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Abstract Saponins make up an important group of

natural glycosidic compounds which are distinguished

by triterpene or steroidal aglycone. Although widely

distributed in terrestrial flora, especially higher plants,

they can also be found in some marine organisms.

Cytotoxic activity is one of the most frequently

reported from a wide array of pharmacological

activities known for these metabolites. The current

review is an update of our previous paper—Saponins

as cytotoxic agents (Podolak et al. Phytochem Rev

9:425–474, 2010), and covers studies that were since

published (2010–2021). This part refers to triterpene

saponins and complements the first, which was

devoted solely to steroidal saponins (Sobolewska

et al. Phytochem Rev 19:139–189, 2020). Cytotoxic

activities in vitro and in vivo are presented with a main

focus on structure-activity relationships and molecular

mechanisms of action.
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GPX4 Glutathione peroxidase IV

HCC Hepatocellular carcinoma

HGF Hepatocyte growth factor

HuR Human antigen R

ICAM-

1

Intercellular adhesion molecule 1

IDO Indoleamine 2,3-dioxygenase

IFN Interferon

IL Interleukin

JNK C-Jun N-terminal kinases

LC3 Microtubule-associated protein 1A/1B-

light chain 3

MAPK Mitogen-activated protein kinase

MDM Murine double-minute protein

MDRI1 Multidrug resistance-associated protein 1

MMPs Matrix metalloproteinases

MMP Mitochondrial membrane potential

mTOR Mechanistic target of rapamycin

NFjB Nuclear factor kappa-light-chain-enhancer

of activated B cells

NSCLC Non-small cell lung cancer

p38 P38-mitogen activated protein kinase

PCNA Proliferating cell nuclear antigen

PI3K Phosphoinositide 3-kinase

PPAR Peroxisome proliferator-activated

receptors

PPRE Peroxisome proliferator response elements

Rab Ras related proteins

RIPK Receptor-interacting protein kinase

ROS Reactive oxygen species

RNPC1 RNA-binding protein 1

SRC Proto-oncogene: non-receptor tyrosine

kinase

STAT Signal transducer and activator of

transcription

Th Lymphocyte helper cells

TIMP Tissue inhibitor of metalloproteinases

TNF-a Tumor necrosis factor-a
TRAIL Necrosis factor-related apoptosis-inducing

ligand

VCAM-

1

Vascular cell adhesion molecule 1

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor

receptor

Introduction

Saponins are natural products of glycosidic nature,

well known for their surface activity and foaming

properties, which is reflected in the name given to this

group (from the Latin word sapo = soap). Their

amphiphilic character results from a combination in

a molecule of the hydrophilic properties of the sugar

part and the hydrophobic aglycone. As isoprenoids,

they are synthesized from mevalonate via squalene,

producing a wide diversity of sapogenins, either

steroidal or triterpene, to which sugar chains (up to

three) are linked with an ether or ester bond (Osbourn

et al. 2011; Moses et al. 2014). Therefore the

classification of saponins is based on the aglycone

backbone and its respective structural types. Triter-

pene saponins are much more numerous and struc-

turally diverse than steroidal compounds. They are

usually divided into two classes, pentacyclic and

tetracyclic, each of which comprises a large number of

aglycone types. The most common pentacyclic

sapogenins have oleanane, ursane, or lupane skele-

tons, while taraxastane or hopane are considered more

rare. The vast majority of oleanane saponins are

classified to D12 type, that comprises a large number of

subgroups, such as eg. D12-oleanan-28,21b-olide, D12-

oleanan-28,15b-olide, and others. Compounds with

rearranged double bond (D13 or D14) are less common,

as well as those without this structural feature such as

13,28-epoxyoleananes, which are distributed among a

limited number of plant genera (Foubert et al. 2008;

Dinda et al. 2010). Also, saponins with tetracyclic

genins are generally less abundant in nature, the best

known of these are derivatives of dammarane and

cycloartane. Some more unique structural types of

sapogenins contain nitrogen atom in an aminoacyl

moiety attached to the triterpene skeleton (Arslan and

Cenzano 2020).

Similarly to steroidal saponins, triterpene glyco-

sides can have up to three sugar chains attached to the

aglycone. Compounds with one sugar chain, known as

monodesmosides, are most numerous, whereas those

with three saccharide chains are fairly rare. The

glycone part is usually composed of b-D-glucopyra-

nose (Glc), b-D-galactopyranose (Gal), a-L-

rhamnopyranose (Rha), b-L-arabinofuranose (Ara),
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b-D-xylopyranose (Xyl), b-D-fucopyranose (Fuc), b-

D-mannopyranose (Man), while the presence of

uronic acids, such as for example b-D-glucuronic

acid, is considered a characteristic feature of saponins

with triterpene genins as opposed to steroidal. Sugar

chains may be linear or branched; they are quite often

prenylated or acylated, and they are made of up to

eleven monosaccharide units. Although in the case of

triterpene monodesmosides the most common linkage

site is through the ether bond at C-3 (less often at C-23

or by an ester bond at C-28), in bidesmosides the sugar

chain attachment positions are usually C-3 ? C-28 or

C-3 ? C-30.

Triterpene saponins are predominantly found in

plants, however they have been reported also in

marine organisms, such as, for example, sea cucum-

bers. As opposed to steroidal saponins, triterpene

glycosides are typical of dicots and are distributed

across a wide range of families, including Amaran-

thaceae, Araliaceae, Caryophyllaceae, Primulaceae,

Sapindaceae, Sapotaceae and other. Their levels in

plant material may be very high, exceeding 10–20%,

as in horse chestnut seeds (Aesculus hippocastanum)

or soapbark (Quillaja saponaria), although in most

cases amount to 1–2% (eg, ginseng root). Plants rich in

triterpene saponins have been used for medicinal

purposes since antiquity. Saponin extracts and par-

tially purified saponin fractions are also of industrial

value, providing eco-friendly cosmetic formulations

or being used in vaccine production as adjuvants

(Dinda et al. 2010; Oleszek and Hamed 2010; Wang

2021).

The structural diversity and high polarity of triter-

pene saponins, as well as their occurrence in plant

material, usually in complex mixtures, which only

slightly differ in aglycone substituents or the compo-

sition of the sugar part, is an enormous challenge in

terms of isolation of individual compounds. This is in

turn essential for subsequent studies of pharmacolog-

ical activity, molecular mechanisms of action, and

structure activity relationships. Each year a large

number of scientific reports appear in the literature that

describe the structure elucidation of novel saponins,

most often accompanied by studies of pharmacolog-

ical activity (Garai 2014). It should be noted that

within a very wide array of pharmacological effects

known for triterpene saponins, including anti-inflam-

matory, gastroprotective, immunomodulatory, anti-

leishmanial, and many others, the main focus has been

on their cytotoxicity and potential role as antitumor

agents.

Already in our previous review (Podolak et al.

2010) that covered the cytotoxicity data on triterpene

saponins from 2005 to 2009, up to 193 active

compounds have been reported. Since then, an

increasing trend can be seen in evaluating their

activity toward cancer cells, which is clearly reflected

by a large number of new published results from

in vitro and in vivo studies. This large reservoir of

experimental data allows insight into the structure–

activity relationships, mechanism of action, and

versificated susceptibility of cancer cell lines to

triterpene saponins. Although several reviews on

triterpene saponins have appeared in the last decade,

they generally listed cytotoxicity among other phar-

macological activities (Osbourn et al. 2011; Thoppil

and Bishayee 2011; Ali et al. 2012; Saraswati 2019) or

were limited to a certain aspect related to cytotoxic

activity (Wang et al. 2010; Tian et al. 2013b; Levitsky

and Dembitsky 2015), focused exclusively on some

structural type (Gauthier et al. 2011; Lacaille-Dubois

et al. 2011; Patlolla and Rao 2015) or plant sources,

such as licorice (Tang et al. 2015). Regarding botan-

ical sources, more attention was given to potential

antitumor effects of saponins typical of the Myrsi-

naceae family (Muhamad et al. 2021), Medicago

species (Wang et al. 2021a), and most particularly

ginseng and isolated ginsenosides (Nag et al. 2012;

Choi et al. 2013; Vayghan et al. 2014; Wong et al.

2015; Nakhjavani et al. 2019; Wu et al. 2021b; Xu

et al. 2021; Wang et al. 2021b). Also, reviews that

focused on various natural compounds that targeted

specific mechanisms relevant to cancer, including

autophagy (Han and He 2021), tumor angiogenesis-

associated cytokines (Li et al. 2021c) suppression of

active Mdm2 (Kaur and Nayak 2021) listed examples

of saponins among other active natural molecules.

In this second part of the current updated review of

saponins as cytotoxic agents, we refer to the cytotoxic

activity of triterpene saponins reported during the last

decade (2010–2021). Similarly to the first part, which

was devoted to steroidal saponins (Sobolewska et al.

2020), the emphasis is placed on structure–activity

relationships and novel mechanisms of action. Elec-

tronic databases including SCOPUS, EMBASE, and

MEDLINE/PubMed, were used to compile the liter-

ature. Keywords used were triterpene saponins,

cancer, and cytotoxicity. Only English full texts were
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chosen for this review. Isolated plant saponins were

taken into account, excluding total extracts and

fractions, as well as compounds derived from marine

sources, because respective reviews of these have

recently been published (Park et al. 2014; Aminin et al.

2015; Honey-Escandón et al. 2015; Wargasetia and

Widodo 2017; Eso et al. 2020). Among the primarily

selected articles, which were numerous, only those

studies in which the activities expressed as IC50 values

were below 10 lM were finally included, making a

total of 146 reports.

It should be noted that in the time frame of this

review (2010–2021) up to 360 triterpene saponins that

were tested for cytotoxic activity revealed such potent

effects (IC50\ 10 lM). The results of these studies

are summarized in Table S1 (see Supplementary

Information). The graph below (Fig. 1) shows the

number of these highly active compounds investigated

per year and the number of published reports that

appeared annually. As can be seen, there is steady

interest from the scientific community in research

focused on the cytotoxic activity of triterpene

saponins.

Almost half of the investigated compounds (48%)

were newly reported at the time of publication, the

remaining 52% were already known structures

(Fig. 2a). Most of these were saponins with an

oleanane skeleton (85%), the activity of compounds

belonging to other structural types was seldom

reported (Fig. 2b). It is interesting to note that within

the oleanane group, the largest number of cytotoxic

saponins represented polyhydroxy compounds, 13,28-

epoxy-derivatives, and oleanolic acid glycosides

(Fig. 2a).

Among the reported compounds, several exerted

significant activity compared to those of the reference

drugs or were active toward rare and highly resistant

tumor cell lines. One of such examples is azukisaponin

IV (Table S1) isolated from Silene odontopetala, with

IC50 = 0.09 lM against the A549 cell line, which was

more potent compared to the reference doxorubicin

(IC50 = 0.17 lM) (Ün et al. 2020). Also, ardicrenin, a

triterpene saponin found in the roots of Ardisia

crenata, exerted a significant effect, higher than

paclitaxel used as a positive control, against several

cancer cell lines (Song et al. 2021). These data surely

warrant further more in-depth preclinical research that

includes studies on the pharmacokinetic profile and

possible ways to improve bioavailability. It should be

mentioned here that several triterpene saponins that

showed promising results in preliminary in vitro

cytotoxicity studies have been the subject of extensive

research since then; one of such examples is tubeimo-

side-I. Tubeimosides are saponins present in tubers of

Bolbostemma paniculatum with anticancer activity via

various mechanisms that were shown in numerous

in vitro and in vivo studies (Islam et al. 2019). Some

recent reviews cover data on other single saponins

with well-studied anticancer potential, such as gin-

senosides Rb2, Rg3, Rh2 (Wu et al. 2021b; Miao et al.

Fig 1 The number of tested substances and number of reports published in the time scope covered by this review (2010–2019)
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2022), chikusetsusaponins (Wang et al. 2021c),

saporin-S6 (Chandra et al. 2021), saikosaponin D

(Sun et al. 2020; Zhou et al. 2021) or raddeanin A (Naz

et al. 2020).

The data summarized in Table S1 (Supplementary

Information) reflect the varied effects of the investi-

gated compounds on cell lines derived from different

organs and tissues. Although the number of studies

performed on human cells (96.1%) as opposed to

animal cells (3.9%) has considerably increased com-

pared to data covered by our previous review (Podolak

et al. 2010), the percentage of experiments that

simultaneously analyze the cytotoxic effect towards

cancer and normal cells remains surprisingly low

(Fig. 2c). Thus, the selectivity of action in the case of

the majority of reported active compounds is still

unknown. Nevertheless, a reference drug is included in

most currently published articles (82%) which is a

requirement that must be met when submitting manu-

scripts to highly impacted journals. It should be noted

that cisplatin, doxorubicin and paclitaxel were chosen

much more often than mitoxantrone or 5-FU.

Triterpene saponins with high activity (IC50-

\ 10 lM) that are included in the current review

have been tested on a wide range of cell lines. The

graph presented in Fig. 2d shows the percentage of

experiments carried out in particular cancer and

normal cell lines. Cytotoxicity studies that reported

active triterpene saponins were predominantly focused

on cell lines derived from colon, liver, and lung

Fig 2 The share of cytotoxic triterpene saponins with novel and

known structures (graph a), specific structural type (graph b),

selectivity (graph c) and experiments on specific types of tumor

cell lines (graph d) in the total number of tests performed on

human cell lines
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cancers that represented 17.13, 14.36 and 12.60%,

respectively, of all cell lines tested. Careful analysis of

the available data indicates that four human cancer cell

lines were used most frequently, namely: A549—lung

adenocarcinoma (10.0%), HL-60—leukemia (7.7%),

HepG2—hepatocellular carcinoma (7.3%) and MCF-

7—breast adenocarcinoma (5.8%).

The wide range of cell lines used in the cytotoxicity

studies on triterpene saponins is listed in the legend to

Table S1 (Supplementary Information). In the follow-

ing parts of this paper, several aspects are discussed in

more detail. These include structure–activity relation-

ships (SAR), mechanisms of cytotoxic activity, and

in vivo experiments. The cell lines that were used in

these studies are listed below.

• Human cancer cell lines: Breast: MCF-7, MDA-

MB-231, ZR75-1, T47D; cervix: Bcap-37, HeLa,

HeLa-S3, KB; cholangiocarcinoma: RBE,

LIPF155C; colon: Caco-2, DLD-1, HT-29, HCT-

8, HCT 116, SW480, SW620, HCT-116; esopha-

gus: ESCC; glioma: T98G, U-87 MG, U118, U251

MG; leukemia: CCRF-CEM, HL-60, Jurkat, K562,

U937, THP-1; liver: H22, Hep3B, HepG2, BEL-

7402, SMMC-7721; lung: A549, H-460; mela-

noma: A375, A375-R A375.S2; neuroblastoma:

SH-SY5Y, IMR-32; oral: YD-10B; osteosarcoma:

MG63, U2OS, HOS; ovary: A2780, HEYA8,

OVCAR-8, SK-OV-3; pancreas: MIA Paca-2,

PANC-1, SW-1990; prostate: DU145, PC-3;

retinoblastoma: RB Y79, RBL-13; sarcoma: RD;

stomach: AGS, BCG, BGC-823, MKN-45, NCI-

N87, SGC-7901; urinary bladder: EJ; thyroid:

8305C, SW1736.

• Animal cancer cell lines: Glioma: C6 (rat), B16F10

(mouse); mammary gland: 4T1 (mouse); sarcoma:

S180 (mouse)

• Human normal cell lines: Fibroblasts: WL-1;

kidney embryonic: HEK293; liver: HL-7702

Structure—activity correlation

Structure–activity correlations have always been an

important aspect of studies that refer to the cytotox-

icity of triterpene saponins. This issue was discussed

in several previous review articles, which were

devoted to specific classes of these compounds, such

as acacic acid-type saponins (AATS) (Lacaille-Dubois

et al. 2011), lupane-type triterpenoid saponins

(Gauthier et al. 2011), glycyrrhetinic acid and its

derivatives (Roohbakhsh et al. 2016), dammarane-

type triterpenoids (Qi et al. 2010; Cao et al. 2012; Nag

et al. 2012), ocotillol-type triterpenoids (Cao et al.

2020), or synthetic saponins (Juang and Liang 2020).

A summary of the most important correlations derived

from earlier studies was included in a book chap-

ter (Loizzo et al. 2013).

The vast body of data on the cytotoxic activity of

triterpene saponins that have been published in the

time scope of this review (2010–2021) also includes

some observations on the structure–activity relation-

ship (SAR). Most of these were derived from in vitro

studies (96.6%), only a small percentage of structure–

activity observations was based on in vivo experi-

ments (3.4%). A single report included a chemometric

analysis of the obtained results (CA) (Sarraj-Laabidi

and Semmar 2016).

Almost all SAR observations refer to human cancer

cell lines, while studies of the potential impact on

normal cells were not frequent. Furthermore, 67% of

the publications, in addition to comparing the activity

between individual structures, also refer to the stan-

dard chemotherapeutic drug. The vast majority of

saponins, which were subjected to SAR research, were

obtained by isolation from plant material (69.3%).

Furthermore, in 5.7% of the analyzes, prosaponins

obtained by alkaline hydrolysis of original saponins

isolated from natural sources were also included.

Most literature reports on isolated saponins focused

on oleanane derivatives (68%) and included mainly

glycosides of oleanolic acid (OA), hederagenin (HE),

and polyhydroxylated oleananes, as well as saponins

with a 13,28-epoxy-oleanane skeleton. Data on

dammarane (DT), cycloartane (CAT) or ursane type

(UT) compounds were found more rarely, and

accounted for 9%, 3% and 3% of the publications,

respectively. A group of reports (10.6%) could be

defined as ‘‘mixed’’ as they analyzed at the same time

various types of saponins with the pentacyclic agly-

cone skeleton, i.e. derivatives of oleanane (OT),

ursane (UT) or lupane-type (LT). Unfortunately, it

was not always possible to compare the relationships

between these main structural types due to too large

differences in their structure, which in fact hindered

drawing any SAR conclusions.

A substantial part of the reports devoted to SAR

(24% of the papers) concern saponins obtained by

chemical or enzymatic semisynthesis. Of these, 14.3%

123

118 Phytochem Rev (2023) 22:113–167



contain data on naturally occurring but artificially

produced saponins. The remaining analyzes focused

on nonnatural semisynthetic saponin derivatives with

a modified backbone, which included mainly oleanolic

acid derivatives (23% of the analyzes), hederagenin

derivatives (12.8%), and a lower proportion of mod-

ified lupane, dammarane or ursane glycosides (these

accounted respectively for 10%, 5%, 5% of all SAR

reports). Although in some works the role of both the

aglycone and sugar part was discussed, it is notewor-

thy that ca. 30% of all SAR studies focused exclu-

sively on the modifications of 28-COOH in

pentacyclic aglycone. Interestingly, 52% analyzed

only the effect of the changes made in the sugar part.

On the basis of the data collected from the literature

for the purpose of this review, it can be seen that both

the structure of the aglycone and the sugar portion are

important for the activity of triterpene saponins. The

main SAR observations that were discussed in the

literature in years 2010–2019 are presented below.

The effect of key features of the aglycone part on

the cytotoxic activity of saponins

The present research data confirm earlier assump-

tions that one of the important structural elements that

influence the cytotoxic activity of triterpene saponins

with the pentacyclic sapogenin skeleton is the free

28-COOH group. Numerous studies indicate a higher

activity of monodesmosides of oleanolic acid, heder-

agenin and echinocystic acid, in which the sugar chain

is attached at C-3 of the aglycone, compared to the

corresponding bidesmosides with an ester-linked

sugar chain in the 28-COOH group. The presence of

a sugar moiety in the carbonyl group (28-COOH)

significantly reduces or even eliminates cytotoxicity.

A summary of studies for oleanane derivatives in

which such a relationship was observed in relation to

specific cell lines is presented in Table S2 (Supple-

mentary Information).

Some reports indicate that the free COOH group is

important for the activity of not only oleanane-derived

saponins, but also ursane-type compounds, which was

shown, eg, for quinic acid derivatives against Hela-S3

and KB (Kaennakam et al. 2018), as well as urs-12,18-

diene-24,28-dioic acid derivatives from Ilex pubes-

cens (Li et al. 2014a, b, c). A similar pattern was also

observed for lupane-derived saponins (Xu et al.

2013a). 23-hydroxybetulinic acid monodesmosides

showed higher activity against A549, SGC-7901 and

HL-7702 cell lines than respective bidesmosides.

Yang et al. also noted the importance of the free

carboxyl group at C-17 (28-COOH) in lupane-type

saponins (Yang et al. 2017).

However, there are SAR studies that indicate that

the free 28-COOH group may not always be consid-

ered a beneficial structural feature of triterpene

saponins as it is also responsible for their hemolytic

activity. Therefore, attempts were made to modify the

structure of cytotoxic natural triterpene saponins by

converting the carbonyl group generally to an amide or

ester, bearing various functional groups (Liu et al.

2010; Chen et al. 2015, 2018c; Fang et al. 2016, 2019).

However, the final cytotoxic effect depended not only

on the type of derivative obtained but predominantly

on the sensitivity of a particular cell line.

Polyhydroxyoleanene sapogenins

Data available in the literature on polyhydroxy-

oleanene triterpenoid saponins also indicate that the

free COOH group at C-17 may be an important

structural element influencing the potency of these

saponins. However, its effect is viewed as different

from that observed for many saponins derived from

OA or HE. When comparing the activity of bidesmo-

sides and the corresponding monodesmosides of

protobassic acid against the PC-3 cell line, Chen

et al. (2018a) found that the free 28-COOH group

reduces the cytotoxic activity. Similarly, Chun et al.

(2013a) observed a complete loss of activity against

A549, HepG2, Caco-2, HeLa, MCF-7, AGS, Jurkat

cell lines of platycodigenin derivatives deglycosylated

at C-28. In addition, bidesmosides (C-3, C-28) of

polygalacic acid and bayogenin had higher topoiso-

merase II inhibitory activity than the corresponding

monodesmosides (C-3) (Herrera-Martı́nez et al.

2012).

It should be noted that the common feature of all

these derivatives is the presence of hydroxyl groups at

the positions C-2 and C-23. It seems that the location

and number of hydroxyl groups in the structure of the

molecule may affect the observed activity of the

compound. So far, it has been found, among others,

that the presence of a hydroxyl at C-16 in the structure

of saponins derived from 16a-hydroxyprotobassic

acid significantly increases their cytotoxic activity

against PC-3 compared to protobassic acid derivatives

(Chen et al. 2018a). In turn, Chun et al. (2013a)

noticed that a hydroxyl group at C-24 in
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platycodigenin derivatives appears to decrease the

activity of these compounds, compared to dehydrox-

ylated derivatives (polygalacic acid derivative).

The presence and localization of hydroxyl groups

have been the subject of several studies on saponins,

hydroxy derivatives of oleanolic acid (mono and

dihydroxyoleanolic acid derivatives). Several reports

indicate that the presence of additional hydroxyl

groups at positions C-23, C-19, or C-27 of oleanolic

acid reduces the cytotoxic activity of saponins with

this type of aglycone. In conclusion, the derivatives of

23-hydroxyoleanolic acid (hederagenin), 19-hydrox-

yoleanolic acid (siaresinolic acid), and 27-hydroxy-

oleanolic acid were less effective than the

corresponding glycosides of oleanolic acid, as shown

in studies in the A549 cell line (Wang et al. 2013c; Xu

et al. 2013a; Zhang et al. 2013b; Lv et al. 2021).

In general, OA derivatives were more cytotoxic

compared to hederagenin glycosides against several

other cell lines, namely HL-60 (Quang et al. 2012; Li

et al. 2013b; Tian et al. 2013a; Wang et al. 2013b;

Zhang et al. 2013b), SGC -7901 (Tian et al. 2013a; Xu

et al. 2013a), PANC-1 (Lv et al. 2021), MDA-MB-231

(Lv et al. 2021), HL-7702 (Xu et al. 2013a), HeLa

(Wang et al. 2013b). For siaresinolic acid derivatives,

a decrease in activity was also observed in relation to

OA saponins against MCF-7, HeLa and A375-S2

(Wang et al. 2012a), HepG2, HL-60, U87MG (Wang

et al. 2013b). Similarly, compounds with 27-hydrox-

yoleanolic acid as sapogenin were found to be less

cytotoxic than either OA or hederagenin glycosides

against cell lines A549, PANC-1 and MDA-MB-231.

Furthermore, the 23,27-dihydoxyoleanolic acid

derivatives were less potent than the corresponding

monohydroxy derivatives with an OH group located at

C-23 or C-27 (Lv et al. 2021).

Some studies suggest that the presence of a

hydroxyl group at the C-16 a position in oleanolic

acid may also be important for cytotoxic activity.

Miyase et al. (2010) concluded that a free hydroxyl at

this position was crucial for the activity of echinocys-

tic acid derivatives against HepG2, A549, HT29 and

MCF-7, while its glycosidation had a detrimental

effect. Additionally, Tchoukoua et al. (2017) indicate

that the presence of C-16 is significant for the

cytotoxicity toward the HL-60 cell line of N-acetyl-

glucosamine-containing OA saponins.

Esterification of sapogenins

As noted by several authors, another important

structural feature of triterpene sapogenins that influ-

ences the cytotoxic activity of saponins is their

esterification. These observations are especially

noticeable in the case of polyhydroxy oleanane

derivatives, which are often esterified at C-21, C-22,

C-16, or C-28, with angelic, tiglinic, acetic, or

cinnamic acids. The presence of an angelic residue

at position C-22 of camelliagenin A and barring-

togenol C derivatives significantly increased the

activity of such saponins against A549, HCT-8,

BEL-7402 and A2780 cells, compared to saponins

without the 22-hydroxy group (Tang et al. 2013).

Grabowska et al. (2017) showed that a 16a-acetyl-

camelliagenin monodesmoside was more cytotoxic

against A375, than its counterpart with a free hydroxyl

group. The presence of two acetyl groups at C-1 and

C-3 in imberbic acid seemed to determine the activity

of 23-O-[a-L-rhamnopyranosyl]-1,3b-diacetyl-imber-

bic acid (Wu et al. 2010).

Several studies indicate that the potency of the

cytotoxic effect is influenced by the type of esterifying

acid (Magid et al. 2012; Yuan et al. 2012; Dai et al.

2017) and the esterification site. Yuan et al. (2013)

noted that the activity of barringtogenol C derivatives

was increased (toward A 549) when C-22 was

substituted with an acetyl group and C-28 with a

hydroxyl, however, the activity decreased after

exchanging the positions of these two substituents.

Similar observations were provided by Yu et al. (2012)

for theasapogenol derivatives A and B against a broad

panel of cell lines. Some authors indicate that acyla-

tion at both positions C-21 and C-22 is essential for the

cytotoxic activity of theasapogenol A saponins (Magid

et al. 2012; Yuan et al. 2012). In contrast, a study by

Tang et al. (2013) showed that an additional angeloyl

or acyl residue at C-21 of barringtogenol C decreased

the cytotoxic activity of this saponin compared to the

one that had only one angeloyl at position C-22.

13,28-epoxy oleananes

Some important structure–activity observations have

been reported for a relatively rare type of triterpene

saponins with an oleanane skeleton and a 13,28-epoxy

bridge. Several experiments have confirmed that the

respective saponins without the bridge but with the
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same sugar chain were totally inactive (Li et al.

2012, 2015a; Mu et al. 2013). Furthermore, similarly

to previously reported SAR observations for this group

of oleanane derivatives (Podolak et al. 2010), a larger

number of new data further confirm the apparent

importance of a substituent at C-30 of the aglycone.

Saponins with a methyl or aldehyde group at this

position were more potent against HepG2 (Liang et al.

2011; Li et al. 2012; Mu et al. 2012; Zhang et al.

2013a), HT-29, BGC-823, A549, A357(Liang et al.

2011), MCF-7 (Zhang et al. 2013a; Mu et al. 2019),

HeLa, EJ (Mu et al. 2012), BEL7402 (Li et al. 2012)

cell lines compared to compounds with either a

hydroxymethyl or the nor type (30-hydroxy moiety)

structure. However, further studies that focused on this

issue concluded that it is not possible to clearly

indicate which substituent at C-30 guarantees the best

activity, as this also depends on the susceptibility of a

particular cell line and the influence of structural

features of the sugar part.

It appears that in this group of saponins the presence

of the C-28 lactone moiety or the C-16 ketone moiety

also eliminates antiproliferative activity, as shown in

the BEL-7402 and HepG2 cell lines (Li et al.

2012, 2015a). Additionally, a hydroxyl group at

C-16 as well as its alpha configuration increased

cytotoxicity towards A549, HepG2, Hep3B, BCAP-

37, and MCF-7 (Li et al. 2015a). Mu et al. (2013)

found that the presence of C = O at C-16 also seems to

affect cytotoxic activity, as such compounds were

more potent against HCT-8 and A549, however the

remaining structural elements, such as the C-30

moiety and the 13,28-epoxy bridge itself, have a

significant influence on the resultant activity.

Sapogenins with a double bond

Several studies indicate that the double C12/13 bond

in the C-ring of pentacyclic sapogenins is of key

importance for cytotoxic activity. Several experiments

on Pulsatilla saponins A and D have shown that

modifications leading to the elimination of the D12

double bond drastically reduced the cytotoxicity of

such derivatives (Chen et al. 2015, 2018c; Tong et al.

2017). Pérez et al. (2017) noticed that also the location

of double bonds within the aglycone may affect the

potency of a saponin against some cell lines. Ursolic

acid derivatives with an additional double bond at

position C-18 (19) were more potent and selective

against MCF-7 cells than saponins having an addi-

tional bond at position C-19 (20). The authors suggest

that the presence of two conjugated double bonds in

2a,3b-dihydroxy-12,18(19)-ursadien-24,28-dioic acid

may be an important factor that affects the potency and

selectivity of the compound.

Rare types of sapogenins

Compared to pentacyclic saponins, relatively little

data published in the scope of this review (2010–2021)

refer to SAR issues in the cucurbitane-derived saponin

group (CT). Few available studies have focused solely

on the effect of sapogenin substituents. Gan et al.

(2011) confirmed previously postulated conclusions

that acetylation of the hydroxyl group at the C-25

position of sapogenin increases the cytotoxicity of

cucurbitane derivatives. Chen et al. (2019a) indicate,

however, that the presence of a carbonyl group

(C = O) in C-11 or both C-11 and C-7 may be

important for the activity against the MCF-7 and

A-549 cell lines. It should be underlined that these

studies were not focused on a comparison of a series of

closely related compounds, thus making it difficult to

draw any general conclusions.

Similarly, only a few reports dealt with SAR among

cycloartane saponins (CATs). Interestingly, an

attempt was made to analyze structure–activity rela-

tionships between cycloartane glycosides in the genus

Astragalus using a chemometric approach (Sarraj-

Laabidi et al. 2017). For this purpose the authors

included literature data on up to 178 saponins. In

conclusion, a general trend was observed between the

cytotoxic potential and the aliphatic lateral chain in the

cycloartane skeleton together with a single sugar chain

linked at the C-3 position. These characteristics in

monodesmosides made them more active than the

respective 20,24-epoxycycloartane derivatives. In

turn, Graziani et al. (2019), suggested that the

cytotoxic activity towards Caco-2, HT-29 and HCT-

116 cell lines of 20,24-epoxycycloartane saponins

could be significantly improved provided some essen-

tial structural requirements are met. These include the

presence of C3-xylopyranosyl, along with the C6-

acetoxy group and the C25-free hydroxyl function.

In the years 2010–2021, several reviews on

dammarane derivatives were published, in which the

SAR relationships in this group of saponins were

thoroughly discussed (Qi et al. 2010; Cao et al.
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2012, 2020; Nag et al. 2012). Most of the original

papers that included SAR observations focused mainly

on the stereoisomerism of ginsenosides at the positions

C-20 and C-24. These data indicate that ginsenoside

epimers differ in activity, but this effect depends not

only on the spatial configuration R or S, but also on the

sensitivity of a specific tumor cell line (Jeong et al.

2019; Li et al. 2019a; Nakhjavani et al. 2019).

It should be noted that specially designed SAR

studies comparing saponins that contain the same

sugar chain but differ in the major type of aglycone

(OT vs UT vs LT) are very rare. Xu et al. (2013a)

showed that olean-12-ene monodesmosides, namely

OA and HE derivatives, showed stronger activity

against A549, SGC-7901, and HL-7702 cell lines than

lupane (LT) derivatives bearing same sugar chains,

such as betulinic acid and 23-hydroxybetulinic acid

glycosides. According to Sylla et al. (2019), betulinic

acid monorhamnosides revealed higher cytotoxicity

against DLD-1 and WS-1 cells than ursolic acid

monorhamnosides.

Gao et al. (2012) provided interesting data which

analyzed both natural and nonnatural triterpenoid

saponins that carried a unique synthetically obtained

b-D-glucosyl/galactosyl-(1 ? 3)-b-D-glucuronic

acid methyl ester disaccharide moiety. It has been

shown that oleanolic acid derivatives were much more

cytotoxic to the MCF-7, HepG2 and K562 lines than

ursolic acid derivatives containing an identical sugar

chain. This shows that the position of the methyl group

(C-29) is crucial for cytotoxic activity.

The effect of key features of the sugar part on the

cytotoxic activity of saponins

It should be underlined that not only the type of

sapogenin but also the presence, location, and struc-

ture of the sugar moiety are of great importance for the

final cytotoxic potential of triterpene saponins.

Undoubtedly, the attachment of even one monosac-

charide to a triterpene backbone is an essential

structural requirement. Many studies have confirmed

that the loss of sugar residues linked to C-3 or C-28

dramatically reduced the cytotoxicity of saponins

(Liang et al. 2010; Chun et al. 2013a; Ozer et al. 2018;

Yu et al. 2019a, b).

SAR observations with respect to the sugar part

have mainly focused on studying the influence of the

number and type of sugar units. As far as the

attachment site is concerned, one report dealt with

the location of a glucose moiety. Dai et al. (2018)

studied the cytotoxic activity of glycyrrhetinic acid

(GA) monoglucosides (3-Glc, 30-Glc-GA) against

HepG2 and MCF-7 cells. Interestingly, GA-30-O-b-

D-glucoside showed stronger activity than GA-3-O-b-

D-glucoside, which suggests that the binding position

of the glucosyl moiety is important. Therefore it seems

that within the GA derivatives the free OH group at

C-3 enhances the cytotoxic effect more than the free

30-COOH group.

Number and type of sugar units

Numerous studies have confirmed that the sugar part

composition is important in terms of the observed

cytotoxic effect of triterpene saponins (Liang et al.

2010; Han et al. 2013; Wang et al. 2013b; Bai et al.

2017; Kaennakam et al. 2018; Lehbili et al. 2018). The

role of the number of monosaccharide units was

especially visible for ursane saponins (Shen et al.

2018) and 13,28-epoxy triterpenoid saponins, where

tetra- to heptasaccharide chains were preferred struc-

tural features (Li et al. 2012; Mu et al. 2013, 2019).

Some important data on the impact of sugar type

were provided by Schwarz et al. (2014). In their study,

the cytotoxic activity of a significant number of

synthetic saponins was compared, all of which were

derivatives of methyl glycyrrhetinate, differing in the

type of sugar attached at the C-3 position. Saponins

with rhamnose, galactose, xylose, and arabinose were

less active than compound with a mannosyl residue.

Another study analyzed several natural and non-

natural oleanane-type saponins bearing a unique

synthetic b-D-glucosyl / galactosyl -(1 ? 3)—b-D-

glucuronic acid methyl ester disaccharide moiety. By

changing the type of sugar, from glucose to galactose,

an increase in cytotoxic activity was achieved against

MCF-7, HepG2 and K562 cell lines (Gao et al. 2012).

Upon examination of bidesmosides isolated from

Scabiosa stellata, Lehbili et al. (2018) observed that

only saponins in which the xylose residue was linked

at C-3 to oleanolic acid were active in contrast to

saponins with an arabinose unit in the same position.

Furthermore, Lanzotti et al. (Lanzotti et al. 2012) who

analyzed the cytotoxic activity of paviosides A–H, a

series of theasapogenol A (protoaescigenin) and B

(barringtogenol C) glycosides isolated from Aesculus

pavia, observed that the structure of the sugar part of

the saponin had a greater influence on the activity than

the type of aglycone (here the sapogenins differed by
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the presence or lack of a hydroxyl at C-23, or

esterifying group at C-21). Compounds containing a

three-sugar chain composed of two xyloses and

glucuronic acid (3-O-[b-D-xylopyranosyl-(1 ? 2)]-

[-b-D-xylopyranosyl-(1 ? 4)]-b-D-glucopyra-

nosiduronic acid), located at C-3 of barrigtogenol C or

protoaescigenin (24-hydroxylbarrigtogenol C) were

more active than saponins that instead of xylose had

glucose or galactose attached to the C-4 of GlcA.

The importance of the rhamnose moiety

A substantial number of reports have concluded that

the presence of rhamnose moieties positively modu-

lates the anticancer activity of triterpene saponins.

Quinovic acid monodesmosides containing a rham-

nose residue at C-3 of the aglycone showed higher

activity than the corresponding glucosides (Kaen-

nakam et al. 2018). The presence of a terminal

L-rhamnose in the sugar chain was also important

for the activity of the cytotoxic 16a-hydroxy-13,28-

epoxy-oleanane saponins present in Ardisia gigantifo-

lia (Mu et al. 2013).

A rhamnosyl residue may affect general trends

observed with other sugar units. For example, the

attachment of a sugar chain via the COOH group in

oleanolic or echinocystic acid derivatives usually

leads to a decrease of cytotoxicity compared to the

corresponding monodesmosides with free COOH.

However, some reports suggest that the composition

of the sugar moiety attached to 28-COOR is crucial for

the activity of such OT bidesmosides. Liu et al. (2013)

showed that a decrease in cytotoxic activity against

HL-60, A547 and A375 was not observed in the case

of bidesmosides of oleanolic acid that possessed a-L-

Rha at the terminal positions of both C-3 and C-28

sugar moieties. The activity of such bidesmosides was

comparable to that of monodesmosides.

Regarding the number of rhamnosyl units in the

sugar moieties of triterpene saponins, some conclu-

sions can be drawn from experiments by Sylla et al.

(2019) on ursolic acid monodesmosides and lupane

(betulinic acid) derivatives. This study has shown that

not only the presence of a-L-rhamnose is important,

but also the number of these residues. The best activity

against DLD-1 and WS-1 cells was observed for

monodesmosides bearing either one rhamnose moiety

or a disaccharide fragment: 3-O-a-L-rhamnopyra-

nosyl-(1 ? 4)-a-L-rhamnopyranosyl. On the other

hand, glycosides made up of a larger number of

rhamnose residues showed less activity.

Several authors suggest that even more valuable in

terms of the cytotoxic potential of a compound is when

the rhamnose unit is specifically linked to other

monosaccharides. Various research groups have iden-

tified the following sequence, located at C-3 of a

sapogenin, as the most promising: a-L-rhamnopyra-

nosyl-(1 ? 2)-[b-D-glucopyranosyl-(1 ? 4)]-a-L-

arabinopyranosyl. This sugar chain appears to be

essential for the cytotoxic activity of OA, 27-OH -OA,

HE, LT or PSD saponins (Xu et al. 2013a; Chen et al.

2015; Lv et al. 2021). Some studies concluded that

only the a-L-rhamnopyranosyl-(1 ? 2)-a-L-ara-

binopyranosyl disaccharide moiety located at C-3

may secure the cytotoxic activity of OT saponins (Ren

et al. 2013; Grabowska et al. 2021), while other

authors (Liu et al. 2013) were not entirely in favor of

this observation. This research group has suggested

that the sugar directly linked to sapogenin can be

either b-D-Xyl, b-D-Gal, or b-D-Glc, but not neces-

sarily L-Ara. However, of importance is the linkage

site of the rhamnose unit which should be attached at

C-2 of the sugar directly linked to sapogenin. It seems

that for the cytotoxic activity of triterpene saponins,

the hydroxyl group at the C-3 position of the first

monosaccharide unit should remain free (Liu et al.

2013). This suggestion was further confirmed by

research by Han et al. (2013).

Some studies point out that perhaps the spatial

arrangement of various structural elements, including

OH groups, may be essential for activity. For example,

Ren et al. (2013) observed that for saponins with an a-

L-rhamnopyranosyl-(1 ? 2)-a-L-arabinopyranosyl

disaccharide moiety located at C-3, the 4C1 chair

conformation of the arabinose residue is of particular

importance. A synthetic compound with abnormal

conformation was devoid of activity against tumor

cells (Ren et al. 2013). The cytotoxic activity of

oleanolic acid saponins, bearing a-L-Ara in the sugar

chain attached to the C-3 of the aglycone, was higher

compared to compounds that contained b-L-Ara units

(Liu et al. 2013). Also, Schwarz et al. (2014) reported

that synthetic saponins, methyl glycyrrhetinate rham-

nosides, containing b-L-Rha were slightly more active

than those containing a-L-Rha. Further research is,

however, needed to draw any solid conclusions.
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Impact of esterification or other modifications

within the sugar chain

Chun et al. (2013a) who studied Platycodon saponins

(PSs), bidesmosides of platycodigenin and poly-

galacic acid, observed that O-acetylation at C-2 or

C-3 of rhamnose significantly increased the cytotoxic

activity of these compounds. As suggested by Dai

et al. (2013) sugar acetylation increases the lipophilic-

ity of the molecule, which may facilitate cellular

uptake and may be responsible for higher cytotoxicity

towards some cell lines. In turn, Wang et al. (2012a)

observed that 6-O-methylation, and particularly 6-O-

butylation of GlcA located at C-3 of OA, increases the

cytotoxicity compared to non-esterified GlcA-sapo-

nins. The same tendency (against HL-60, MCF-7,

HepG2 and A549) was observed in rare oleanane

30-nortriterpenoid saponins isolated from Salicornia

bigelovii (Wang et al. 2012b).

However, studies on 13,28-epoxy triterpene saponins

from Ardisia gigantifolia, a series of cyclamiretin A

glycosides, gave contradictory results, as glucose acety-

lation at OH-6 had a detrimental effect on the cytotox-

icity of these compounds towards Hela, EJ, HepG2 and

BCG (Mu et al. 2012). Also, in the case of saponins from

the roots of Bupleurum chinense DC, containing a

disaccharide chain composed of glucose and fucose ((b-

D-Glc-(1 ? 3)-b-D-Fuc-) glucose acetylation at posi-

tions 2, 3 or 6 led to a decrease in cytotoxicity against

A549, HepG2, Hep3B, BCAP-37 and MCF-7 cell lines

(Li et al. 2015a). Similarly, a study on modified Pulsatilla

D saponins showed that complete acetylation of sugars

decreased their activity against A549 and MDA-MB-

231 cells (Chen et al. 2015, 2018c).

The examples presented here show that the esteri-

fication of monosaccharides in the glycone part of

triterpene saponins has an impact on their effect

towards cancer cells, but whether it is an increase in

activity or a decrease may depend on additional

structural elements and the type of cell line. This

statement is confirmed by research by Mu et al. (2013),

who observed that the acetyl group at OH-6 of b-D-

glucose in saponins isolated from Ardisia gigantifolia

led to an increase in activity against A549 and HCT-8

lines, but a decrease in activity against BEL-7402 cells.

In addition to the esterification of monosaccharides,

the presence of other nonsugar fragments of the

molecule, such as, for example, monoterpene moi-

eties, may also be important for the overall cytotoxic

activity of triterpene saponins. Miyase et al. (2010)

observed that with an increase in the number of

monoterpene units linked to the terminal a-L-

rhamnopyranosyl moiety of the 28-O-sugar chain in

Gleditsia caspica echinocystic acid saponins, their

potency against A549, HepG2 and HT29 cells was

higher. Additionally, the linkage site of the monoter-

pene fragment in the sugar chain significantly affected

cytotoxic activity, as was shown in a study on

oleanane-type triterpenoid saponins from Albizia

julibrissin (Han et al. 2017).

Most of the reports available in the literature refer to

in vitro SAR analysis with only a few examples derived

from in vivo studies. These are very valuable because

they provide a closer look at the potential efficacy in the

human body. Such studies typically include a compar-

ison of a naturally occurring active saponin together

with its semi-synthetically modified derivative. For

example, Wei et al. (2012) published a comparison of

two dammarane-type saponins, a natural Rh2 gin-

senoside and its structurally modified dioctanoyl ester.

Also, Fang et al. (2016, 2019) analyzed the activity of

semi-synthetic derivatives of oleanane-type saponins:

Pulsatilla saponin D (Fang et al. 2019) and hedera-

colchiside A1 (Fang et al. 2016), in H22 tumor-bearing

mice. These are however only individual observations,

which lack a broader SAR view.

There is no one-size-fits-all solution for different

types of triterpene saponins, and definitely the sum of

the individual structural features is essential for

achieving high activity. Both the sapogenin and the

sugar part affect the activity. Individual lines differ in

their sensitivity to closely related compounds. Never-

theless, SAR studies are very important to determine

the most active structures for specific types of cancer

and to channel further research accordingly. The

results derived from these experiments help to under-

stand important processes in terms of the structure of

the molecule and its interactions.

The most important SAR observations are summa-

rized in a graph in Fig. 3.

Mechanisms of cytotoxic impact on cancer cells

in vitro

The cytotoxic effect of triterpene saponins is based on

several different mechanisms, which eventually lead to

cell death. This involves apoptosis stimulation or non-

apoptotic cell death pathways. The most important
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mechanisms of cytotoxicity reported for triterpene

saponins are summarized in Table 1. The majority of

compounds included in this review acted via the

intrinsic apoptosis pathway, which is triggered by

activation of different pro-apoptotic receptors on the

cell surface (Fig. 4). What is interesting, none of the

triterpene saponins was reported to selectively

stimulate the extrinsic pathway of apoptosis, however

several compounds regulated the expression of both

intrinsic and extrinsic apoptosis-associated proteins

(Liang et al. 2010; Chueh et al. 2012; Dong et al. 2015;

Li et al. 2021a). With regard to the mechanisms

included in our previous review (Podolak et al. 2010),

some novel ways to induce cell death, triggered by

Fig 3 The most important structure–activity correlations for cytotoxic activity of oleanane-type triterpene saponins
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Table 1 Summary of cytotoxic mechanisms of triterpene saponins

Biological effect and cellular mechanism References

Apoptosis intrinsic pathway

Apaf 1 and cytochrome c release

Mitochondria membrane depolarization

Caspase 3, 7 and 9 activation

Increased level of intracellular Ca2?

PARP-1 cleavage

MAPK cascade activation

Phosphorylation of ERK1/2, JNK and p38 MAPK

Bcl-2, survivin downregulation

p53 upregulation

NF-jB inhibition

Activation of JNK and p38 signaling

Inhibition of mTOR signaling

COX-2/PGE2 signaling pathway

Adamska et al. (2019); Chai et al. (2021); Cham et al. (2020); Chen and Jia

2013); Chen et al. (2012, 2013, 2016a, b, 2021a, b, 2014a, b, 2018a);

Cho et al. (2016); Chun et al. (2013b, 2014); Cvetanova et al. (2019);

Ding et al. (2019); Dong et al. (2015); Duan et al. (2017); Feng et al.

(2021); Firempong et al. (2016); Fu et al. (2020); Gao et al.

(2012, 2014); Guan et al. (2013); Guo et al. (2019); Han et al.

(2013, 2016); Hong et al. (2013); Huang et al. (2021); Hwang et al.

(2011, 2013); Jang et al. (2014); Jiang et al. (2017); Jo et al. (2021); Kim

et al. (2013, 2015, 2016); Koczurkiewicz et al. (2013a); Kong et al.

(2016); Lai et al. (2020); Li et al.

(2012, 2013a, 2014b, c, 2015b, 2016a, 2018a, 2019b, 2020, 2021a, c);

Liang et al. (2010, 2016, 2019); Liu and Li 2014); Liu et al.

(2016, 2018, 2020a, 2021); Lu et al. (2018, 2021); Mai et al. (2012);

Mallick et al. (2012); Mbaveng et al. (2018); Mi et al. (2016); Mihoub

et al. (2018); Mo et al. (2013); Mu et al. (2020b); Muthoni et al. (2021);

Nakhjavani et al. (2019); Nhiem et al. (2012); Park et al. (2013); Qu

et al. (2016); Quang et al. (2011a); Qin et al. (2014); Rasul et al.

(2012, 2014); Ren et al. (2019); Sachan et al. (2018); Samarakoon et al.

(2017); Seo et al. (2018); Shen et al. (2017); Shi et al. (2013); Son et al.

(2013b, a); Song et al. (2015); Sun et al. (2016, 2019, 2021); Teng et al.

(2016); Tian et al. (2016); Wang et al.

(2013b, 2018a, b, 2019b, c, 2020b); Wei et al. (2018); Wu et al.

(2018a, b); Xu et al. (2013b, c, d, 2014, 2013, 2019; Yan et al.

(2014, 2016b); Yao et al. (2014); Ye et al. (2021); Yin et al. (2021);

Zhang et al. (2011a, b, 2013c, 2015, 2017, 2018, 2020a, b); Zhao et al.

(2019a); Zhou et al. (2020); Zhu et al. (2013);Zheng et al. (2019); Zhong

et al. (2021); Zong et al. (2016)

Apoptosis extrinsic pathway

upregulation of Fas expression

TNFa stimulation

TRAIL

Chueh et al. (2012); Dong et al. (2015); Kim et al. (2013); Li et al.

(2021a, b, c); Liang et al. (2010); Yang et al. (2016a)

Apoptosis not specified Alam et al. (2017); Gu et al. (2017); Li et al. (2013b); Ninomiya et al.

(2016); Noté et al. (2017, 2018); Obasi et al. (2018); Shaheen et al.

(2018); Simo et al. (2017); Tchoukoua et al. (2017); Xu et al. (2016);

Yan et al. (2019); Yang et al. (2012, 2017); Yu et al. (2019a); Zhang

et al. (2019)

Autophagy

Increase in Beclin-1 protein

Activation of LC3-II protein

Upregulated the level of p-AMPK, p-ACC, Atg-7 and

LC3-II

Decreased the level of p62

Akt-mTOR-eEF-2 K signaling pathway

Increased formation of autophagosomes

Cho et al. (2016); Chun et al. (2014); Chung et al. (2018); Cvetanova et al.

(2019); Feng et al. (2021); Fu et al. (2020); Guan et al. (2018); Kwon

et al. (2019); Li et al. (2015b, 2019b); Liang et al. (2016, 2019); Mai

et al. (2012); Mi et al. (2016); Ruan et al. (2020); Sachan et al. (2018);

Shi et al. (2013, 2018b); Teng et al. (2016); Wang et al.

(2019a, 2020a, b); Wong et al. (2013a); Xue et al. (2019); Yan et al.

(2019); Yin et al. (2021); Zhao et al. (2015); Zhou et al. (2020)

Inhibition of angiogenesis

Inhibition of capillary formation and endothelial cells

proliferation

upregulation of mTOR

(Guan et al. (2015); Hong et al. (2013); Li et al. (2021a); Mu et al.

(2020a); Son et al. (2013a, b); Wang et al. (2012c); Yue et al. (2016);

Han et al. (2021); Yang et al. (2021); Zhang et al. (2021)
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triterpene saponins, were described, namely ferroptosis

(Mbaveng et al. 2018; Wei et al. 2018, 2019), anoikis

(Chun et al. 2013b), necroptosis (Tabata et al. 2012),

and methuosis (Gong et al. 2018). However, a

substantial number of compounds studied in the

timeframe of this review acted via mechanisms similar

to those described previously (Podolak et al. 2010).

These include a decrease of cell membrane permeabil-

ity (Lorent et al. 2013, 2016; Nishimura et al. 2021),

inhibition of angiogenesis (Hong et al. 2013; Guan et al.

2015), sensitization of cancer cells to chemotherapeu-

tics (Deng et al. 2017; Shen et al. 2017; Chen et al.

2019b; Guo et al. 2019), or inhibition of cancer cell

migration (Jiang et al. 2017; Jia et al. 2018). An

interesting example of the latter is a modification of the

aquaporin water channel by some triterpene saponins

(Pan et al. 2012; Nakhjavani et al. 2019). Furthermore,

two authors have proved the influence of the tested

compounds on topoisomerase activity (Wang et al.

2010; Herrera-Martı́nez et al. 2012), which is a

mechanism previously unreported for saponins.

Another rare mechanism of saponin-induced cytotox-

icity involved their impact on cytoskeleton integration

(Koczurkiewicz et al. 2013b; Yan et al. 2014). The most

interesting examples of the cytotoxic mechanisms of

triterpene saponins are described below.

Table 1 continued

Biological effect and cellular mechanism References

Cell cycle arrest

Cyclin D1, D2 downregulation

p21 upregulation

CDK2 inhibition

Adamska et al. (2019); Cham et al. (2020); Chen et al.

(2012, 2013, 2016b); Chen and Jia 2013); Chueh et al. (2012, Chun et al.

(2013b); Chung et al. (2013); Cvetanova et al. (2019); Duan et al.

(2017); Gao et al. (2014); Hwang et al. (2011); Jo et al. (2021); Kim

et al. (2013, Koczurkiewicz et al. (2013a, Kong et al. (2016); Lee et al.

(2015); Li et al. (2012, 2021a, b, c); Lin et al. (2014, Liu et al.

(2020a, b); Liu and Li 2014); Mbaveng et al. (2018); Nakhjavani et al.

(2019); Ortega-Muñoz et al. (2018); Palethorpe et al. (2019); Park et al.

(2013); Qin et al. (2014); Rasul et al. (2012, 2014); Sachan et al. (2018);

Seo et al. (2018); Shaheen et al. (2018); Song et al. (2015); Sun et al.

(2016); Xianjun et al. (2021); Xu et al. (2013b, 2013d, 2014); Yan et al.

(2014); Yang et al. (2016b); Yao et al. (2014); Ying et al. (2021); Ye

et al. (2021); Zhang et al. (2013c, 2020b); Zong et al. (2016)

Cytoskeleton disruption

Cytoskeletal remodeling

Stress fiber assembly

Decrease in phospho-cofilin level

Actin cytoskeleton disassembling by inhibition of Rho

signalling

Koczurkiewicz et al. (2013a); Yan et al. (2014)

Inhibition of metastasis/migration

Supressing Wnt/b-catenin signaling pathway

Ubiquitylation of MET (member of the receptor

tyrosine kinase family)

Suppression of EGFR-mediated Akt and MAPK

pathways

Regulation of E-cadherin expression

Down-regulated the expression of Cdc42, Rac, RohA,

MMP2 and MMP9 Decreased the enzymatic activities

of MMP2 and MMP9

Decrease in production of VEGF, MMP-2, MMP-9 and

NO modulating Tumor adhesion and invasion steps by

inhibition of focal adhesion Signaling pathway

including alterations in ICAM-1, VCAM-1,

E-selectin, P-selectin, integrin a6b1, FAK, Src,

paxillin and PTEN

Inhibition of haptotaxis to fibronectin

Bian et al. (2015); Cao et al. (2019); Chen et al. (2016b, 2018b); Chun and

Kim 2013); Guan et al. (2015); Hwang et al. (2012); Jia et al. (2018);

Jiang et al. (2017); Kim and Choi 2016); Koczurkiewicz et al. (2013a);

Li et al. (2014c, 2017, 2020, 2021); Lou et al. (2012); Palethorpe et al.

(2019); Phi et al. (2018); Shi et al. (2018a); Shin et al. (2015); Sun et al.

(2018); Tong et al. (2013); Wu et al. (2018b); Xu et al.

(2016, 2018, 2013); Yue et al. (2016); Zhang et al. (2017, 2019, 2020b)
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Association of apoptosis and other cell death

processes

Triterpene saponins that stimulate apoptosis and/

or autophagy

Apoptosis is a programmed cell death, the initiation of

which may be signaled either at the cell membrane

(extrinsic pathway) or within the cell (intrinsic path-

way). The extrinsic pathway is triggered by the

activation of specific pro-apoptotic receptors on the

cell surface, stimulated by pro-apoptotic ligands

(Apo2L/TRAIL and CD95L/FasL), while the intrinsic

pathway generally involves the activation of caspases

by pro-apoptotic proteins, although it also depends on

the balance between the pro- and anti-apoptotic

proteins from the Bcl-2 superfamily (Podolak et al.

2010). During autophagy, stressed cells start to

catabolize their own contents (proteins, organelles),

which results in inhibition of tumor progression. The

process is regulated by specific autophagy genes (Atg)

and/or protein kinases mTOR and AMPK (Eisenberg-

Fig 4 Mechanism of action of triterpene saponins inducing apoptosis and/or autophagy including apoptosis/autophagy cross-talk
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Lerner et al. 2009). As apoptosis and autophagy may

be regulated by similar molecular mechanisms, a

cross-talk between the two processes may manifest in

three ways: i) partnership in inducing cell death, ii)

antagonism, resulting from blocking the apoptotic

pathway and promoting cell survival by autophagy, or

iii) collateral stimulation, as autophagy may enable

apoptosis by participating in some processes that

occur during apoptotic cell death (Eisenberg-Lerner

et al. 2009). All these types of interplay were described

with respect to triterpene saponins cytotoxic activity,

and the graphical summary of the mechanisms of the

two processes, but also their relationships, is shown in

Fig. 4. Apoptosis and autophagy both contributed to

the death of human melanoma A375-R cells, treated

with cumingianoside A (CUMA), isolated from leaves

and twigs of Dysoxylum cumingianum (Cvetanova

et al. 2019). Liang et al. (2016) described a similar

effect for Pulsatilla chinensis raddeanoside R13 on

human breast cancer ZR75-1 and MCF-7 cell lines, or

Li et al. (2019b) for human RB Y79 and RBL-13

retinoblastoma cells treated with ginsenoside Rh2.

Saxifragifolin D isolated from Androsace umbellata

induced an interaction between apoptosis and autop-

hagy in MCF-7 and MDA-MB-231 breast cancer cells,

and stress of the endoplasmic reticulum appeared to be

a mutual signaling pathway for both processes (Shi

et al. 2013). Eclalbasaponin II from Eclipta prostrata

induced apoptosis and autophagy in human SKOV3

and A2780 ovarian cancer cells by regulation of JNK,

p38, and mTOR signaling. Furthermore, the use of the

autophagy inhibitor BaF1 suppressed eclalbasaponin

II-induced apoptosis (Cho et al. 2016). Similarly,

commercially obtained momordin Ic simultaneously

induced autophagy and apoptosis in human hepato-

cellular HepG2 cells by suppressing ROS-mediated

PI3K/Akt and activating ROS-related JNK and p38

pathways (Mi et al. 2016). TBM stimulated apoptosis

in colon cancer SW480 and SW620 cells but also

induced autophagy by ROS-induced activation of

AMPK and blocked autophagic flux by altering

autophagolysosome degradation (Yan et al. 2019).

Several authors described an antagonistic relation-

ship between autophagy and apoptosis. Triterpenoid

saponin isolated from Adenophora triphylla induced

both apoptosis and autophagy in AGS cancer cells, but

enhancement of the latter protected the cells from

apoptotic cell death (Chun et al. 2014). A similar

effect was also described for ginsenoside F2 in breast

cancer stem cells (Mai et al. 2012) and human SGC-

7901 gastric cancer cells treated with raddeanin A

(Teng et al. 2016). Amplification of apoptosis was

observed in human hepatocellular carcinoma BEL-

7402 cells after co-treatment with platycodin D and

autophagy inhibitors (Li et al. 2015b) in breast cancer

MCF-7 and T47D cells treated with raddeanin A and

autophagy inhibitors (Guan et al. 2018), while in

Du145 prostate cancer cells inhibition of apoptosis

significantly enhanced autophagy stimulated by afro-

cyclamin A, isolated from Androsace umbellata

(Sachan et al. 2018). A saponin denoted SSPH I,

which was isolated from Schizocapsa plantaginea

rhizomes, inhibited autophagy by blocking

autophagosome–lysosome fusion and at the same time

stimulated apoptosis in HepG2 cells (Zhou et al.

2020). On the other hand, oleiferoside B from

Camellia oleifera, activated autophagy and inhibited

apoptosis in breast MCF-7 and liver SMMC 7221 cells

(Feng et al. 2021a), and similar effect was also noted

for ginsenoside CK in cervical HeLa cancer cells (Yin

et al. 2021). Another interesting mechanism was

described for eclalbasaponin I (EcI), a triterpene

saponin isolated from Aralia elata, which was prein-

cubated with SH-SY5Y neuroblastoma cells before

the H2O2-induced oxidative stress. The compound

induced prosurvival autophagy and suppressed oxida-

tive stress-induced apoptosis through p38-mitogen

activated protein kinase (p38) or extracellular regu-

lated protein kinase ERK activation. In addition, this

saponin also caused mitophagy in neuroblastoma

cells, manifested by enhanced mitochondrial ROS

generation, decreased endogenous antioxidant

defence, and mitochondrial membrane potential

(MMP), resulting in mitochondrial dysfunction (Wang

et al. 2019a).

Much more limited data refer to the promotion of

apoptosis by saponin-induced autophagy. One of such

examples is Sasanquasaponin III, isolated from

Schima crenata Korth, which induced autophagy in

human A375 melanoma cells by inhibiting the PI3K/

Akt/mTOR pathway and the downstream pathway of

the mTOR/p70S6K. The authors showed that both

autophagy and apoptosis were blocked when an

autophagy inhibitor was used in the study, which

confirmed this relationship (Liang et al. 2019). In the

case of Akebia saponin PA stimulation of autophagy

in human gastric cancer AGS cells, it subsequently led
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to mitogen-activated protein kinases (MAPKs)-medi-

ated apoptosis in cells (Xu et al. 2013b).

Triterpene saponins that stimulate apoptosis

and ferroptosis

As mentioned above, a novel mechanism involved in

the cytotoxicity of triterpene saponins reported in the

last decade is ferroptosis. Ferroptosis is an iron-

dependent and caspase-independent form of regulated

cell death, usually induced by ROS accumulation and

activation of the p53 pathway. The process differs

from apoptosis, necrosis, or autophagy and is triggered

by oncogenic RAS-selective lethal small molecule

erastin (Dixon et al. 2012). Moreover, some ferropto-

sis promoters have been identified that induce accu-

mulation of lipid peroxidation products and lethal

amounts of ROS derived from glutathione peroxidase

IV (GPX4) (Wei et al. 2019). Ferroptosis, which was

reported as a cytotoxic mechanism of several triter-

pene saponins, was usually accompanied by apoptosis.

One of the examples is albiziabioside A. The com-

pound itself, conjugated with dichloroacetate, induced

ferroptosis and apoptosis in human breast cancer

MCF-7 cells, by suppressing the GPX4 pathway and

stimulating lipid peroxidation (Wei et al. 2019).

Another derivative of albiziabioside A showed a

similar effect in HCT116 cells, however, by activating

the p53 pathway (Wei et al. 2018). Another example is

ardisiacrispin B, isolated from Ardisia kivuensis,

which stimulated both apoptosis and ferroptosis in

human leukemia CCRF–CEM cells. The latter effect

was confirmed by the treatment of cells with the

compound studied and the ferroptosis inhibitor ferro-

statin-1 and the iron chelator deferoxamine, which

significantly decreased the cytotoxic potential of

ardisiacrisipin B (Mbaveng et al. 2018).

Triterpene saponins that stimulate necroptosis,

anoikis, and methuosis

Necroptosis is a necrotic type of cell death, dependent

on receptor-interacting protein kinase (RIPK). Signal

transduction for necroptosis is known to be caspase-

independent. Mitochondrial protein apoptosis-induc-

ing factor (AIF) is also shown to be an important

executor of necroptosis (Linkermann and Green

2014). Human neuroblastoma IMR-32 cells were

incubated for 48 h with kuguaglycoside C, isolated

from Momordica charantia. No activation of caspase-

3 or caspase-9 was observed, but the compound

decreased the expression of survivin and cleaved poly

(ADP-ribose) polymerase (PARP) and increased the

expression and cleavage of apoptosis-inducing factor

(AIF). The authors suggest that kuguaglycoside C

stimulated necroptosis in the treated cells (Tabata et al.

2012).

Anoikis is a special subtype of apoptosis, associated

with loss of cell adhesion to the extracellular matrix

and subsequent reorganization of the cell cytoskele-

ton. This results in changes in protein kinases expres-

sion, e.g., an inhibition of focal adhesion kinase (FAK)

or activation of p38 mitogen-activated protein kinase

(MAPK) and, as a consequence, altered expression of

proteins directly involved in apoptosis (Frisch and

Screaton 2001). Platycodin D-induced anoiksis in

human gastric cancer cells AGS, manifested by

externalization of phosphatidylserine, DNA fragmen-

tation, increase in the sub-G1 phase, and caspase

activation in a dose- and time-dependent manner.

Additionally, the compound led to the phosphoryla-

tion of stress-activated protein kinases such as JNK

and p38, followed by the activation of AP-1 (Chun

et al. 2013b).

Methuosis is a process that leads to nonapoptotic

cell death, which is manifested by displacement of the

cytoplasm in the form of large fluid-filled vacuoles

derived from macropinosomes (Maltese and Over-

meyer 2014). Tubeimoside 1 strongly stimulated the

accumulation of numerous phase-lucent cytoplasmic

vacuoles (macropinosomes) in human colon carci-

noma cell lines SW480, leading to cell death (Gong

et al. 2018).

Triterpene saponins may inhibittopoisomerase

activity

Topoisomerase inhibition is one of the important

mechanisms of action of currently used oncological

drugs. This mechanism has been reported for some

triterpene saponins, however, it is definitely uncom-

mon. In the study by Wang et al. (2010) among 50

triterpenoid glycosides isolated from Aesculus pavia,

only 16 compounds inhibited the catalytic activity of

topoisomerase I, by interacting directly with the free

enzyme and preventing the formation of the DNA–
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TOP1 complex. None of the compounds tested was

active against topoisomerase II. Interestingly, in a

similar study by Herrera-Martı́nez et al. (2012) three

out of ten saponins tested, isolated from Sicyos

bulbosus and Microsechium helleri, exerted inhibitory

activity against topoisomerase II activity, with IC50

0.3650, 0.3294 and 0.3691 lM, while the IC50 values

for the reference drugs camptothecin and etoposide

were 0.1435 and 0.0849 lM, respectively.

Triterpene saponins may sensitize cancer cells

to cytostatic drugs or actsynergistically

The combination of saponins with a cytostatic drug is

another interesting aspect when considering their

cytotoxic potential. Such an approach may lead to a

reduction in the dose of the drug and also to a reduced

risk of toxicity. What is interesting is that some of the

reviewed studies also describe the synergy between

two saponins combined together. However, only in a

few cases did the authors provide information on the

calculated combination index, which clearly defines

the mutual relationship in the activity of both tested

substances. The results of studies on the use of

saponins with cytostatic drugs are presented in Table 2,

while some of the most interesting examples, includ-

ing interactions between two saponins administered

together, are briefly described below.

An interesting synergy between two saponins

isolated from Bacopa monnieri, namely bac I and

bac II, was also described. Breast cancer MDA-MB-

231 cells were treated with varying doses of bac I

combined with a constant dose of bac II (2.5 lM),

which was much below its IC50 value (18 lM). Co-

treatment caused the decrease in cell viability and the

IC50 for bac I decreased from 99 to 13 lM. The

synergistic effect was also manifested by decreased

cell proliferation, increased number of cells arrested in

the G2/M phase, changes in cell morphology, and

increased number of apoptotic cells (Palethorpe et al.

2019). He et al. (2021a) prepared a unique combina-

tion of ginsenoside Rg3 with Ganoderma lucidum

polysaccharide and diterpenoid oridonin, in a special

form of self-micro emulsifying drug delivery system,

which was designed to increase the bioavailability and

solubility of the three compounds. The mixture

promoted apoptosis and inhibited p-EGFR and the

activation of downstream AKT/GSK3 signaling

pathways in hepatocellular carcinoma HepG2 and

Huh7 cells, however the authors did not compare the

effectiveness of the individual compounds.

Raddeanin A revealed a synergistic cytotoxic effect

in human osteosarcoma MG63, U2OS, and HOS cells,

in combination with doxorubicin. This was manifested

by the increase in doxorubicin cellular uptake, ablat-

ing its efflux and downregulating multidrug resis-

tance-associated protein 1 (MDRI1) in drug resistant

cells, together with attenuation of signal transducer

and activator of transcription-3 (STAT3) phosphory-

lation (Wang et al. 2019b). Huang et al. (2012)

described an interesting experiment suggesting a

decrease in multidrug resistance in 5-fluorouracil-

sensitive and resistant human hepatic cancer cells Bel-

7402 and Bel-7402/FU, respectively. Astragaloside II

(0.08 mg/ml) significantly improved 5-fluorouracil

cytotoxicity toward resistant Bel-7402/FU cells by

increasing intracellular accumulation of rhodamine

123 by inhibiting the transport function of P-glyco-

protein. Furthermore, this saponin downregulated the

expression of the P-gp and mdr1 gene, and also

suppressed phosphorylation of the extracellular signal

regulated kinase 1/2, p38 and c-Jun N-terminal kinase.

Although TNF-a revealed a strong cytotoxic effect

in primary tumors, its use for cancer treatment is

limited due to undesirable activation of NF-jB

signaling and its prometastatic nature. Therefore,

interesting results were described for saikosaponin-d,

co-administered with TNF-a. Saikosaponin-d signif-

icantly potentiated TNF-a-mediated cell death in

HeLa and HepG2 cancer cells via suppression of

TNF-a-induced NF-jB activation and its target gene

expression involving cancer cell survival (Wong et al.

2013a, b).

Triterpene saponins may decrease migration

ability of cancer cells

Migration of cancer cells plays an important role in

their metastasis to other tissues, thus allowing the

development and propagation of the disease. A b-

hederin rhamnoside (DRb-H) at noncytotoxic doses

significantly inhibited the migration of breast cancer

MDA-MB-231 cells, which was examined using

different assays. The compound suppressed wound

healing migration, migration through the chamber,

and invasion through the Matrigel. Furthermore, this
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saponin up-regulated the expression of RNA-binding

protein RNPC1 and the E-cadherin protein in MDA-

MB-231 cells (Cheng et al. (2018a, b).

Combined doses of bacopasides bac I and bac II

(5 lM each) significantly inhibited wound closure of

breast cancer MDA-MB-231 cells (69% of inhibition

at 20 h), while MCF7 cells were more resistant: 23%

Table 2 Synergy between triterpenoid saponins and cytostatic drugs

Saponin-drug combination Cell line Effect* References

Tubeimoside-I (0.2 lM) combined with

5-fluorouracil (2 lM)

SW480 ;in cell viability and proliferation Yan et al.

(2019)

Tubeimoside-I (0.5 lM) combined with

5-fluorouracil (2 lM)

HCT116

Tubeimoside-I (1 lM) combined with

doxorubicin (0.2 lM)

SW480, HCT116

Raddeanin A (13 lg/mL) combined with

5-fluorouracil (1.5–384 lM)

RBE, LIPF155C ; in EC50 about twofold

:in Bax, cyclins D1 and E level

Guo et al.

(2019)

Pulsatilla saponin D (0.62–2.5 lM)

combined with camptothecin

(0.37–3 lM)

MCF-7, MDA-MB-

231

:in p62 protein level, impaired autophagosome-

lysosome fusion and inhibition of autophagic

flux in the cells

combination index (CI) values 0.41 (MCF-7)

and 0.57 (MDA-MB-231) indicate synergy

Wang et al.

(2020b)

Saikosaponin a and d (2 – 10 lM)

combined with cisplatin (8 lM)

HeLa ;in cell viability, induction of ROS

accumulation, changes in cell morphology,

apoptosis through activation of caspase

pathway

Wang et al.

(2010)

Anemoside B4 (25 lM) combined with

5-fluorouracil (20 lM)

HCT116, HCT116/

FU resistant

;in cell viability, apoptosis promotion by

stimulation of caspase-9; effect more

profound for 5-FU resistant cells

He et al.

(2021b)

Ziyuglucoside II (10–40 lM) combined

with 5-fluorouracil (12.5–400 lM)

OE21, HuCCT1,

BGC-823,

HepG2, HCT116,

PANC-1

:in cell growth inhibition (except PANC-1

cells); combination index CI[ 1 indicates

synergy

Zhong et al.

(2021)

Capilliposide C (1 lg/ml) combined with

oxaliplatin (16 lM)

ESCC ;in cell viability inhibition, stimulation of

apoptosis, manifested as decrease in PI3K,

phospho-Akt, phospho-mTOR, Bcl-2, Bcl-XL

expression, increase in BAX and caspase-3

expression

Shen et al.

(2017)

Ginsenoside Rb1 (250 nM) or compound

K (125 nM), combined with cisplatin

(50 lM) or paclitaxel (100 nM)

SKOV-3, HEYA8 :cytotoxicity via Wnt/b-catenin signalling and

regulation of epithelial-to-mesenchymal

transition

Deng et al.

(2017)

Ginsenoside 20(S)-Rg3 (100 lM)

combined with temozolomide

(100 lM)

T98G, U118 ;of O6-methylguanine DNA-methyltransferase

via Wnt/b-catenin

Chen et al.

(2019b)

Platycodin D (10 lM) combined with

sorafenib (5, 10 or 20 lM)

PC3 :in apoptosis stimulation and cell cycle arrest,

serine/threonine Akt inhibition

Lu et al. (2021)

Glycyrrhizin (5–100 lM) or its

glucoside (5–100 lM) combined with

erlotinib (20 lM) or cisplatin (10 lM)

HCT116 ;in cell viability Kabe et al.

(2021)

Lclet4 (0.05–5 lg/ml) combined with

mitoxanthrone (0.05–5 lg/ml)

DU145 ;in cell viability, stimulation of apoptosis Koczurkiewicz

et al. (2013b)

*The effect compared to the saponin and cytostatics administered alone
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inhibition of migration occurred at 72 h with 10 lM

bac I ? 5 lM bac II (Palethorpe et al. (2019).

Raddeanin A enhanced the potential of 5-fluorouracil

in reducing cell colony formation in cholangiocarci-

noma RBE and LIPF155C cell lines, when compared

to the effect exerted by cytostatic alone (Guo et al.

2019).

Lclet4, when administered with mitoxantrone,

synergistically decreased the invasive potential, the

expression of metalloproteinase and the motility of

prostate cancer DU145 cells (Koczurkiewicz et al.

2013b).

Aquaporin 1 (AQP1) is a member of the water

channel protein family that, except for its functions in

water transportation, can also facilitate cell migration.

Overexpression of AQP1 is often associated with

enhanced migration of cancer cells and their greater

metastatic potential. Two different groups of authors

reported that the ginsenoside Rg3 acts through this

mechanism. Pan et al. (2012) described that the

compound effectively decreased prostate cancer PC-

3 M cell migration by downregulating AQP1 expres-

sion through the p38 MAPK pathway, while the results

of Nakhjavani et al. (2019) indicated a similar effect

on breast cancer MDA-MB-231 cells. Interestingly,

the authors also showed that the difference in the

activity of Rg3 epimers – 20(R)-Rg3 inhibited cell

migration and invasion more effectively, compared to

20(S)-Rg3.

Triterpene saponins that reveal miscellaneous

mechanisms

Exosomes are extracellular vesicles that contain a

specific composition of proteins, lipids, RNA, and

DNA. They can transfer signals to recipient cells, thus

mediating a novel mechanism of cell-to-cell commu-

nication, including cancer cells. Therefore, inhibition

of exosome excretion is one of the targets for the fight

against cancer. Chen et al. (2018b) showed that a b-

hederin rhamnoside, in addition to decreasing breast

cancer MCF-7/S cells and stimulating their apoptosis,

was also able to inhibit breast cancer-derived exosome

secretion. The authors detected and knocked-down top

five microRNAs in the exosomes, which decreased

cell viability.

MicroRNAs (miRNAs) are small, noncoding RNA

molecules that play a key role in cancer progression

and prevention. MicroRNAs may bind to the 3’

untranslated regions of their target genes, and inhibit

protein translation and synthesis. Some of the

miRNAs have been reported to determine malignancy

of cancer cells while others may enhance cell drug

sensitivity to anticancer agents. Ginsenoside Rh2

incubated with non-small cell lung cancer A549

induced a set of changes in the miRNA expression

profile in the cells. The authors identified 44 and 24

miRNAs that show expression changes greater than

two times in Rh2-treated A549 cells (An et al. 2013).

The peroxisome proliferator-activated receptors

(PPARs) form a subfamily of the nuclear receptor

superfamily PPARs regulate the expression of genes

involved in the regulation of glucose, lipid, and

cholesterol metabolism by binding to specific perox-

isome proliferator response elements (PPREs) at the

enhancer sites of the regulated genes.

Several triterpene saponins, derivatives of oleanolic

acid and hederagenin, isolated from Kalopanax pictus,

up-regulated PPAR transcriptional activity in a dose-

dependent manner in liver cancer HepG2 cells, with

values of EC50 in the range of 0.20–15.5 lM.

Furthermore, two of the compounds examined,

namely hederagenin bidesmosides, showed significant

PPARa transactivation activity, with EC50 values of

10.3, and 17.3 lM, respectively. PPARa isoform

regulates the expression of genes involved in lipid

and glucose homeostasis, while PPAR controls genes

involved in adipocyte differentiation and lipid meta-

bolism. Interestingly, compounds the two above-

mentioned saponins exhibited dose-dependent trans-

activation activity, with EC50 values of 17.1, and

16.3 lM. PPARb(d) is highly expressed in tissues that

control lipid metabolism and its transcriptional activ-

ity was significantly up-regulated by the two saponins,

with EC50 values of 15.7 and 17.7 lM, respectively.

The authors conclude that saponins with this mecha-

nism of action can be used in the treatment of diabetes,

obesity, or metabolic syndrome (Quang et al.

2011a, b).

Pulsatilla saponin A, isolated from Pulsatilla

sinensis, was shown to induce differentiation of acute

myeloid leukemia (AML) cell lines (U937, K562, HL-

60) and primary leukemia cells. This saponin stimu-

lated the differentiation of U937, K562 and HL-60

cells, which was manifested by an increase in

CD15 ? cells in all three AML cell lines. Addition-

ally, the cell morphology of these AML cells was
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changed: the cytoplasm/nuclei ratio increased, the

basophilic cytoplasm decreased, and eccentric nuclei

and granules were also observed. Similar effects of

differentiation induction by Pulsatilla saponin A were

observed in primary leukemia cells. The authors

suggest that this saponin may stimulate the differen-

tiation of leukemia cells by the MEK/ERK signaling

pathway (Wang et al. 2016).

One of the commonly described mechanisms by

which saponins can induce cancer cell death is

membrane permeabilization. An interaction with

membrane cholesterol of a-hederin was investigated

in two malignant monocytic cell lines U937 and THP-

1 cells, cholesterol-depleted or non-depleted. This

saponin significantly reduced apoptotic cell death and

membrane permeabilization in cholesterol-depleted

cells. Permeabilization further led to extracellular

calcium influx and nuclear fragmentation. In addition,

a radical change in cell morphology was observed,

including the disappearance of pseudopodes upon

incubation with a-hederin. The authors suggest that

the activity of a-hederin depends mainly on its

interaction with membrane cholesterol and the conse-

quent formation of pores (Lorent et al. 2016). A study

by Nishimura et al. (2021) indicated that jegosaponins

A and B, isolated from Styrax japonica, increased cell

membrane permeability in prostate cancer PC-3 cells,

which was proved with the use of a membrane

nonpermeable fluorescent nucleus staining dye

DRAQ7.

The nuclear factor-erythroid 2-related factor (Nrf2)

participates in the response to cellular oxidative stress

and is over-expressed in cancer cells, resulting in their

increased survival and resistance to anticancer drugs.

Hovenidulcioside C, as the only one out of six

saponins isolated from Hovenia dulcis, dose-depen-

dently inhibited the level of Nrf2 protein in lung

cancer A549, and the authors conclude that the

compound may be of interest in future studies on

Nrf2 inhibitors (Cai et al. 2021).

Results of in vivo studies

In vivo models are an important step in the search for

new drugs as they enable us to assess the activity and

metabolism of a given compound in a living environ-

ment that differs significantly from the in vitro con-

ditions. In studies on potential anticancer agents,

several in vivo models are used, among which one of

the most popular is the tumor xenograft model. In this

assay, a human or murine cancer cell line is injected

into rodents, usually mice or rats, and the effect of

tested substances on tumor growth is compared with

that of the untreated control group and/or with that of

the reference chemotherapeutic agent. The tumor

xenograft model allows for the evaluation of antitumor

activity at the primary site and metastatic. The test is

usually followed by immunohistochemical analysis of

the tumor and/or serum of the sacrificed rodents,

which can give insight into the mechanism of action of

the investigated compounds.

Ehrlich’s ascites carcinoma (EAC) is another

widely used mouse model to induce subcutaneous

tumors. This model has several favorable character-

istics, such as good transplantability, rapid prolifera-

tion without regression, 100% malignancy, shorter life

span, and lack of tumor-specific transplantation anti-

gens (Ozaslan et al. 2011). EAC cells are undifferen-

tiated and tumor growth rate is rapid.

In other less commonly used models, cancerous

changes are induced by the application of toxic

substances, for example 7,12-dimethylbenz[a]an-

thracene (DMBA)-induced renal carcinogenesis in

mice, DMBA-induced breast cancer in rats, diethyl-

nitrosamine (DEN)-induced hepatocellular carcinoma

in rats.

In various in vivo antitumor assays, the tested

agents are administered chronically, but the exact

dosage schedules can vary from daily application to 3

times a week (every second or third day). The test

usually lasts 2 to 4 weeks, or sometimes even longer.

Drug administration also differs between experiments,

but the two most popular are intraperitoneal or oral

routes (Table 3).

Triterpene saponins active in in vivo models

of liver cancer

Liver cancer is one of the most common types of

cancer in men and among the 10 most common types

of cancer in women. Its mortality rate, one of the

highest, reaching more than 90% in the general

population is of great concern (WHO 2021). It should

be noted that several triterpene saponins were inves-

tigated in vivo to evaluate their efficacy in models of

liver cancer.
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Table 3 Anti-tumor models in vivo and ex vivo used in triterpene saponins research

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Actein Murine breast cancer 4T1-

induced syngeneic tumor

xenograft in female

BALB/c mice

10 and 15 mg/kg of the

saponin, administered

p.o. daily for 28 days,

decreased tumor size by

21% and 36% (vs
negative control) and

reduced metastasis to

organs: lungs and liver

Doxorubicine: 5 mg/kg

administered once a week

for 28 days

Yue et al.

(2016)

Actein Mouse Matrigel plug mode

in male C57BL/6 mice

10 mg/kg, administered

p.o. daily for 7 days,

decreased angiogenesis

(vs negative control)

– Yue et al.

(2016)

AG36 Human breast cancer

MDA-MB-157-induced

tumor xenograft in

female BALB/c mice

0.75 and 1.5 mg/kg,

administered i.p. every

second day for 12 days,

decreased significantly

the tumor weight (vs
negative control);

inhibition of

angiogenesis was

observed

– Mu et al.

(2020a)

Anemoside B4 (AB4) FU resistant colorectal

cancer, HCT116/FU-

induced tumor xenograft

in mice

40 mg/kg of AB4

combined with 20 mg/kg

5-FU, administered i.v.,
every three days for

21 days, decreased the

tumor growth more

potent than 5-FU alone

5-FU: 20 mg/kg administered

i.p. daily for 21 days

He et al.

(2021b)

Ardipusilloside I (ADS-1) Human lung cancer A549-

induced tumor xenograft

in BALB/c mice

60 mg/kg (2.46 mmol/l)

and 120 mg/kg

(4.92 mmol/l),

administered i.p. daily

for 10 days, inhibited

tumor growth by 39 and

50%, respectively, given

at the dose of 30 mg/kg

caused only 20% tumor

growth reduction (vs
negative control)

Gefitinib: 30 mg/kg,

administered i.p. daily for

10 days, inhibited the

tumor growth by 47%

decreased microvessel

density by 27%

Wang et al.

(2012c)

60 and 120 mg/kg

decreased microvessel

density by 29 and 46%,

respectively (vs negative

control)

Ardipusilloside I (ADS-1) Chicken chorioallantoic

membrane (CAM) assay

24.5 and 49 lmol/l
significantly inhibited

CAM angiogenesis (vs
negative control)

– Wang et al.

(2012c)

123

Phytochem Rev (2023) 22:113–167 135



Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Ardipusilloside I (ADS-1) Human hepatocellular

carcinoma HepG2-

induced or SMMC-7721-

induced tumor xenograft

in male BALB/c mice

(orthotopic implantation)

50 and 100 mg/kg,

administered

intragastrically daily for

5 weeks, reduced tumor

growth by ca. 52 and

80%, respectively;

100 mg/kg reduced the

number of tumors found

in lungs (reduced

metastasis) (vs negative

control)

– Lou et al.

(2012)

Ardipusilloside I (ADS-1) Rat C6 glioma-bearing

Sprague–Dawley rats

Wafers of polymer

microspheres with 0.77

or 1.53 mg of ADS-I

were implanted into the

brain of rats or a single

dose of intratumoral

injection of 153 lL

ADS-I solution

containing 1.53 mg

ADS-I were

administered; ADS-I-

loaded wafers

significantly reduced

tumor growth, dose

dependently; the

inhibition was

significantly greater for

the wafers than for

simple ADS-I solution

with the same dose of the

saponin; %ILS in both

ADS-I-loaded wafer-

treated groups was

significantly higher than

control (blank) group: it

reached, respectively to

the dose, 114.29% (MST

ca. 25 days) and

182.79% (MST 45 days);

MST equal 22 days was

observed in a ADS-I

solution-treated group

– Dang et al.

(2015)

Astragaloside IV (AS-IV) IDO-overexpressed murine

Lewis lung carcinoma

ells-induced tumor in

mice (orthotopic

implantation)

40 mg/kg, administered

p.o. daily until mice died,

reduced tumor size in

mice with IDO-

overexpression (vs
negative control) –

comparable effect to the

reference drug

Paclitaxel: 20 mg/kg i.p. on

days 1, 2, 3 and 1-MT (IDO

inhibitor): 100 mg/kg p.o.
daily until mice died

Zhang

et al.

(2014)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Astragaloside IV (AS-IV) Human breast cancer

MDA-MB-231-induced

tumor in female BALB/c

mice (orthotopic

implantation)

20 mg/kg, administered

i.p. every 3 days (starting

8 days after inoculation

of the cancer cells) for

6 weeks, suppressed

orthotopic tumor growth

(vs negative control)

– Jiang et al.

(2017)

Astragaloside IV (AS-IV) MDA-MB-231-induced

tail vein metastasis

model in in female

BALB/c mice

20 mg/kg, administered

i.p. every 3 days (starting

2 days after inoculation

of the cancer cells) for

6 weeks, significantly

reduced the formation of

lung nodules (anti-

metastatic potential) (vs
negative control)

– Jiang et al.

(2017)

Astragaloside IV (AS-IV) Human glioma U251-

induced tumor xenograft

in BALB/c mice

20 mg/kg, administered by

oral gavage for 7 days

prior to cancer cells

inoculation, significantly

reduced tumor volume

15–25 days after cancer

cells injection (vs
negative control)

– Li et al.

(2017)

Capilliposide (LC

capilliposide)

Human nonsmall cell lung

cancer (NSCLC) H46-

induced xenograft tumor

in female BALB/c mice

80 mg/kg, administered

p.o. daily for

16 days, reduced tumor

formation: the average

relative tumor volumes

reduced by ca. 29%—

comparable effect to the

reference drug

cisplatin: 1.2 mg/kg

administered i.p. once

every 2 days for 16 days,

the average relative tumor

volumes reduced by ca.

33%

Fei et al.

(2014)

Chiisanoside Murine hepatocellular

carcinoma H22-induced

tumor xenograft in male

ICR mice

60, 120, 240 mg/kg,

administered i.p. daily

for 10 days, significantly

inhibited tumor growth:

for 120, 240 mg/kg

%TIR 60.83 and 66.45%,

respectively (vs negative

control) – comparable

effect to the reference

drug

cyclophosphamide: 30 mg/kg

administered i.p. daily for

10 days, %TIR 63.15%

Bian et al.

(2017)

Chiisanoside Pharmacokinetic

parameters in male

Wistar rats

After tail i.v. infusion

showed fast absorption

and rapid elimination;

the distribution

parameters were

beneficial: high

distribution rate in the

liver and intestine

– Bian et al.

(2017)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Saikosaponin-like

compound, corchorusin-

D

Murine melanoma

B16F10-induced tumor

xenograft in BALB/c

mice

25 and 50 mg/kg,

administered i.p. daily

for 40 days, inhibited

tumor growth

significantly, by

39.33 ± 3.97% and

69.50 ± 2.05%,

respectively; increased

MST in corchorusin-D -

treated group (vs
negative control)

– Mallick

et al.

(2013)

cucurbitacin E glucoside Ehrlich’s ascites

carcinoma (EAC) in

male Swiss albino mice

25 and 50 mg/kg,

administered i.p. daily

until mice died, induced

longer MST from

7 ± 1.05 days (EAC

control group) to

9 ± 0.03 and

11.0 ± 1.01 days,

respectively; %ILS

increased

57.14 ± 3.03% in a

receiving 50 mg/kg

cucurbitacin E glucoside

group (vs negative

control)

5-FU: 20 mg/kg administered

i.p. daily for 9 days:

MST = 10.0 ± 0.00,

%ILS = 42.86 ± 0.00

Ayyad

et al.

(2012)

Cucurbitacin I glucoside Ehrlich’s ascites

carcinoma (EAC) in

male Swiss albino mice

25 and 50 mg/kg,

administered i.p. daily

until mice died, induced

longer MST from

7 ± 1.05 days (EAC

control group) to

10 ± 2.05 and

12.0 ± 0.02 days,

respectively; %ILS

increased by

42.86 ± 2.07% and

71.43 ± 4.04%,

respectively (vs negative

control)

5-FU: 20 mg/kg administered

i.p. daily for 9 days:

MST = 10.0 ± 0.00,

%ILS = 42.86 ± 0.00

Ayyad

et al.

(2012)

Cumingianoside A

(CUMA)

Human melanoma A375-R

(BRAFV600E mutated

human melanoma with

acquired resistance to

PLX4032)-induced

tumor xenograft in

female NOD/SCID mice

50 or 75 mg/kg,

administered p.o alone or

in combination with

PLX4032 (then CUMA

given at 50 mg/kg) daily

(in case of combination

CUMA and PLX4032

given every second day)

for 21 days, revealed a

strong, statistically

significant tumor weight

reduction: by 41%, 59%

and 43%, respectively

(vs negative control)

PLX4032: 50 mg/kg

administered p.o. daily for

21 days, reduced the tumor

weight by 26%

Cvetanova

et al.

(2019)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Two isomers: (20R)- and

(20S)-ginsenoside Rh2

Human hepatocellular

carcinoma H22 -induced

tumor xenograft in mice

Both isomers inhibited the

tumor growth: 20(S)-

ginsenoside Rh2 by

42.2% and 20(R)-

ginsenoside Rh2 by

46.8% (vs negative

control)

– Lv et al.

(2016)

Dioctanoyl ester of

ginsenoside Rh2 (D-

Rh2)

Human hepatocellular

carcinoma H22 -induced

tumor xenograft

in Kunming mice

5 mg/kg (5.7 lmol/kg) and

10 mg/kg (11.4 lmol/kg)

of D-Rh2, administered

by oral gavage daily for

10 days (7 days after

tumor cells implantation),

reduced tumor growth by

52 and 73%, respectively

which is similar to Rh2: 5

(8.0 lmol/kg) and

10 mg/kg (16.0 lmol/

kg), administered by oral

gavage daily for 10 days

(7 days after tumor cells

implantation), showed 53

and 75% reduction of

tumor growth,

respectively (vs negative

control)

cytoxan: 20 mg/kg

(76.6 lmol/kg),

administered by oral

gavage daily for 10 days

(7 days after tumor cells

implantation), reduced by

ca. 72% the tumor growth

Wei et al.

(2012)

Ginsenoside Rh2—drug

delivery experiment

Human liver cancer

HepG2-induced tumor

xenograft in male

BALB/c mice

5 mg/kg of Rh2-loaded

methoxy-poly(ethylene

glycol)-poly(lactide)

liposome (Rh2-PLP),

administered i.p. daily

for 7 days, more

significantly reduced

volume and weight of the

tumor than Rh2-loaded

normal liposome (Rh2-

LP), Rh2-loaded cationic

liposome (Rh2-CLP) and

free Rh2 all administered

i.p. daily for 7 day

– Xu et al.

(2015)

Ginsenoside Rg3 Human hepatocellular

carcinoma H22 -induced

tumor xenograft in male

nude mice

20 mg/kg Rg3,

administered p.o
daily ? 3 mg/kg TRAIL

administered i.p. 3 times

per week, for 21 days,

more significantly

decreased the tumor

volume (42% of the

control tumor volume)

than TRAIL-only (63%)

Rg3-only groups (75%),

but there was no

statistical significance

– Lee et al.

(2013)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Ginsenoside Rg3 Human pancreatic cancer

SW-1990-induced tumor

xenograft in BALB/c

mice

5, 10, 20 mg/kg,

administered i.p. daily

for 28 days, reduced

tumor volume in a dose

dependent manner (vs
negative control)

10, 20 mg/kg reduced

vasculogenic mimicry

– Guo et al.

(2014)

Ginsenoside Rk3 Human non-small cell lung

cancer (NSCLC) H460-

induced tumor xenograft

in mice;

5, 10 or 20 mg/kg,

administered

intragastrically daily for

21 days, significantly

reduced tumor volume

compared to control

tumor groups by 63%

(comparable to the

reference), 32.5% and

11.8%, respectively (vs
negative control)

gefitinib: 20 mg/kg,

administered intragastric

daily for 21 days, reduced

the tumor volume by 57.2%

Duan et al.

(2017)

Ginsenoside Rk3 Chick embryo

chorioallantoic

membrane (CAM) assay

chick embryo CAM assay

indicated anti-angiogenic

effect (vs negative

control)

– Duan et al.

(2017)

20-O-b-D-glucopyranosyl-

20(S)-protopanaxadiol, a

metabolite of ginseng

saponin (20-GPPD,

compound K)

Murine colon cancer CT-

26-induced tumor

allograft in female

BALB/c mice

0.2, 0.5 and 1 mg/kg,

administered i.p. daily

until the tumor

reached * 2000 mm3,

reduced tumor volume in

a dose-dependent manner

by ca. 32, 55 and 61%

mm3, respectively (vs
negative control)

– Hwang

et al.

(2013)

20-O-b-D-glucopyranosyl-

20(S)-protopanaxadiol, a

metabolite of ginseng

saponin (20-GPPD,

compound K)

Xenograft tumor model

induced by human

colorectal cancer HCT-

116-induced tumor

xenograft in female nude

mice

15 and 30 mg/kg,

administered i.p. daily

for 28 days, significantly

suppressed tumor growth

dose dependently (vs
negative control)

– Zhang

et al.

(2013c)

Folic acid-modified

ginsenoside Rg5-loaded

bovine serum albumin

nanoparticles (FA-Rg5-

BSA NPs)

Human breast cancer

MCF-7-induced tumor

xenograft in female

BALB/c mice

15 mg/kg Rg5 and

equivalents of this dose

for Rg5-BSA NPs and

FA-Rg5-BSA NPs,

administered i.p. daily

for 21 days, decreased

tumor weight by,

respectively,

48.84 ± 9.74%,

69.91 ± 11.77%,

79.25 ± 6.36% (vs
negative control)

– Dong et al.

(2019)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Hederacolchiside A1

(HA1)

Human breast cancer

MCF-7-induced tumor

xenograft in female

BALB/c mice

50 and 100 mg/kg,

administered for

28 days, suppressed

tumor growth with

inhibition of tumor

weight to, respectively,

43.95 ± 26.72% and

48.45 ± 22.36% (vs
negative control)

– Chen et al.

(2021a)

a-hederin Human gastric cancer-

induced tumor xenograft

in male BALB/c mice

2.5, 5, 10 mg/kg,

administered i.p., every

second day, reduced the

tumor volume and

weight in a dose-

dependent manner

– Wang et al.

(2020a)

HEG (19-a-hydroxyurs-

12(13)-ene-28-oic acid-

3-O-b-D-

glucopyranoside)

DEN-induced

hepatocellular carcinoma

(HCC) in male Swiss

albino Wistar rats

5, 10, 20 mg/kg

significantly decreased

the DEN (200 mg/kg)-

induced hepatic nodule

incidence dose

dependently (vs negative

control)

– Verma

et al.

(2018)

Jujuboside B Azomethane oxide (AOM)

and dextran sulfate

sodium (DSS) -induced

colorectal cancer in male

BALB/c mice

40 mg/kg, administered

intragastrically, every

other day, significantly

reduced disease activity

index (vs both negative

controls); anti-tumor

effect probably related to

proliferation reduction

and apoptosis induction,

the level of Bcl-2 and

p-Akt decreased, the

level of Bax increased

– Li et al.

(2021c)

Kalopanaxsaponin A Human oral squamous cell

carcinoma (OSCC) YD-

10B-induced (orthotopic

implantation) tumor

xenograft in mice

1 and 5 mg/kg,

administered p.o. 3 times

per week for 25 days,

significantly and dose

dependently reduced

tumor volume (vs
negative control)

– Hwang

et al.

(2012)

Oldhamianoside II Murine sarcoma cancer

S180-induced tumor

xenograft in mice

5 and 10 mg/kg,

administered i.p. daily
for 10 days, delayed

tumor growth and

inhibited the microvessel

density (vs negative

control)

– Wang et al.

(2013a)

oldhamianoside II chick embryo

chorioallantoic

membrane model (CAM)

vessel formation was

inhibited (vs negative

control)

– Wang et al.

(2013a)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Oldhamianoside human ovarian SKOV3-

induced tumor xenograft

in female BALB/c mice

5, 10, 20 mg/kg,

administered i.p. daily

for 10 days, inhibited

tumor growth by

47.83%, 52.17, 57.61%,

respectively (vs negative

control)

cis-
diamminedichloroplatinum

II dichloride (DDP):

1.5 mg/kg, administered

daily for 10 days

Li et al.

(2018b)

Oleiferoside B Human hepatocellular

carcinoma H22-induced

tumor xenograft in male

ICR mice

0.5 and 1 mg/kg

administered i.p., daily

for 10 days, suppressed

the tumor growth with

inhibition of the weight

by, respectively, 37.26%

and 46.25% (vs negative

control)

Cyclophosphamide: 40 mg/

kg administered i.p. every

2 days, for 10 days,

inhibition rate: 98.71%

Feng et al.

(2021)

Platycodin D Human breast cancer

MDA-MB-231-induced

tumor xenograft in

female BALB/c mice

5 mg/kg, administered i.p.
daily for 20 days,

significantly decreased

tumor growth (vs
negative control)

– Chun and

Kim

2013)

Platycodin D Human metastatic breast

cancer, MDA-MB-231-

induced tumor xenograft

in female BALB/c mice

2 mg/kg, administered by

oral gavage 5 days per

week for 44 days,

significantly depressed

tumor growth in tibial

bone marrow (vs
negative control)

ED50 level was estimated

to be 1.55 mg/kg

– Lee et al.

(2015)

Platycodin D Human prostate cancer

PC3-induced tumor

xenograft in male

pathogen-free BALB/c

mice

2.5 mg/kg, administered

i.p. 5 days per week for

24 days, significantly (by

ca. 56%) suppressed

tumor growth (vs
negative control)

– Zhou et al.

(2014)

Platycodin D Human hepatocellular

carcinoma H22-induced

tumor xenograft in male

ICR mice

12.5, 25, 50 mg/kg,

administered p.o. daily

for 14 days, decreased

tumor weight by 36.67%,

44.80%, 51.79%,

respectively

Cyclophosphamide: 25 mg/

kg, administered i.p. for

14 days, reduced the tumor

weight by 58.16%

Li et al.

(2016b)

Platycodin D Highly metastatic human

breast cancer MDA-MB-

231-induced tumor

xenograft female BALB/

c in mice

1 and 2.5 mg/kg,

administered i.p. 5 days

per week for 28 days,

reduced tumor growth by

24 and 30%, respectively

(vs negative control)

– Kong et al.

(2016)

Pulsatilla saponin A Hepatocellular carcinoma

Bel-7402-induced tumor

xenografts in male

BALB/c mice

10 mg/kg, administered

i.p. 3 times per week for

3 weeks, significantly

reduced tumor growth—

similar effect to the

reference

Cyclophosphamide: 10 mg/

kg administered i.p. 3 times

per week for 3 weeks

Liu et al.

(2014)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Pulsatilla saponin A Pancreatic cancer

SW1990-induced tumor

xenografts in male

BALB/c mice

10 mg/kg, administered

i.p. 3 times per week for

21 days, significantly

reduced tumor growth—

similar effect to the

reference

Cyclophosphamide: 10 mg/

kg administered i.p. 3 times

per week for 21 days

Liu et al.

(2014)

Pulsatilla saponin D

(SB365)

Human gastric cancer

MKN-45-induced tumor

xenograft in male mice

10 mg/kg and 30 mg/kg,

administered by oral

gavage daily for 12 days,

inhibited tumor growth

(vs negative control)

– Hong et al.

(2013)

Pulsatilla saponin D

(SB365)

Blood vessel formation in

the Matrigel plug assay

in male BALB/c mice

10 lM, added to Matrigel

plugs injected into mice,

after 7 days inhibited

HGF (300 ng/ml)-

induced vascular

formation (vs negative

control)

– Hong et al.

(2013)

Pulsatilla saponin D

(SB365)

HGF-induced microvessel

sprouting from the rat

aortic ring (ex vivo)

10 lM after 7 days

inhibited HGF (100 ng/

ml)-induced sprouting

from the aortic rings

totally (vs negative

control)

– Hong et al.

(2013)

Pulsatilla saponin D

(SB365)

Human colon cancer HT-

29-induced tumor

xenograft in BALB/c

mice

10 mg/kg, administered by

oral gavage 3 times per

week for 21 days,

significantly suppressed

tumor growth (weight

and volume) (vs negative

control), with stronger

effect than that elicited

by 5-FU

5-FU: 10 mg/kg,

administered by oral

gavage 3 times per week for

21 days

Son et al.

(2013a)

Pulsatilla saponin D

(SB365)

Human pancreatic cancer

PANC-1-induced tumor

xenograft in male

BALB/c mice

30 mg/kg, administered

i.p. daily for 37 days,

suppressed tumor growth

(51% reduction in size

and 55% reduction in

volume) (vs negative

control)

– Son et al.

(2013b)

Raddeanin A (RA) Human breast cancer

MDA-MB-231-induced

tumor xenograft in

female BALB/c mice

0.1 mg/kg, administered

i.p. every other day for

28 days, resulted in a

remarkably lower bone

loss (vs negative control)

– Wang et al.

(2018b)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Raddeanin A (RA) Mouse calvarial osteolysis

model in male C57BL/6

mice

0.05 mg/kg or 0.1 mg/kg,

administered daily for

14 days, inhibited

titanium-particle

(30 mg)-induced

osteolysis: bone volume

to total volume ratio

significantly increased

and percentage of

porosity was

significantly lower (vs
negative control)

– Wang et al.

(2018b)

Raddeanin A (RA) Human glioblastoma U87-

induced tumor xenograft

in mice

chorioallantoic membrane

model (CAM)

100 mg/kg, administered

i.p., diminished tumor

growth and prolonged

survival time by

inhibition of

angiogenesis

– Wu et al.

(2021a)

Raddeanoside R13 Murine breast cancer 4T1

cells-induced tumor

xenograft in female nude

mice;

5 mg/kg, administered i.p.
3 times per week for

21 days, significantly

decreased tumor volume

(vs negative control)

– Liang et al.

(2016)

Metastasis assessment:

4T1 cells labeled with

firefly luciferase were

used

After 4 weeks: a

significant decrease in

lung metastasis (vs
negative control)

Saikosaponin A DMBA-induced breast

cancer in female Sprague

Dawley rats

35 mg/kg, administered

intragastrically daily for

56 days, reduced the

DMBA (100 mg/kg,

administered

intragastrically once)-

induced tumor growth by

average 63% (vs
negative control)—

comparable to the

reference

Tamoxifen: 5.6 mg/kg

administered

intragastrically daily for

56 days

Zhao et al.

(2019b)

Saikosaponin A Human breast cancer 4T1-

induced tumor xenograft

in female BALB/c mice

human colorectal cancer

HCT-15-induced tumor

xenograft in BALB/c

mice

blood vessel formation in

the Matrigel plug assay

in female BALB/c mice

chorioallantoic

membrane model (CAM)

10 mg/kg, administered

i.p. daily for 15 days,

suppressed significantly

tumor growth in both

cancers by inhibition of

angiogenesis

– Zhang

et al.

(2021)

3, 10, 30 lM inhibited

angiogenesis in a dose-

dependent manner

1–100 lM inhibited

angiogenesis
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Saikosaponin-d DEN-induced liver cancer

in male Sprague Dawley

rats

2 mg/kg, administered i.p.
daily for 119 days,

reduced liver nodule

formation induced by

DEN (50 mg/kg

administered i.p. weekly

for 112 days) injection

(vs negative control)

– Lu et al.

(2012)

Saikosaponin-d DEN-induced liver cancer

in male Sprague Dawley

rats (ex vivo analysis)

2 mg/kg, administered i.p.
daily for 119 days,

prevented DEN (50 mg/

kg administered i.p.
weekly for 112 days)-

induced carcinogenesis

by mechanism of

inhibition of COX-2 and

C/EBPb

– Lu et al.

(2012)

Saikosaponin-d Livers from Sprague

Dawley rats with DEN-

induced hepatocellular

carcinoma (ex vivo)

1.5 mg/kg, administered

i.p. daily for 112 days,

significantly decreased in

the number of malignant

nodules with

size[ 3 mm

and[ 5 mm (assigned

as grade III, the biggest

nodules in the model)

induced by 10 ng/kg

DEN intragastrical

administration every

5 days for 112 days (vs
negative control)

– Jia et al.

(2012)

Saikosaponin-d Human anaplastic thyroid

cancers (ARO) 8305C,

SW1736-induced tumor

xenografts in male mice

5, 10, 20 mg/kg,

administered by oral

gavage daily for 28 days,

reduced tumor growth

(volume and weight)

significantly in dose

dependently (vs negative

control)

– Liu and Li

2014)
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Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Saikosaponin-d

nanoparticles;

macrophage-biomimetic

drug delivery system

obtained by coating

macrophage membrane

hybridized with T7

peptide on the surface of

poly (latic-co-glycolic

acid)nanoparticles

(SCMNPs)

Murine breast cancer 4T1-

induced tumor xenograft

in female BALB/c mice

1 and 5 mg/kg,

administered i.v. 3 times

a week for 28 days

significantly inhibited the

tumor growth by anti-

angiogenic mechanism,

significantly less

metastatic lung nodules

and reversed

splenomegaly (vs
negative control); in a

5 mg/kg-group 100%

survival was noted at the

end of the experiment

(50 days); preferential

distribution of SCMNPs

to tumor tissues

– Sun et al.

(2021)

Saikosaponin-d Murine C1498 and

FLT3 ? cells-induced

leukemia cells in male

C57BL/6N mice human

leukemic peripheral

blood xeno-transplanted

into male NOD SCID

mice

0.1 and 0.5 mg/kg,

administered i.p., 3 timed

per week for 21

consecutive days,

significantly inhibited

white blood cells growth,

impaired the bone

marrow clonogenic

potential, markedly

reduced splenomegaly as

well as the number of

metastatic lungs nodules;

the mechanism related to

m6A RNA methylation

– Sun et al.

(2021)

Saponin 1 Human glioblastoma

multiforme (GBM)

U251MG and U87MG

cells-produced xenograft

tumors in female BALB/

c mice

10 lg/ml 9 200 ll,

administered i.v. every

3 days after the

development of palpable

nodules until 30 days

after inoculation,

inhibited significantly

growth of both xenograft

tumors (U251MG and

U87MG-induced) and

U87MG was more

sensitive to the saponin 1

treatment (it was also

growing faster than

U251MG-induced

tumor)

– Li et al.

(2013a)
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Promising results were obtained for a group of

saponins found in the genus Pulsatilla. Pulsatilla

saponin A was significantly effective in decreasing the

volume of xenograft tumors induced by Bel-7402 cells

from hepatocellular carcinoma in mice, with minimal

toxicity. Its effect was comparable to that of

cyclophosphamide (CTX) used at the same dose

(Table 3) (Liu et al. 2014).

Another potentially promising saponin is platy-

codin D (PD) which was also investigated in the

hepatocellular carcinoma xenograft model, although

induced with the H22 cell line (Table 2) (Li et al.

2016a, b). The compound significantly and dose-

dependently reduced tumor weight, without any effect

on weight of the body or immune organs such as

thymus and spleen. CTX, used as a reference, was

more effective than PD but, on the other hand, it was

more toxic, significantly reducing the weight of

immune organs. It is worth noting that CTX was

administered intraperitoneally whereas PD orally. The

route of administration determines the pharmacoki-

netics of a given drug, and consequently it can affect

its pharmacological effect. Further studies revealed

that in the PD-treated groups serum cytokine levels,

including IFN-c, TNF-a, IL-6, and IL-2 were

enhanced, while the production of VEGF in serum of

H22-tumor mice was reduced. These changes were not

observed in the CTX group.

Oleioferoside B, derived from Camellia oleifera,

studied in the same H22-induced tumor mouse model,

was able to reduce tumor growth at low doses (0.5 and

1 mg/kg/d), however, it was not as effective as CTX

which inhibited tumor growth by almost 99%. On the

other hand, the dose of the reference compound used

in this study was much higher, what always provides

the risk of side effects. However, the safety aspect was

not checked in the study (Feng et al. 2021).

A weaker effect was reported in the same hepato-

cellular carcinoma model for chiisanoside, a lupane

triterpenoid isolated from the leaves of Acanthopanax

sessiliflorus. The saponin doses that significantly

reduced tumor weight were much higher compared

to CTX (Bian et al. 2017). However, chiisanoside

appeared to improve liver function in contrast to the

Table 3 continued

Name of saponin Model in vivo/ex vivo Effective doses, route of

administration and dosage

schedule

Reference drug References

Segetoside I

(bidesmosidic)

Human liver cancer

HepG2 cells-induced

tumor xenograft in

Kunming mice

1.25, 2.5 and 5 mg/kg,

administered i.p. daily

for 28 days, significantly

reduced tumor growth;

2.5 and 5 mg/kg

prolonged MST; the dose

of 2.5 mg/kg was more

effective than 5-FU

5-FU: 2 mg/kg, administered

i.p. daily for 28 days

cytoxan: 3.6 mg/kg,

administered i.p. daily for

28 days

Firempong

et al.

(2016)

soyasaponin Ag Breast cancer MDA-MB-

231-induced xenograft

tumor in BALB/c female

mice

Pre-feeding with 15 mg/kg

daily for 14 days before

xenografting cancer cells

and after one week

feeding with 15 mg/kg

for 28 days, reduced

significantly tumor size,

weight and speed of

growth (vs negative

control); DUSP6 protein

level was increased in

the tumor, the levels of

MAPK1 and MAPK14

were decreased

– Huang

et al.

(2021)

DEN—diethylnitrosamine; DMBA—7,12-dimethylbenz[a]anthracene; %ILS—percentage of increased life span; MST—mean

survival time; %TIR—tumor inhibitory rate in %
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reference drug that induced significant hepatotoxicity.

Furthermore, the authors suggested that the antitumor

effect of chiisanoside was a result of its antiangiogenic

and proapoptotic activity. Finally, this saponin was

characterized by good pharmacokinetic parameters in

rats: fast absorption, rapid elimination, and high

distribution in the liver or intestines (Bian et al. 2017).

One of the saikosaponins, bioactive triterpene

glycosides typical of Bupleurum falcatum, saikos-

aponin-d was shown, in turn, to prevent diethylni-

trosamine (DEN)-induced liver carcinogenesis in rats

by inhibiting COX-2 and C/EBPb (Lu et al. 2012).

Moreover, the compound reduced nodule formation,

tumor metastasis and cell atypia increased by DEN

compared to the control tumor group treated only with

DEN. Similar observations were made by Jia et al.

(2012), who investigated the effects of saikosaponin-d

in the same model. Verma et al. (2018) reported the

hepatoprotective properties of HEG (19-a-hydrox-

yurs-12(13)-ene-28-oic acid-3-O-b-D-glucopyra-

noside) in the same DEN-derived hepatocellular

carcinoma model. HEG in a dose-dependent manner

markedly decreased the number of tumor nodules

found in rats treated with DEN, while showing a high

level of safety.

Segetoside I was reported to be a potential anti-

HepG2 agent. It is a bidesmodic saponin from

Vaccaria segetalis (Neck) that effectively reduced

tumor volume and prolonged the mean survival time,

being even more effective than 5-fluorouracil, a

reference drug used in the experiment (Firempong

et al. 2016). It is noteworthy that the toxicity of the

saponin was low.

The immune cytokine tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL) pathway seems to

be an attractive target in chemotherapy because of its

ability to selectively trigger apoptosis in cancerous

tissue cells, ensuring a better overall safety profile.

Therefore, adjuvant agents capable of inducing sen-

sitization to TRAIL seem to be an interesting solution

to eliminate or overcome resistance to TRAIL

chemotherapy (Lee et al. 2013). One of the interesting

examples of triterpene saponins with the potential of

TRAIL-sensitizing action is ginsenoside Rg3. Com-

bination therapy: TRAIL ? ginsenoside Rg3 in Huh

7-cells-induced hepatocellular carcinoma in the xeno-

graft mouse model resulted in a decrease in tumor

volume compared to a single TRAIL or Rg3 therapy

(Lee et al. 2013). Unchanged body weight indicated

that the therapy was safe. However, the difference

between the TRAIL ? ginsenoside Rg3 group and the

TRAIL-alone group was not statistically significant.

Finally, interesting results were reported for ardi-

pusilloside I (ADS-I), a triterpene saponin from

Ardisia pusilla. Lou et al. (2012) in an experiment in

mice inoculated with human hepatocellular carci-

noma, showed that the ADS-I-treated group developed

fewer lung tumors, suggesting its antimetastatic

potential. However, the effective dose was relatively

high (Table 3).

Triterpene saponins active in in vivo models

of breast cancer

Breast cancer is the most common cancer type

worldwide with 30% mortality in women (WHO

2021). Several in vivo investigations of saponins have

been dedicated to the search for anti-breast cancer

agents. An interesting example is platycodin D (PD),

which significantly suppressed tumor growth, com-

pared to control, in MDA-MB-231 breast cancer

tumor-bearing mice, with no significant toxicity

observed (Chun and Kim 2013; Kong et al. 2016). In

addition, downregulation of G0/G1 phase-related

proteins, such as CDK2, CDK4, CDK6, cyclin E,

was observed. Also, the levels of MDM2, MDMX, and

mutant p53 were decreased, while the expression level

of p21 and p27 was increased. In another study, a

reduction in the expression of cell proliferation

markers such as EGFR and Ki-67 was observed (Chun

and Kim 2013).

The same breast cancer model was used to assess

the potential of soyasaponin Ag derived from soy-

beans (Glycine max). Given daily with food, this

saponin markedly reduced tumor size and weight with

a decrease in MAPK1 and MAPK14 levels along with

an increase in the level of the USP6 protein (Huang

et al. 2021). A different breast cancer cell line, namely

MDA-MB-157, was used to induce tumor for the

purpose of investigating a triterpene saponin isolated

from Ardisia gigantifolia, denoted AG36. A signifi-

cant reduction in tumor growth was observed when

this saponin was administered at doses as small as 0.75

and 1.5 mg/kg/every two days. Angiogenesis inhibi-

tion was suggested as a possible mechanism of the

observed antitumor activity (Mu et al. 2020a).

Metastasis of breast cancer to bone results in the

secretion of various osteolytic factors causing
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osteoclast-mediated bone resorption, often leading to

severe bone destruction and increased mortality.

Consequently, compounds with antimetastatic poten-

tial are much needed. PD was further examined in vivo

in mice after intratibial injection with human meta-

static breast cancer cell (Lee et al. 2015). PD

suppressed MDA-MB-231-induced osteolysis of the

tibiae, tumor growth in the tibial bone marrow, and

bone loss. Fortunately, PD is not the only triterpene

saponin with such a potential of action. Raddeanin A

(RA), the oleanane-type saponin present in Anemone

raddeana seems to be an interesting antiosteolytic

agent in metastatic osteolysis associated with breast

cancer. Its effect was investigated using tumor induced

by MDA-MB-231 cells in the xenograft mouse model

and mouse calvarial model which is a model com-

monly used to study osteolysis (Wang et al. 2018a, b).

This saponin protected the bones from resorption

resulting in a remarkably lower bone loss compared to

the control group that received no treatment. Osteo-

clast formation seems to be inhibited by the SRC/AKT

signaling pathway.

Another saponin for which anti-breast cancer and

antimetastatic potential was reported was astraga-

loside IV (AS-IV), a compound derived from Astra-

galus membranaceus (Jiang et al. 2017). AS-IV

reduced the growth of MDA-MB-231 breast cancer

tumor by decreasing cell proliferation and migration

and was shown to inhibit breast cancer metastasis to

the lungs, in the tail vein metastasis model.

The tumor volume/size-decrease property was also

reported for actein (Yue et al. 2016) and raddeanoside

R13 in murine 4T1-induced breast cancer in a

xenograft model (Liang et al. 2016). Interestingly,

both agents exhibited an antimetastatic potential that

inhibits the migration of cancer cells to the lungs and

in the case of actein also to the liver. Finally, actein

appeared to be safer than the reference drug,

doxorubicine.

The antibreast cancer potential of saikosaponin-a

(SSa) was evaluated in the 7,12-dimethyl-benz[a]an-

thracene (DMBA)-induced breast cancer model in rats

(Zhao et al. 2019a, b). The tumor growth reduction

effect was comparable to that of tamoxifen. The

mechanism involved in the activity of SSa covered

immunological changes, this saponin shifted the

balance of lymphocyte helper cells Th1/Th2 towards

Th1 by activating the IL-12/STAT4 pathway.

Triterpene saponins active in in vivo models

of lung cancer

Lung cancer, and its different subtypes, is character-

ized by the second highest prevalence in the general

population worldwide and high mortality, over 80%

(WHO 2021). There are only few reports on the

activity of saponins to suppress lung cancer, and with

average effectiveness. One of the most effective was

the ginsenoside Rk3, in a model induced by H460 cells

from human non-small cell lung cancer (NSCLC) in

mice (Duan et al. 2017). Histological analysis con-

firmed the antiproliferative effect of this compound,

whereas immunohistochemistry analysis of CD34

proteins proved its antiangiogenic effect.

In addition, ardipusilloside I (ADS-I) inhibited

tumor growth in xenograft tumor induced by human

lung cancer A549 cells in mice, but the effect was

much weaker than the reference drug, gefitinib (Wang

et al. 2012c). Capilliposide, isolated from Lysimachia

capillipes, is another saponin, recognized as safe, with

a proven ability to reduce tumor volume, size, and

weight of tumor induced by H460 cells of human non-

small cell lung cancer in mice (Fei et al. 2014).

However, again, the effect was much weaker com-

pared to the reference drug, cisplatin.

An accepted method to support chemotherapy is to

improve the immune system in the recognition and

combat of cancerous cells. Indoleamine 2,3-dioxyge-

nase (IDO), a tryptophan catabolizing enzyme that

induces immune tolerance, participates in a tumor

escape phenomenon from host immune systems in

mice. Astragaloside IV (AS-IV) reduced tumor size in

murine Lewis lung carcinoma in mice with IDO-

overexpression (Zhang et al. 2014). Similar effects

were shown for paclitaxel and the IDO inhibitor,

1-methyl-tryptophan. Furthermore, AS-IV and pacli-

taxel prolonged the survival rate in tumor-bearing

mice. In a molecular study, AS-IV suppressed the

overexpression of IDO in vitro and in vivo, which may

explain its antitumor mechanism.

Triterpene saponins active in in vivo models

of gastric, colon, and colorectal cancer

The antitumor activity of Pulsatilla saponin D (SB365)

was also confirmed in the xenograft assay in mice with

human colon cancer HT-29 cells (Son et al. 2013a, b).

SB365 significantly reduced tumor weight and volume
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compared to the tumor control group. The effect was

even stronger than that elicited by 5-FU at the same

dose. Additionally, for SB365 and 5-FU no effect on

body weight was observed, indicating low toxicity of

the compounds. Further studies explained the possible

mechanism of action of Pulsatilla saponin D. The fact

that PCNA (proliferative marker) was poorly

expressed in the SB365 group, in contrast to the

control tumor group, suggested suppression of prolif-

eration. Furthermore, the results of the TUNEL assay,

as well as cleaved caspase-3, proved an induction of

apoptosis by SB365. The levels of blood vessel

markers, CD-34, and cells positive for VEGF were

lower in the SB365 treated group than in the control,

indicating antiangiogenic activity (Son et al.

2013a, b).

In other studies, SB365 has been reported to

suppress tumor growth in gastric cancer MKN-45 by

inhibiting cell proliferation and induction of apoptosis,

which was revealed by histological investigation

(Hong et al. 2013). As mentioned above, several

ginseng saponins are widely investigated for potential

antitumor activity (Nag et al. 2012; Choi et al. 2013;

Vayghan et al. 2014; Wong et al. 2015; Nakhjavani

et al. 2019). It should be noted that their metabolites

have also gained attention; one of the best examples is

20-O-b-D-glucopyranosyl-20(S)-protopanaxadiol

(20-GPPD, compound K). When tested in mice with

CT-26-cells-induced tumor in colon cancer model,

this compound showed a significant dose-dependent

decrease in tumor volume and weight (Hwang et al.

2013). Noteworthy, the active doses of compound K in

this experiment were relatively low compared to

effective doses of other saponins with proven cyto-

toxic activity. A similar significant antitumor effect

for 20-GPPD was obtained in the xenograft tumor

assay with HCT-116 human colorectal cancer cells

used (Zhang et al. 2013c).

Some more interesting reports have recently been

published. One of the well-known triterpene saponins

that was shown to be one of the relatively potent agents

is a-hederin which dose-dependently reduced gastric

tumors in mice (Wang et al. 2020a). Another widely

studied compound, saikosaponin A, reduced the

development of HCT15-colorectal-cancer-cells-in-

duced tumors in mice (Zhang et al. 2021). The

suggested mechanism was linked to inhibition of

angiogenesis. A different mechanism of antitumor

activity was reported for jujuboside B, isolated from

the seeds of Zizyphus jujuba. The authors postulated

that this compound induces apoptosis by interaction of

the Bcl-2 and Bax proteins as well as reduction of cell

proliferation (Li et al. 2021d).

It should be noted that a combination of 5-FU and

anemoside B4 was found to be more efficient in

suppressing tumor growth (derived from chemother-

apy-resistant HCT116 colorectal cell line) than 5-FU

given alone (He et al. 2021b). This study provides

additional experimental data supporting the potential

of triterpene saponins as adjuvants in chemotherapy.

Triterpene saponins active in in vivo models

of prostate cancer

Although prostate cancer is the second most prevalent

cancer type in men, in the past decade, there has been

relatively little research that evaluated the efficacy of

triterpene saponins against this cancer. Again, one of

the most active compounds was platycodin D (PD).

PD significantly suppressed human prostate cancer

PC3 xenograft tumor growth in a dose-dependent

manner (Zhou et al. 2014) Changes in protein

expression indicated suppression of cell proliferation

and induction of cell cycle arrest. Western blot

analysis of excised tumors showed altered protein

expression similar to that observed in vitro. PD

increased the expression of the FOXO3a, p21 and

p27 proteins and decreased the expression of the

MDM2 protein in PC3 cells. Furthermore, the com-

pound downregulated proteins involved in the cell

cycle and apoptosis: CDK2, Cyclin D1, CDK1, Cyclin

B1, Bcl2, and PARP, and up-regulated the expression

of Bax. This suggested a possible mechanism of the

antitumor activity of PD that included cell cycle arrest

and apoptosis. No significant body weight loss was

observed, indicating that there was no obvious toxicity

of the compound.

Triterpene saponins active in in vivo models

of pancreatic cancer

Relatively small numbers of triterpene saponins have

been studied in in vivo models of pancreatic cancer.

Three fairly effective compounds are those that were

also studied against other tumors, namely ginsenoside

Rg3, Pulsatilla saponins A and D. Ginsenoside Rg3

dose-dependently reduced tumor volume in a model of

xenograft tumor induced by SW-1990 pancreatic
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cancer cells in mice (Guo et al. 2014) Furthermore,

vascular mimicry, which is a network structure

consisting of an extracellular matrix and cancer cells

that facilitate neoangiogenesis and metastasis, associ-

ated with a poor prognosis of patients, was also

significantly reduced in Rg3-treated groups. This

made Rg3 a promising adjuvant in pancreatic cancer

therapy that could potentially inhibit angiogenesis and

tumor metastasis. Taking into account the results of

the above-mentioned experiment, the role of Rg3 in

chemotherapy as an adjuvant gains higher probability.

Pulsatilla saponin A was also effective in the SW1990

pancreatic cancer model (Liu et al. 2014), while

Pulsatilla saponin D (SB365), in turn, was shown to

decrease tumor growth in the in vivo xenograft model

of pancreatic cancer PANC-1 by blocking angiogen-

esis, reducing proliferation, and/or inducing apoptosis

(Son et al. 2013a, b).

Triterpene saponins active in in vivo models

of melanoma

Melanoma is the most frequent cause of death among

people with skin cancer (WHO 2021). In addition, the

number of patients diagnosed with the drug-resistant

type of this cancer increases every year (Garbe et al.

2011). Corchorusin-D, a saikosaponin-like compound

derived from Corchorus acutangulus, was studied in

murine B16F10 melanoma cells-induced xenograft

tumor in mice (Mallick et al. 2013). The compound

significantly inhibited tumor growth, simultaneously

increasing the survival rate in mice. Further histolog-

ical analysis of the tumors showed a lower mitotic

index and a higher level of annexin V-FITC and

propidium iodide (PI)-positive tumor cells indicating

an induction of apoptosis and a decrease in the

microvascular density pointing to an antiangiogenic

effect. Finally, corchorusin-D was recognized as safe.

As melanoma is found to be largely resistant to

treatment, researchers hope to find more effective

drugs by using models that involve cell lines that lack

sensitivity to standard chemotherapy. An example of

such a cell line is A375-R, a BRAFV600E mutant

melanoma cell line resistant to PLX4032 (vemu-

rafenib), an inhibitor of the mutated proto-oncogene

BRAF, which in turn is the target of melanoma therapy

(Cvetanova et al. 2019). Cumingianoside A (CUMA),

isolated from Dysoxylum cumingianum, administered

alone or in combination with PLX4032 revealed a

strong statistically significant inhibition of tumor

growth in the A375-R xenograft mouse model (Cve-

tanova et al. 2019). A negligible weight loss of the

experimental animals indicated little toxicity of the

treatment. Mice were sacrificed, and immunohisto-

chemistry studies of tumors and organs showed that

CUMA reduced proliferation. Also, an impairment of

angiogenesis and apoptosis enhancement were

suggested.

Triterpene saponins active in in vivo models

of glioma

Glioma (glioblastoma multiforme) is the most common

among intrinsic central nervous system tumors, with a

high prevalence in adults and a high mortality rate

(Liang et al. 2020). Only a few saponins have been

studied as potential antiglioma agents in vitro and even

less in vivo. Again, one of the saponins that have been

mentioned already, that is, astragaloside IV (AS-IV),

seems to be an interesting option for further research.

Studies on AS-IV revealed attenuation of tumor growth

when the compound was administered prior to inocu-

lation of tumor cells in mice (Li et al. 2017). The

proposed tumor inhibition mechanism was related to the

MAPK/ERK signaling pathway, since immunochem-

istry analysis of tumor tissue revealed the reduction of

PCNA expression (suppression of proliferation), phos-

phorylated MAPK, phosphorylated ERK and C-myc (Li

et al. 2017). The MAPK/ERK signaling pathway in

several studies was reported in several studies to be

involved in the migration and invasion of glioma cells.

Another active compound is saponin 1, an olea-

nane-type structure from Anemone taipaiensis, which

was examined in the tumor xenograft model in mice

(induced with U251MG and U87MG cells). Saponin 1

inhibited the growth of both xenograft tumors, with

U87MG cells being more sensitive to treatment (Li

et al. 2013a). Also, another triterpene saponin,

raddeanin A, which has a marked potential as an

anticancer agent, exhibited antiglioma activity in U87-

cells-induced tumor in mice, but at a very high dose of

100 mg/kg (Wu et al. 2021a).

Triterpene saponins active in in vivo models

of miscellaneous cancers

Kalopanaxsaponin A, an oleanane triterpenoid from

Kalopanax pictus, significantly reduced tumor volume
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in a dose-dependent manner compared to a group

inoculated with human oral squamous cell carcinoma

(OSCC) YD-10B cells but without saponin treatment

(Hwang et al. 2012). Remarkable weight loss was

observed in the tumor control group but not in mice

treated with kalopanaxsaponin A, which proved its

safety. Immunohistochemical analysis showed that

tumors from cancer-cells- inoculated mice expressed

protein markers: PCNA, MMP-9, TIMP-1, HuR,

Rab1A which was not observed in the group that

received kalopanaxsaponin A.

Saikosaponin-d, a compound studied in vivo

against different types of cancers, was shown to

perform a significant dose-dependent reduction in the

volume and weight of anaplastic thyroid cancers

induced by 8305C, SW1736 cells (Liu and Li 2014).

The effect on SKOV3 tumor growth in human

ovarian cancer xenograft model in mice was examined

using oldhamianoside, an oleanolic acid derivative

from Gypsophila oldhamiana (Li et al. 2018a, b). As a

result, this saponin inhibited tumor growth in a dose-

dependent manner. Furthermore, the level of TNF-a,

IL-6 and MCP-1 in murine plasma of the oldhami-

anoside-treated group was lower than in the control

group, and the expression of VEGF and VEGFR2, as

well as caspase-3 and Bax/Bcl-2 ratio, also decreased.

The antitumor potential of oldhamianoside II was

evaluated, in turn, in S180 cell-induced murine

sarcoma in mice. The doses used reduced tumor

growth by inducing apoptosis (Wang et al. 2013a).

The in vivo antitumor activity of cucurbitacine E

and cucurbitacine I glucosides was evaluated using the

EAC model (Ayyad et al. 2012). Both saponins

induced a longer mean survival time and an increased

life span compared to 5-fluorouracil but at 2.5 higher

doses. Furthermore, no statistical analysis was per-

formed so the significance of the effect is unclear. The

analysis of hematological parameters showed an

improvement in the saponin groups compared to the

5-FU group but again – only for the highest dose and

the difference was not statistically significant. Fur-

thermore, the level of alanine transferase, an indicator

of liver dysfunction, was higher for saponins than for

5-FU.

Although the anti-leukemia activity of triterpene

saponins is rarely investigated, interesting results were

obtained for saikosaponin-d. In models that employ

both murine cancer cells and human peripheral blood

from patients with leukemia, this compound

significantly suppressed white blood cell growth and

splenomegaly (Sun et al. 2021).

In addition to the direct cytotoxic activity of

anticancer agents, other mechanisms by which tumor

growth may be suppressed are also investigated. One

of the most frequent studies is the inhibition of

angiogenesis. It is well known that overproliferated

cells need oxygen, nutrients, and other factors that

help them survive and proliferate further. These vital

substances are supplied by blood vessels, and the more

cancer cells, the more blood vessels are needed.

Furthermore, neovascularization (promoting the for-

mation of new blood vessels) is essential not only for

the growth but also for the invasion and metastasis of

solid tumors (Wang et al. 2012c). Cancer cells release

certain pro-angiogenic agents such as vascular

endothelial growth factor (VEGF) that binds to VEGF

receptors (VEGFR) of types 1 and 2. A decrease in the

number of VEGF-VEGFR complexes prevents incite-

ment of cascade reactions leading to the proliferation

of endothelial cells, their migration, and finally, blood

vessel formation, which consequently limits tumor

growth. That is why substances with antiangiogenic

activity are being regarded as potential anticancer

agents.

To assess the antiangiogenic properties of a com-

pound, more specific models such as the chick

chorioallantoic membrane (CAM) assay or the

Matrigel plug assay are employed rather than the

xenograft tumor model. In the CAM test, chicken eggs

are utilized as an in vivo environment where the

development of blood vessels can be easily observed.

When it comes to the second method, the Matrigel

containing HGF (angiogenic agent) is injected subcu-

taneously into the experimental animals, inducing

neovascularization inside the Matrigel that becomes

red due to blood cells that flow through newly formed

vessels. Then each section of Matrigel plugs was taken

for histological analysis and stained. An example of an

ex vivo angiogenesis model is the HGF-induced

microvessel sprouting from the rat aortic ring.

Two angiogenesis models were utilized to evaluate

the effect of Pulsatilla saponin D (SB365) on new

blood vessel formation. First, an ex vivo assay was

performed. The saponin inhibited the HGF-induced

sprouting of the aortic rings, completely suppressing it

at a concentration of 10 lM. Then, Matrigel contain-

ing HGF placed in mice was shown to contain fewer

newly formed blood vessels in the presence of SB365
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than HGF-Matrigel without treatment (Hong et al.

2013).

In another study on ardipusilloside I (ADS-I) the

microvessel density was significantly reduced by

saponin itself as well as the reference drug—geftinib

(Wang et al. 2012c). Furthermore, a beneficial effect

of ardipusilloside I on microvessel formation in the

CAM assay was confirmed. New, small and especially

capillary blood vessels were promoted at a signifi-

cantly lower rate compared to the group not treated

with ADS-I. This was confirmed by CD31 immuno-

chemistry analysis of microvessel density (MVD) in

tumors obtained from experimental mice.

Another saponin with proven antiangiogenic activ-

ity is actein (Yue et al. 2016). In the mouse Matrigel

plug model, an inhibition in vessel formation by actein

given in situ (mixed with gel) or chronically was

observed. The decrease in hemoglobin level in the

actein-treated group confirmed its antiangiogenic

effect. Ex vivo analysis of mice tumors revealed a

reduction in the expression level of angiogenic

proteins such as CD34 and Factor VIII as well as

CXCR4 and down-regulation of metastatic-related

VEGFR-1.

Investigation of ginsenoside Rk3, raddeanin A,

saikosaponin A and oldhamianoside II in chick

embryo CAM assay confirmed their antiangiogenic

activity (Wang et al. 2013a; Duan et al. 2017; Wu et al.

2021a; Zhang et al. 2021). The latter also decreased

microvessel density in the tumor in the xenograft

model, while saikosaponin A additionally inhibited

angiogenesis in a dose-dependent manner in the

Matrigel plug assay (Zhang et al. 2021).

As was shown above, some saponins focus more

research interest than others, raising hope to develop

new chemotherapeutic agents. Still, the application of

these compounds is difficult because of their poor

bioavailability, which strongly limits the efficacy

in vivo. To improve pharmacokinetic parameters,

structural changes must be made or novel formulations

need to be designed. Quite often structural modifica-

tions imply a better safety profile or selectivity of the

investigated compounds, so semi-synthetic agents

with plant-derived scaffolds are also prepared and

tested.

Ginsenosides, which appear to be promising anti-

cancer agents, are a good example to illustrate this

need, as their absorption rate from the gastro-intestinal

tract is very low. Some structural modifications have

already been made to change physical–chemical

properties, such as solubility or targetability (Dong

et al. 2019). An example of these is the folic acid-

modified ginsenoside Rg5-loaded bovine serum albu-

min nanoparticles (FA-Rg5-BSA NPs) that showed

better antitumor activity in human breast cancer MCF-

7 xenograft mouse model than Rg5 alone or without

the folic acid moiety in the structure. Furthermore,

real-time bioimaging showed that FA-Rg5-BSA NPs

accumulated mainly in cancerous tissue with better

targeting ability than other structures analyzed in the

same experiment.

A comparison of the effectiveness of two Rh2

ginsenoside isomers: 20R and 20S in inhibiting

xenograft tumor growth induced by H22 hepatocellu-

lar carcinoma cells in mice revealed a few differences

with the same mechanism of inducing tumor cell

apoptosis (Lv et al. 2016). However, in the study by

Wei et al. (2012) ginsenoside Rh2, turned out to be

toxic to normal liver cells. To minimize the toxicity, a

chemical modification of the structure was carried out.

The dioctanoyl ester of Rh2 (D-Rh2) showed cyto-

toxic activity similar to that of Rh2 in the xenograft

model in mice with injected H22 liver cancer cells,

but, in contrast, had a better safety profile. Further-

more, D-Rh2 stimulated lymphocytes to produce an

antitumor response.

Another way to improve drug efficacy is to modify

the formulation. In an experiment led by Xu et al. (2015)

three different types of Rh2-loaded liposomes were

designed: Rh2-loaded methoxy-poly(ethylene glycol)-

poly(lactide) (mPEG-PLA) liposome (Rh2-PLP), Rh2-

loaded normal liposome (Rh2-LP), Rh2-loaded cationic

liposome (Rh2-CLP). Their effectiveness was com-

pared with the activity of free Rh2 and tumor control.

Rh2-PLP turned out to be the most effective in reducing

tumor volume and weight. Furthermore, no weight loss

was observed in all groups, indicating that the saponin

was not overtly toxic.

To extend the half-life of ardipusilloside I (ADS-I)

in serum, a new formulation was proposed. Saponin-

loaded microspheres were compressed into wafers that

were locally injected into G6-glioma tumors in rats.

Interestingly, the effectiveness in inhibiting tumor

growth and increasing a lifespan in the group that

received wafers was significantly greater not only in

comparison with the blank group, but also in the group

that obtained the same dose of ADS-I but as a simple

solution (Dang et al. 2015).
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A novel formulation to target the anticancer agent

more effectively in tumor tissue and simultaneously

decrease its toxicity was designed for saikosaponin-d

(SsD). It was found that the macrophage-biomimetic

drug delivery system obtained by coating the macro-

phage membrane hybridized with T7 peptide on the

surface of poly(latic-co-glycolic acid) nanoparticles

(SCMNPs) loaded with SsD was significantly active in

reducing the tumor induced by 4T1 murine breast

cancer cells in mice at 1 and 5 mg/kg. With the higher

dose, a 100% survival rate was achieved at the end of

the experiment (50th day) and also a reversal in

splenomegaly was observed compared to the negative

control (Sun et al. 2020).

Summary

Triterpene saponins constitute a vast reservoir of

cytotoxic compounds which may be further developed

as antitumor agents. Technological developments

enable them to improve their pharmacokinetic param-

eters and overcome the problem of poor bioavailabil-

ity. It is noteworthy that more and more in vivo studies

are being conducted on saponins and their semisyn-

thetic derivatives or novel formulations. Studies

focused on the structure–activity relationship help to

understand the importance of specific structural fea-

tures within a wide array of saponin types. In the time

scope of this review, a large number of such reports

have appeared, which confirmed some already known

correlations and established novel ones. However, this

issue requires further research, as specially designed

SAR studies that compare saponins that contain the

same sugar chain but differ in the major type of the

aglycone (OT vs. UT vs. LT) are still very rare.

A large number of in vitro studies published in the

last decade show that the structural characteristics and

susceptibility of a particular cell line and cancer type

should be considered in equal measure. Although

triterpene saponins have been tested in a large

diversity of human cancer cell lines, their effect on

normal cells of respective origin, which reflects

selectivity of action, is generally omitted, as it was

included in only 9% of the studies. Data regarding

mechanisms of action have expanded in recent years,

and novel mechanisms, such as ferroptosis, anoikis,

necroptosis, and methuosis have been reported. Of

interest is also the inhibition of topoisomerase by some

saponins, the mechanism of action of currently used

chemotherapeutic drugs, which has previously been

undescribed for this group of compounds. Neverthe-

less, the general problem which can be observed after

reviewing so many papers on the cytotoxic potential of

triterpene saponins is quite a narrow approach to these

studies. Many papers focus only on a selected, single

aspect of saponin interference with a cancer cell,

without a thorough, multidirectional view of their

effect.
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AC (2011) A review of acacic acid-type saponins from

Leguminosae-Mimosoideae as potent cytotoxic and apop-

tosis inducing agents. Phytochem Rev 10:565–584. https://

doi.org/10.1007/s11101-011-9218-0

Lai M, Ge Y, Chen M et al (2020) Saikosaponin d inhibits

proliferation and promotes apoptosis through activation of

MKK4–JNK signaling pathway in pancreatic cancer cells.

Onco Targets Ther 13:9465–9479. https://doi.org/10.2147/

OTT.S263322

Lanzotti V, Termolino P, Dolci M, Curir P (2012) Paviosides

A-H, eight new oleane type saponins from Aesculus pavia
with cytotoxic activity. Bioorgan Med Chem

20:3280–3286. https://doi.org/10.1016/j.bmc.2012.03.048

Lee JY, Jung KH, Morgan MJ et al (2013) Sensitization of

TRAIL-induced cell death by 20(S)- ginsenoside Rg 3 via

CHOP-mediated DR5 upregulation in human hepatocel-

lular carcinoma cells. Mol Cancer Ther 12:274–285.

https://doi.org/10.1158/1535-7163.MCT-12-0054

123

158 Phytochem Rev (2023) 22:113–167

https://doi.org/10.1111/j.2042-7158.2012.01549.x
https://doi.org/10.1111/j.2042-7158.2012.01549.x
https://doi.org/10.5603/FHC.a2021.0029
https://doi.org/10.1016/j.jnutbio.2012.08.008
https://doi.org/10.1016/j.jnutbio.2012.08.008
https://doi.org/10.1002/ptr.3406
https://doi.org/10.1248/bpb.35.289
https://doi.org/10.1248/bpb.35.289
https://doi.org/10.1016/j.ejmech.2018.11.001
https://doi.org/10.1016/j.ejmech.2018.11.001
https://doi.org/10.1021/jf5000776
https://doi.org/10.1021/jf5000776
https://doi.org/10.1080/19476337.2019.1607562
https://doi.org/10.1080/19476337.2019.1607562
https://doi.org/10.3390/molecules23061469
https://doi.org/10.3390/molecules23061469
https://doi.org/10.1016/s0254-6272(13)60048-5
https://doi.org/10.1016/s0254-6272(13)60048-5
https://doi.org/10.1016/j.intimp.2016.10.001
https://doi.org/10.1016/j.jgr.2020.02.002
https://doi.org/10.3390/molecules25214974
https://doi.org/10.3390/molecules25214974
https://doi.org/10.3390/cancers13133265
https://doi.org/10.1080/14786419.2017.1385009
https://doi.org/10.33549/physiolres.933367
https://doi.org/10.33549/physiolres.933367
https://doi.org/10.1007/s12272-016-0729-5
https://doi.org/10.1007/s12272-016-0729-5
https://doi.org/10.1016/j.phymed.2015.05.057
https://doi.org/10.1016/j.phymed.2015.05.057
https://doi.org/10.15430/jcp.2013.18.4.330
https://doi.org/10.1016/j.cbi.2013.08.003
https://doi.org/10.1016/j.cbi.2013.08.003
https://doi.org/10.18388/abp.2013_1989
https://doi.org/10.18388/abp.2013_1989
https://doi.org/10.3892/or.2016.4935
https://doi.org/10.3390/molecules24244489
https://doi.org/10.3390/molecules24244489
https://doi.org/10.1007/s11101-011-9218-0
https://doi.org/10.1007/s11101-011-9218-0
https://doi.org/10.2147/OTT.S263322
https://doi.org/10.2147/OTT.S263322
https://doi.org/10.1016/j.bmc.2012.03.048
https://doi.org/10.1158/1535-7163.MCT-12-0054


Lee SK, Park KK, Kim HJ et al (2015) Platycodin D blocks

breast cancer-induced bone destruction by inhibiting

osteoclastogenesis and the growth of breast cancer cells.

Cell Physiol Biochem 36:1809–1820. https://doi.org/10.

1159/000430152

Lehbili M, Alabdul Magid A, Kabouche A et al (2018) Triter-

penoid saponins from Scabiosa stellata collected in North-

Eastern Algeria. Phytochemistry 150:40–49. https://doi.

org/10.1016/j.phytochem.2018.03.005

Levitsky DO, Dembitsky VM (2015) Anti-breast cancer agents

derived from plants. Nat Prod Bioprospect 5:1–16. https://

doi.org/10.1007/s13659-014-0048-9

Li B, Tong T, Ren N et al (2021a) Theasaponin E1 inhibits

platinum-resistant ovarian cancer cells through activating

apoptosis and suppressing angiogenesis. Molecules

26:1681. https://doi.org/10.3390/molecules26061681

Li B, Wang F, Liu N et al (2017) Astragaloside IV inhibits

progression of glioma via blocking MAPK/ERK signaling

pathway. Biochem Biophys Res Commun 491:98–103.

https://doi.org/10.1016/j.bbrc.2017.07.052

Li DQ, Wu J, Liu LY et al (2015a) Cytotoxic triterpenoid gly-

cosides (saikosaponins) from the roots of Bupleurum chi-
nense. Bioorg Med Chem Lett 25:3887–3892. https://doi.

org/10.1016/j.bmcl.2015.07.053

Li J, Tang H, Zhang Y et al (2013a) Saponin 1 induces apoptosis

and suppresses NF-jB-mediated survival signaling in

glioblastoma multiforme (GBM). PLoS ONE 8:e81258.

https://doi.org/10.1371/journal.pone.0081258

Li J, Wu DD, Zhang JX et al (2018a) Mitochondrial pathway

mediated by reactive oxygen species involvement in a-

hederin-induced apoptosis in hepatocellular carcinoma

cells. World J Gastroenterol 24:1901–1910. https://doi.org/

10.3748/wjg.v24.i17.1901

Li KK, Xu F, Li SS et al (2019a) Cytotoxic epimeric ginseno-

sides from the flower buds of Panax ginseng. Steroids

143:1–5. https://doi.org/10.1016/j.steroids.2018.12.002

Li L, Feng LS, He YX (2014a) Cytotoxic triterpene saponins

from Ilex pubescens. J Asian Nat Prod Chem Res

16:830–835. https://doi.org/10.1080/10286020.2014.

920012

Li M, Zhang D, Cheng J et al (2019b) Ginsenoside Rh2 inhibits

proliferation but promotes apoptosis and autophagy by

down-regulating microRNA-638 in human retinoblastoma

cells. Exp Mol Pathol 108:17–23. https://doi.org/10.1016/j.

yexmp.2019.03.004

Li N, Sun YN, Zhang L et al (2016a) NF-jB inhibitory activities

of triterpenoid glycosides from the stems of Acanthopanax
senticosus (Rupr. & Maxim.) Harms. Phytochem Lett

15:210–214. https://doi.org/10.1016/j.phytol.2016.01.008

Li Q, Li W, Hui LP et al (2012) 13,28-Epoxy triterpenoid

saponins from Ardisia japonica selectively inhibit prolif-

eration of liver cancer cells without affecting normal liver

cells. Bioorg Med Chem Lett 22:6120–6125. https://doi.

org/10.1016/j.bmcl.2012.08.027

Li R, Song X, Guo Y et al (2021b) Natural products: a promising

therapeutics for targeting tumor angiogenesis. Front Oncol

11:772915. https://doi.org/10.3389/fonc.2021.772915

Li R, Zhang L, Zhang L et al (2014b) Capilliposide C derived

from Lysimachia capillipes Hemsl inhibits growth of

human prostate cancer PC3 cells by targeting caspase and

MAPK pathways. Int Urol Nephrol 46:1335–1344. https://

doi.org/10.1007/s11255-013-0641-6

Li T, Xu WS, Wu GS et al (2014c) Platycodin D induces

apoptosis, and inhibits adhesion, migration and invasion in

HepG2 hepatocellular carcinoma cells. Asian Pacific J

Cancer Prev 15:1745–1749. https://doi.org/10.7314/

APJCP.2014.15.4.1745

Li T, Xu XH, Tang ZH et al (2015b) Platycodin D induces

apoptosis and triggers ERK- and JNK-mediated autophagy

in human hepatocellular carcinoma BEL-7402 cells. Acta

Pharm Sinic 36:1503–1513. https://doi.org/10.1038/aps.

2015.99
Li W, Ding Y, Sun YN et al (2013b) Oleanane-type triterpenoid

saponins from the roots of Pulsatilla koreana and their

apoptosis-inducing effects on HL-60 human promyelocytic

leukemia cells. Arch Pharm Res 36:768–774. https://doi.

org/10.1007/s12272-013-0042-5

Li W, Tian YH, Liu Y et al (2016b) Platycodin D exerts anti-

tumor efficacy in H22 tumor-bearing mice via improving

immune function and inducing apoptosis. J Toxicol Sci

41:417–428. https://doi.org/10.2131/jts.41.417

Li X, Chen M, Yao Z et al (2021c) Jujuboside B induces

mitochondrial-dependent apoptosis in colorectal cancer

through ROS-mediated PI3K/Akt pathway in vitro and

in vivo. J Funct Foods 87:104796. https://doi.org/10.1016/j.

jff.2021.104796

Li Y, Li Z, Jia Y et al (2020) In vitro anti-hepatoma activities of

notoginsenoside R1 through downregulation of tumor

promoter miR-21. Dig Dis Sci 65:1364–1375. https://doi.

org/10.1007/s10620-019-05856-4

Li Z, Zuo Y, Hou L et al (2018b) Oldhamianoside inhibits the

growth of ovarian cancer both in vitro and in vivo via

adjusting inflammation and angiogenesis signals. Onco

Targets Ther 11:6031–6037. https://doi.org/10.2147/OTT.

S174528

Liang C, Ding Y, Nguyen HT et al (2010) Oleanane-type

triterpenoids from Panax stipuleanatus and their anti-

cancer activities. Bioorg Med Chem Lett 20:7110–7115.

https://doi.org/10.1016/j.bmcl.2010.09.074

Liang D, Hao ZY, Zhang GJ et al (2011) Cytotoxic triterpenoid

saponins from Lysimachia clethroides. J Nat Prod

74:2128–2136. https://doi.org/10.1021/np2004038

Liang J, Lv X, Lu C et al (2020) Prognostic factors of patients

with gliomas- an analysis on 335 patients with glioblas-

toma and other forms of gliomas. BMC Cancer 20:35.

https://doi.org/10.1186/s12885-019-6511-6

Liang QP, Xu TQ, Liu BL et al (2019) Sasanquasaponin III
from Schima crenata Korth induces autophagy through

Akt/mTOR/p70S6K pathway and promotes apoptosis in

human melanoma A375 cells. Phytomedicine 58:152769.

https://doi.org/10.1016/j.phymed.2018.11.029

Liang Y, Xu X, Yu H et al (2016) Raddeanoside R13 inhibits

breast cancer cell proliferation, invasion, and metastasis.

Tumor Biol 37:9837–9847. https://doi.org/10.1007/

s13277-015-4748-5

Lin X, Li W, Ye C et al (2014) Research on the interaction

between tubeimoside 1 and HepG2 cells using the micro-

scopic imaging and fluorescent spectra method. Comput

Math Methods Med 2014:470452. https://doi.org/10.1155/

2014/470452

123

Phytochem Rev (2023) 22:113–167 159

https://doi.org/10.1159/000430152
https://doi.org/10.1159/000430152
https://doi.org/10.1016/j.phytochem.2018.03.005
https://doi.org/10.1016/j.phytochem.2018.03.005
https://doi.org/10.1007/s13659-014-0048-9
https://doi.org/10.1007/s13659-014-0048-9
https://doi.org/10.3390/molecules26061681
https://doi.org/10.1016/j.bbrc.2017.07.052
https://doi.org/10.1016/j.bmcl.2015.07.053
https://doi.org/10.1016/j.bmcl.2015.07.053
https://doi.org/10.1371/journal.pone.0081258
https://doi.org/10.3748/wjg.v24.i17.1901
https://doi.org/10.3748/wjg.v24.i17.1901
https://doi.org/10.1016/j.steroids.2018.12.002
https://doi.org/10.1080/10286020.2014.920012
https://doi.org/10.1080/10286020.2014.920012
https://doi.org/10.1016/j.yexmp.2019.03.004
https://doi.org/10.1016/j.yexmp.2019.03.004
https://doi.org/10.1016/j.phytol.2016.01.008
https://doi.org/10.1016/j.bmcl.2012.08.027
https://doi.org/10.1016/j.bmcl.2012.08.027
https://doi.org/10.3389/fonc.2021.772915
https://doi.org/10.1007/s11255-013-0641-6
https://doi.org/10.1007/s11255-013-0641-6
https://doi.org/10.7314/APJCP.2014.15.4.1745
https://doi.org/10.7314/APJCP.2014.15.4.1745
https://doi.org/10.1038/aps.2015.99
https://doi.org/10.1038/aps.2015.99
https://doi.org/10.1007/s12272-013-0042-5
https://doi.org/10.1007/s12272-013-0042-5
https://doi.org/10.2131/jts.41.417
https://doi.org/10.1016/j.jff.2021.104796
https://doi.org/10.1016/j.jff.2021.104796
https://doi.org/10.1007/s10620-019-05856-4
https://doi.org/10.1007/s10620-019-05856-4
https://doi.org/10.2147/OTT.S174528
https://doi.org/10.2147/OTT.S174528
https://doi.org/10.1016/j.bmcl.2010.09.074
https://doi.org/10.1021/np2004038
https://doi.org/10.1186/s12885-019-6511-6
https://doi.org/10.1016/j.phymed.2018.11.029
https://doi.org/10.1007/s13277-015-4748-5
https://doi.org/10.1007/s13277-015-4748-5
https://doi.org/10.1155/2014/470452
https://doi.org/10.1155/2014/470452


Linkermann A, Green DR (2014) Necroptosis. New Engl J Med

23:455–465. https://doi.org/10.1056/NEJMra1310050

Liu C, Dong L, Sun Z et al (2018) Esculentoside A suppresses

breast cancer stem cell growth through stemness attenua-

tion and apoptosis induction by blocking IL-6/STAT3

signaling pathway. Phytother Res 32:2299–2311. https://

doi.org/10.1002/ptr.6172

Liu J, Wei X, Wu Y et al (2016) Giganteaside D induces ROS-

mediated apoptosis in human hepatocellular carcinoma

cells through the MAPK pathway. Cell Oncol 39:333–342.

https://doi.org/10.1007/s13402-016-0273-9

Liu M, Zhang G, Naqvi S et al (2020a) Cytotoxicity of

Saikosaponin A targets HEKa cell through apoptosis

induction by ROS accumulation and inflammation sup-

pression via NF-jB pathway. Intern Immunopharmacol

86:106751. https://doi.org/10.1016/j.intimp.2020.106751

Liu Q, Chen W, Jiao Y et al (2014) Pulsatilla saponin A, an

active molecule from Pulsatilla chinensis, induces cancer

cell death and inhibits tumor growth in mouse xenograft

models. J Surg Res 188:387–395. https://doi.org/10.1016/j.

jss.2014.01.026

Liu Q, Liu H, Zhang L et al (2013) Synthesis and antitumor

activities of naturally occurring oleanolic acid triterpenoid

saponins and their derivatives. Eur J Med Chem 64:1–15.

https://doi.org/10.1016/j.ejmech.2013.04.016

Liu RY, Li JP (2014) Saikosaponin-d inhibits proliferation of

human undifferentiated thyroid carcinoma cells through

induction of apoptosis and cell cycle arrest. Eur Rev Med

Pharmacol Sci 18:2435–2443

Liu X, Xing Y, Li M et al (2021) Licochalcone A inhibits pro-

liferation and promotes apoptosis of colon cancer cell by

targeting programmed cell death-ligand 1 via the NF-jB

and Ras/Raf/MEK pathways. J Ethnopharmacol

273:113989. https://doi.org/10.1016/J.JEP.2021.113989

Liu Y, Lu WX, Yan MC et al (2010) Synthesis and tumor

cytotoxicity of novel amide derivatives of b-hederin.

Molecules 15:7871–7883. https://doi.org/10.3390/

molecules15117871

Liu Y, Zhang L, Wei S et al (2020b) Pulchinenosides from

Pulsatilla chinensis increase P-glycoprotein activity and

induce P-glycoprotein expression. Evidence-Based Compl

Altern Med 2020:4861719. https://doi.org/10.1155/2020/

4861719

Loizzo MR, Menichini F, Tundis R (2013) Recent insights into

the emerging role of triterpenoids in cancer therapy: Part I.

In: Studies in Natural Products Chemistry, 1st ed., pp 1–31

Lorent J, Le Duff CS, Quetin-Leclercq J, Mingeot-Leclercq MP

(2013) Induction of highly curved structures in relation to

membrane permeabilization and budding by the triter-

penoid saponins, a- and d-hederin. J Biol Chem

288:14000–14017. https://doi.org/10.1074/jbc.M112.

407635
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