypoxia, upregula-
tion of the ATP-binding cassette (ABC) transporter family,
epithelial-mesenchymal transition (EMT), tumor stem cell
regulation, microRNA regulation, epigenetic regulation
and enhanced DNA damage repair ability (4,5,27,39,40).
Furthermore, pump resistance and non-pump resistance
mechanisms have been described (41); of note, drug inactiva-
tion and degradation, anti-apoptotic effects and antioxidant
defense, and DNA repair, replication and biosynthesis are
considered as non-pump resistance mechanisms, whereas the
pump resistance mechanisms mainly include upregulation of
the ABC transporter family.

Apoptosis evasion-mediated drug resistance. Apoptosis
is a type of programmed cell death, which can maintain
normal cellular functioning and embryonic development by
promoting cell death induced by multiple stimuli. Apoptosis
can be induced by death receptor-dependent exogenous and
mitochondria-dependent endogenous apoptotic pathways, and
the process principally consists of alterations in mitochondrial
outer membrane permeability, and the activation of a series of
cysteinyl aspartate specific proteinase (caspase) and catabolic
hydrolase (42). A prospective cohort study indicated that the
apoptosis index, Ki-67 index and the ratio between the two,
could serve as auxiliary assessments for the efficacy and
prognosis of chemotherapy in patients with gastric cancer
undergoing perioperative chemotherapy and radical gastrec-
tomy (43). Furthermore, the avoidance of apoptosis is one of
the hallmarks of chemotherapy resistance (44). The key to
the occurrence of endogenous apoptosis lies in the balance
between pro-apoptotic and pro-survival protein regula-
tors (e.g., Bax and Bcl-2) (45). Notably, the upregulation of
pro-survival proteins, such as Bcl-extra large and myeloid cell
leukemia 1, has been suggested as one of the main reasons for
the survival and drug resistance of various tumor cells (46). In
addition, Bcl-2 can disrupt apoptotic signaling and ultimately
inhibit the activation of caspases and apoptosis by preventing
the release of cytochrome ¢ from mitochondria (47).

Autophagy-mediated drug resistance. Autophagy is a highly
conserved intracellular catabolic process that occurs to
degrade and eliminate misfolded proteins and damaged organ-
elles, which is essential for maintaining metabolic homeostasis
and energy balance. The process of autophagy mainly includes
three stages: Phagocytic bubble assembly, autophagy forma-
tion and autophagy lysosome degradation (48). Depending
on how it happens, autophagy has been mainly classified into
three modes: Macroautophagy, microautophagy and chap-
erone-mediated autophagy (49). Autophagic cell death serves
an important role in the action of antineoplastic drug therapy.
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Figure 1. Structural chemical backbone of (A) Spirostanol-type and (B) Furostanol-type steroidal saponins.

However, during tumorigenesis and progression, autophagy has
dual effects: In the early stage of tumor development, excessive
autophagy induces autophagic cell death; by contrast, in cells
in the middle and late stages, an increased level of autophagy
promotes tumor survival and malignancy (50). Mammalian
target of rapamycin (mTOR) kinase is an essential regulator
of autophagy, which can be activated by the phosphatidylino-
sitol-3 kinase (PI3K)/protein kinase B (AKT)/mTOR pathway
to inhibit autophagy, and can also promote autophagy through
the negative regulation of the AMPK/mTOR pathway (51).
Several studies have shown that the inhibition of autophagy
can significantly enhance the sensitivity of tumor cells to
chemotherapeutic agents and reverse drug resistance (52-54).

EMT-mediated drug resistance. EMT is a process of change
in which tumor cells lose epithelial characteristics and acquire
a mesenchymal phenotype (55). The intrinsic mechanism is
primarily associated with the specific loss of the epithelial
marker E-cadherin and cell polarity, and the acquisition of the
mesenchymal marker N-cadherin by tumor cells, including the
activation of transcription factors such as Twist and Snail, and
the expression of vimentin proteins (56). It has been shown
that the occurrence of EMT might be related to a variety
of tumor events, including tumorigenesis, deterioration,
migration, invasion, acquisition of tumor stemness and drug
resistance (57-59). EMT is a key step in inducing the forma-
tion of cancer stem cells (CSCs). The signaling pathways that
activate EMT exhibit similarities with those that drive CSCs,
such as the Wnt, Hedgehog and Notch pathways. Once EMT
occurs, tumor cells will exhibit characteristics similar to those
of CSCs, such as increased efflux of intracellular drugs and
enhanced anti-apoptotic effects (60,61), thereby facilitating the
survival and drug resistance of tumor cells.

ABC transporter protein family-mediated drug resistance. The
phenotype of drug resistance in tumor cells is usually associ-
ated with the upregulation of members of the ABC transporter
protein family, especially P-glycoprotein (P-gp) encoded by the
ABCBI gene (62), MDR-related protein 1 (MRP1) encoded by
the ABCCI gene and breast cancer resistance protein (BCRP)
encoded by the ABCG2 gene (63). These transporter proteins
act as drug efflux pumps to catalyze the efflux of chemo-
therapeutic agents, thus contributing to the decreased levels of
intracellular drug concentrations, and therefore attenuating the
antitumor effects of drug therapy. It has been reported that the
upregulation of P-gp, MRP1 and BCRP may give rise to poor

clinical response and drug resistance in a variety of cancer
types, such as human ovarian cancer, colon cancer, NSCLC
and pancreatic cancer (64,65).

The mechanisms of drug resistance arising in tumor cells
are complex, and there may be multiple mechanisms that
intersect on one pathway to jointly mediate drug resistance
in tumors. For example, the PI3K/AKT/mTOR signaling
pathway, also referred to as the PAM axis, which is one of the
most vital pathways regulating the basic physiological func-
tions of cells, has a complex cascade that has an important
role in the regulation of cell growth, differentiation, apoptosis,
proliferation and metastasis (66). In general physiological
and pathological processes, the PI3K/AKT/mTOR pathway
works by transmitting signals from the upstream regulatory
proteins, such as phosphatase and tensin homologue, PI3K
and receptor tyrosine kinases, to a number of downstream
effectors, such as mTOR, glycogen synthase kinase-3f3,
forkhead box O and mouse double minute 2 proteins (67).
However, the hyperactivation and alteration of this pathway
are often associated with the survival, proliferation, invasion
and migration of tumor cells, further influencing the outcome
of targeted therapy in human cancer (68). Due to PI3K being
a primary drug target for cancer therapy, the development of
more optimized PI3K inhibitors has consistently been a direc-
tion in the field of anticancer drug development. However,
the rapidly accelerated fibrosarcoma (RAF)/MAPK kinase
(MEK)/extracellular signal-regulated kinase (ERK) signaling
pathway is another pathway that exerts a similar function to
the PI3K/AKT/mTOR pathway (69), and a cross-inhibitory
pattern exists between these two pathways, which exerts nega-
tive regulation on each other's activity. Therefore, when one
pathway is chemically blocked, it releases the cross-inhibition
and effectively activates the other pathway to synergistically
mediate cell survival (Fig. 3) (67,70). Consequently, the
complex crosstalk between signaling pathways is strongly
associated with the refractoriness of tumors; however, a study
has shown that the development of drugs targeting these
crosstalk-pathway regulatory factors offers a new strategy for
solving this problem (71).

3. Mechanisms of steroidal saponins in reversing tumor
drug resistance

Multiple pathways to induce apoptosis. Timosaponin AIII
(TS-AIII) (Fig. 2A) is a steroidal saponin obtained from the
rhizome of Anemarrhena asphodeloides (AA). For more than
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Figure 2. Chemical structures of (A) Timosaponin AIII, (B) Polyphyllin I, (C) Polyphyllin II, (D) N45, (E) Paris saponin I, (F) Ginsenoside Rh2, (G) Ginsenoside
Rg3, (H) S-20, (I) Polyphyllin VII, (J) Diosgenin, (K) Bufalin, (L) Paris saponin VII, (M) Progenin III and (N) Paris saponin II mentioned in the text.

a decade, studies on the anticancer effects of TS-AIII have
been reported, and it has been shown that TS-AIII exerts
its anticancer effects in a variety of tumor cells mainly by
inducing apoptosis and cell cycle arrest through multiple

pathways (72). In terms of antitumor drug resistance, related
studies have shown that either TS-AIII or AA treatment could
significantly inhibit growth and promote cell cycle arrest
in PANC-1 and BxPC-3 cells (pancreatic cancer cells with
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Figure 3. Cross-inhibition between the PI3K/AKT/mTOR and RAF/MEK/ERK pathways. AKT negatively regulates ERK activation by phosphorylating and
inactivating RAF, while MEK suppresses the PI3K signaling pathway by promoting the membrane localization of PTEN, thereby achieving the negative regula-
tion between the two pathways. PI3K, phosphatidylinositol-3 kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; RAF, rapidly accelerated
fibrosarcoma; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated kinase; PTEN, phosphatase and tensin homologue.

varying degrees of resistance to gemcitabine). Furthermore,
when used separately in combination with gemcitabine, both
TS-AIIl and AA induced caspase-dependent apoptosis of
pancreatic cancer cells more than gemcitabine alone. The
underlying mechanism may be related to the regulation of the
activity of PI3K/AKT pathway proteins involved in the cell
cycle and proliferation (73). Another study demonstrated that
TS-AIII could inhibit cell growth and induce apoptosis in
paclitaxel-resistant tumor cells (A549/Taxol and A2780/Taxol)
by suppressing activation of the PI3K/AKT/mTOR and
RAS/RAF/MEK/ERK signaling pathways, resulting in a more
stable antitumor effect (74).

As one of the ‘vulnerable’ species designated by the
International Union for Conservation of Nature Red List,
Paris polyphylla is an important medicinal plant in the tradi-
tional system of medicine, and steroidal saponins are one of
the main bioactive chemical components of this plant (75).
Polyphyllin I (PP-I) (Fig. 2B) and PP-II (Fig. 2C) isolated
from the rhizome of Paris polyphylla, have been proven to
have an obvious effect on reversing tumor drug resistance.
In a previous study (76), the overexpression of the long
noncoding RNA metastasis-associated lung adenocarcinoma
transcript-1 (MALAT1) increased signal transducer and

activator of transcription 3 (STAT3) expression in NSCLC
cells, leading to gefitinib resistance in the lung cancer cells,
whereas PP-I downregulated the expression of MALATI,
inhibiting the phosphorylation of STAT3 and finally leading
to the apoptosis of NSCLC cells. Similarly, PP-II triggered
apoptosis to strengthen the sensitivity of PC-9/ZD cell lines to
gefitinib by downregulating the protein levels of PI3K, AKT
and mTOR, and upregulating the levels of Bax, caspase-9 and
caspase-3 (77).

N45 (Fig. 2D), a steroidal saponin once known as saponin
9 is derived from the rhizome of Paris vietnamensis (Takht.).
Liu et al (78) showed that N45 exhibited significant cytotoxic
effects on glioblastoma cells with ICs, values of 3.14 yM in
U251 cells and 2.97 uM in US87MG cells. The same group
proved that N45 could induce mitochondrial apoptosis to
inhibit the proliferation of temozolomide-resistant glioblas-
toma cells (U87R) by increasing the Bax/Bcl-2 ratio, and the
levels of cytochrome ¢ and cleaved caspase. The underlying
molecular mechanism included the reactive oxygen species
(ROS)-mediated inactivation of the PI3K/AKT pathway,
which resulted in downregulated expression of the nuclear
factor-kB (NF-xB) p65 and O6-methylguanine-DNA methyl-
transferase (79).
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Similarly, by triggering the apoptotic pathway, steroidal
saponins can work synergistically with chemotherapy drugs
to enhance the sensitivity of tumors to chemotherapy. Paris
saponin I (PS-I) (Fig. 2E), isolated from Paris polyphylla, has
been reported to induce apoptosis by regulating the expression
of Bcl-2, Bax and caspase-3 proteins, and by promoting G,/M
phase cell cycle arrest by activating P21¥7*! when combined
with cisplatin, thereby improving the sensitivity of gastric
cancer cell lines to cisplatin (80). In lung cancer cell lines,
PS-I similarly acted as a chemosensitizer of camptothecin
(CPT)/10-hydroxycamptothecin (HCPT), which synergisti-
cally inhibited cell proliferation and induced apoptosis by
improving activation of the p38 MAPK/caspase signaling
pathway in H1299 cells, as well as by inhibiting activation
of the AKT and ERK pathways in H460 and H446 cells (81).
Combination treatment with ginsenoside Rh2 (Fig. 2F) and
cisplatin has been shown to potentially overcome the toler-
ance of NSCLC cells to cisplatin by promoting apoptosis and
inhibiting cisplatin-induced phosphorylation of EGFR, PI3K
and AKT, thus suppressing the production of superoxide, the
expression of programmed death-ligand 1 and autophagy (82).

Inhibition/induction of autophagy. According to in vitro
and in vivo research, autophagy induced by doxorubicin
in hepatocellular carcinoma cells promoted tumor cell
survival. By contrast, the 20(S)-ginsenoside Rg3 (G-Rg3), a
stereoisomer of G-Rg3 (Fig. 2G), which was isolated from
steamed Panax ginseng C.A. Meyer, was shown to suppress
the late stage of autophagy by inhibiting the maturation,
fusion or degradation stages, thus exhibiting a positive effect
on doxorubicin-induced hepatocellular carcinoma cell death.
The potential mechanism of this effect was partly relevant
to regulation of the C/EBP homologous protein (CHOP)
transcription factor at the genomic level (83). Besides, the
combination of G-Rg3 and paclitaxel was able to promote
cytotoxicity and apoptosis of triple-negative breast cancer
cell lines by interrupting the NF-«xB signaling pathway, thus
downregulating the protein levels of NF-kB, p65 and Bcl-2,
and upregulating the levels of Bax and caspase-3 (84). An
earlier study also showed that G-Rg3 could enhance the
antitumor effects of radiation therapy on NSCLC cells by
targeting and regulating the NF-kB protein and its regulatory
gene products (85).

In addition, a series of findings made by Wang's research
team with regard to black nightshade (Solanum nigrum L.)
found that the promotion of autophagy could significantly
inhibit the proliferation of drug-resistant tumor cells.
Solanum nigrum L. is a plant belonging to the Solanaceae
family that commonly grows in Africa and Southeast Asia,
and has been widely used as a vegetable, fruit and source of
various therapeutic medicines for a number of years (86).
Wang et al (87) found that S-20 (Fig. 2H), a novel component
isolated from the berries of black nightshade, induced both
autophagy and caspase-dependent apoptosis to overcome the
Adriamycin resistance of K562 cells (K562/ADR); however,
upon the addition of inhibitors to these two pathways, it was
discovered that autophagic death was the primary pathway
through which S-20 exerted its anti-drug resistance effect,
rather than apoptosis. The mechanism of action was associ-
ated with the activation of ERK, which further suppressed

the expression of BCRP and P-gp proteins (87). By contrast,
in a subsequent study, this research group reported that the
total saponins from the berries of Solanum nigrum exerted
anti-drug resistance activity by significantly downregulating
the phosphorylation level of mTOR kinase in K562/ADR cells
and xenograft tumors, inducing autophagy in K562/ADR cells
and inhibiting the expression of drug resistance proteins (88).
Furthermore, the synergistic combination of the total saponins
of Solanum nigrum and Adriamycin could induce apoptosis
through the intrinsic and extrinsic pathways, and activate
autophagy by downregulating the PI3K/AKT/mTOR signaling
pathway and upregulating the MAPK signaling pathway,
thereby significantly enhancing the antitumor resistance
activity in K562/ADR cells (89).

Inhibition of EMT. PP-I has been demonstrated to resensitize
HCCS827-ER cells to erlotinib and to enhance antitumor
activity by reversing the EMT process through inhibitory
effects on the activation of the IL-6-mediated signaling
pathway and the phosphorylation of STAT3 protein, thereby
decreasing the levels of vimentin and increasing those of
E-cadherin (90). Furthermore, PP-I combined with poly-
phyllin VII (PP-VII) (Fig. 2I) could inhibit the invasion and
metastasis of cisplatin-resistant NSCLC cells (A549/DDP) by
upregulating levels of the epithelial marker E-cadherin, and
downregulating those of the mesenchymal markers vimentin
and a-smooth muscle actin. Meanwhile, the combination also
induced apoptosis and autophagy to promote A549/DDP cell
death via upregulation of p53 expression and inhibition of the
cancerous inhibitor of protein phosphatase 2A/AKT/mTOR
signaling axis (91).

A study on the inhibitory effects of diosgenin (DG)
(Fig. 2J) on breast cancer stem cells (bCSCs) showed that
DG induced apoptosis by activating caspase-3/7 and releasing
ROS. Further investigation identified that, in sSFRP4-OE cells,
a model of bCSCs that overexpressed Wnt antagonists, DG
treatment significantly increased the expression of E-cadherin,
decreased N-cadherin and p-catenin proteins, and downregu-
lated the expression of the pro-invasive genes Twist and Snail,
thus inhibiting EMT and suppressing the invasiveness of
bCSCs, probably via the Wnt/p-catenin pathway (92).

Reduction of drug efflux. In human chronic myelogenous
leukemia Adriamycin-resistant cells (K562/ADM), TS-AIII
exhibited the ability to downregulate overexpressed P-gp and
MRPI in a dose-dependent manner, further improving the
retention of Adriamycin in the cells, and the underlying mech-
anism may be related to the PI3K/AKT signaling pathway in
this process (93). Bufalin (Fig. 2K), an extract of the natural
Chinese herbal medicine Venenum bufonis, has been reported
to prevent Adriamycin outflow by inhibiting nuclear factor
erythroid 2-related factor 2 and weakening the expression of
the downstream target genes, including heme oxygenase-1 and
P-gp, thus reversing the drug resistance of K562/A02 cells (94).

Trillium tschonoskii Maxim (TTM) is a folk medicine that
originated from Liliaceae in China. TTM has long been known
as “Yan Ling Cao’ and is used to treat traumatic brain injury
and headaches (95). Previous studies showed that the steroidal
saponin of Trillium tschonoskii (TTS) could downregulate
the expression of P-gp in R-HepG2 (a cell line in which the
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sensitivity to doxorubicin was much lower than that of parental
cells) in a dose-dependent manner at both the transcriptome
and protein levels (96). Moreover, TTS treatment enhanced the
cytotoxic effect of doxorubicin on primary tumors both in vitro
and in vivo. Paris saponin VII (PS-VII) (Fig. 2L) derived from
the roots of TTM has been reported to reduce Adriamycin
transmembrane outflow in Adriamycin-resistant breast cancer
cells by inhibiting the expression and function of P-gp at a low
dose (97). Another study demonstrated that PS-VII signifi-
cantly enhanced the sensitivity of HepG2 cells to Adriamycin
via inhibition of the PI3K/AKT/MAPK signaling pathway, thus
decreasing the expression of P-gp, MRP1 and BCRP proteins,
increasing the intracellular accumulation of Adriamycin and
also inducing cell apoptosis (98). Additionally, co-incubation of
H1975 cells with PP-VII and gefitinib enhanced the anti-prolif-
erative effect of gefitinib by upregulating p21 protein expression,
and downregulating the expression levels of cyclin-dependent
kinase (CDK)2, CDK4, Cyclin E and Cyclin DI, leading to a
cellular G,-phase block (99).

Low cytotoxic concentrations of total saponins from
Paris forrestii inhibited ERK phosphorylation through the
MAPK signaling pathway, thereby reducing expression of
MDR1 mRNA and P-gp protein, ultimately reversing drug
resistance in Adriamycin-resistant human breast cancer cells
(MCF-7/ADM) (100).

Shenmai injection (SMI) is derived from the famous
Chinese patent medicine known as Shenmai San, which
has been clinically used for the treatment of cardiovascular
and cerebrovascular diseases. A previous study demon-
strated that SMI could inhibit the function and expression
of P-gp through the MAPK/NF-«kB signaling pathway, and
further potentiate the sensitivity of breast cancer cells to
chemotherapeutic drugs (101). Moreover, Panax ginseng
and Ophiopogon japonicus, as the primary components of
SMI (102), have been proven to be rich in steroidal sapo-
nins (103,104). Based on the aforementioned facts, the present
review indicates the potential possibility to further investigate
the effects of SMI components on the reversal of tumor drug
resistance.

4. Conclusion and prospects

In conclusion, naturally occurring steroidal saponins have
emerged as promising agents in the reversal of drug resistance
in multiple types of cancer (Table I), with evidence suggesting
their potential to induce apoptosis, modulate apoptosis and
autophagy, inhibit EMT and block drug efflux mediated by the
ABC transporter protein family (Fig. 4). Moreover, combina-
tion treatment with existing chemotherapeutic agents has been
reported to enhance efficacy and overcome the challenges of
drug resistance. Existing research has provided preliminary
evidence that steroidal saponins have notable therapeutic
potential in reversing tumor drug resistance. However, the
current research is still in its infancy, with limitations in
understanding the mechanisms of action, the potential direct
targets based on their molecular backbone structures and the
potential side effects of steroidal saponins. Furthermore, most
studies lack in vivo experimental and clinical trial evidence.
Based on the aforementioned studies, it may be indicated
that multiple pathways could simultaneously mediate the
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reversal of drug resistance. For example, the total saponins of
Solanum nigrum have been shown to induce both autophagy
and apoptosis in human chronic myeloid leukemia (89), and
PS-VII not only inhibits the expression of the ABC trans-
porter family-related proteins, but also induces apoptosis (98).
Progenin III (Fig. 2M) is another steroidal saponin isolated
from the fruits of the Arecaceae tree, Raphia vinifera P. An
in vitro experimental study demonstrated that progeny 111
exhibited favorable antiproliferative activity against 18 human
and animal cancer cell lines, including those with a drug
resistance phenotype, such as the P-gp-overexpressing subline
CEM/ADRS5000 cells from CCRF-CEM human T-lymphoblast
leukemia cells. Of note, progenin III significantly induced the
apoptosis of CCRF-CEM cells, the mechanism of which may
be related to the activation of caspase-3/7, the alteration of
mitochondrial membrane potential, the increased generation
of ROS, as well as the induction of autophagy and necrop-
tosis (105). A previous study has demonstrated that the
promoters of ABC transporter genes contain binding sites for
EMT transcription factors, and the overexpression of these
EMT transcription factors can increase the expression of ABC
transporters in breast cancer cells, thereby leading to stronger
drug resistance (106). Therefore, it is also an effective choice
for drug resistance mediated by multiple pathways to exploit
multi-target drug inhibitors.

A large number of studies have shown that the level,
distribution and oxidative metabolism of tumor cell lipids can
affect the drug resistance characteristics of tumor cells by
regulating drug efflux transporters, drug permeability through
membranes and intracellular death mechanisms (107-110).
However, due to the wide variety of tumor cell lipids, rapid
changes in their composition and large individual differences,
there is difficulty in developing plasma membrane-targeted
drugs. Although the relevant studies have achieved prelimi-
nary results, their feasibility, specificity and safety still need
to be explored by in-depth studies (111-113). An experimental
study in vivo showed that Rhizoma Paridis saponins, a NP of
Paris polyphylla, when used in combination with sorafenib
for hepatocellular carcinoma, was able to overcome sorafenib
intolerance. The underlying mechanism may be based on the
PI3K/AKT/mTOR pathway to protect against mitochondrial
damage, inhibit anaerobic glycolysis and suppress lipid
synthesis (114). In addition, a study showed that various
natural compounds exert their pharmacological activities by
targeting endoplasmic reticulum (ER) stress, with the inositol
requiring enzyme 1 (IREl)/c-Jun N-terminal kinase (JNK)
and eukaryotic translation initiation factor 2a/CHOP path-
ways acting as two important signaling pathways (115). Paris
saponin II (Fig. 2N) combined with cisplatin could signifi-
cantly enhance the cytotoxicity of cisplatin to lung cancer cells
by inducing cytoplasmic vacuolization and paraptosis, based
on the upregulation of ER stress-related proteins, including
IREla, caspase-12, splicing of X-box binding protein 1 and
CHOP, through the activation of the JNK pathway (116). A
recent study also confirmed that PP-I induced ferroptosis via
the ERK/DNA methyltransferase 1/acyl-coenzyme A synthe-
tase long-chain family member 4 axis in castration-resistant
prostate cancer cells (117). These findings may bring novel
ideas to the future research of steroidal saponins reversing
drug resistance.
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Figure 4. Schematic representation of the potential molecular mechanisms for the reversal of multidrug resistance in tumors by steroidal saponins. IL-6, inter-
leukin 6; STATS3, signal transducer and activator of transcription 3; a-SMA, a-smooth muscle actin; MALAT1, metastasis-associated lung adenocarcinoma
transcript-1; ROS, reactive oxygen species; NF-kB, nuclear factor-«B; MGMT, O6-methylguanine-DNA methyltransferase; Cyt-c, cytochrome c; Caspase-9/3,
cysteinyl aspartate specific proteinase-9/3; PI3K, phosphatidylinositol-3 kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; P62, protein
sequestosome 1; LC3, microtubule-associated protein 1 light chain 3; CHOP, C/EBP homologous protein; CIP2A, cancerous inhibitor of protein phospha-
tase 2A; MAPK, mitogen-activated protein kinase; RAS, rat sarcoma; RAF, rapidly accelerated fibrosarcoma; MEK, MAPK kinase; ERK, extracellular
signal-regulated kinase; JNK, c-Jun N-terminal kinase; IREla, inositol requiring enzyme la; XBP1, X-box binding protein 1; ER, endoplasmic reticulum;
PERK, protein kinase RNA-like ER kinase; e[F2a, eukaryotic translation initiation factor 2a; ATF4, activating transcription factor 4; Nrf2, nuclear factor
erythroid 2-related factor 2; HO-1, heme oxygenase-1; BCRP, breast cancer resistance protein; P-gp, P-glycoprotein; MRP1, MDR-related protein 1.

Steroidal saponins are widely found in the natural world,
with a wide range of sources and varieties. However, the tedious
preparation and extraction processes of NPs remain a problem
in need of resolution, and the resulting low yield may make it
difficult to meet the requirements of future widespread commer-
cialization. Moreover, the water solubility of natural drugs is poor,
resulting in a low drug efficacy. Hence, the synthesis and struc-
tural optimization of steroidal saponins is an important research
direction. Notably, researchers have focused their attention on
technical areas, and have made headway in in vitro synthesis and
biotransformation (118-120). The application of nanocarriers has
achieved initial success. Dendrosomal nano solanine could over-
come drug resistance in human chronic myelogenous leukemia
cells by attenuating the PI3K/AKT/mTOR signaling pathway
and inhibiting the expression of telomerase reverse transcriptase
to exert a stronger antitumor effect (121).

As newer steroidal saponins are discovered (122,123), their
potential must be explored, and future studies should focus

on verifying the efficacy and safety of steroidal saponins in
reversing tumor drug resistance, combined with in vivo and
in vitro experiments, and further elucidating their potential
targets and mechanisms. Steroidal saponins may be promising
candidates for cancer treatment and for the reversal of drug
resistance.
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