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Triterpene saponins (saponosides) are found in a variety
of higher plants and display a wide range of pharmaco-
logical activities, including expectorant, anti-inflamatory,
vasoprotective, gastroprotective and antimicrobial prop-
erties. Recently, a potential anticancer activity of sapo-
nins has been suggested by their cytotoxic, cytostatic,
pro-apoptotic and anti-invasive effects. At high concen-
trations (more than 100 pM) saponins exert cytotoxic
and haemolytic effects via permeabilization of the cell
membranes. Noteworthy, the inhibition of cancer cell
proliferation, the induction of apoptosis and attenua-
tion of cell invasiveness is observed in the presence of
low saponin concentrations. Saponins might affect the
expression of genes associated with malignancy. These
alterations are directly related to the invasive phenotype
of cancer cells and depend on “cellular context”. It illus-
trates the relationships between the action of saponins,
and the momentary genomic/proteomic status of cancer
cells. Here, we discuss the hallmarks of anti-cancer activ-
ity of saponins with the particular emphasis on anti-inva-
sive effect of diverse groups of saponins that have been
investigated in relation to tumor therapy.
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INTRODUCTION

Cancer disease imposes a global threat to public
health. Epidemiological data clearly show a year-to-year
increase of cancer prevalence throughout the world. In
addition to genetic factors that are crucial for cancer for-
mation and development, environmental factors are im-
portant for its promotion and progression. These include
lifestyle (tobacco, alcohol, physical activity), industry and
microbial factors (radiation, pollution, infection) and diet
(Ruiz & Hernandez, 2014). It has been clearly pointed
in many reports that improper diet, smoking or a lack
of physical activity are factors contributing to the devel-
opment of cancer (Schwingshlack ez 4/, 2015). That is
pethaps why the people living in developed countries are
more likely to collapse on the prostate and colon cancer
than people from less developed regions (Baade ef al,
2009). Even though the forecasts regarding the efficiency
of cancer treatment are increasingly optimistic, still there
is a pressure to search for new anticancer strategies and
drugs that would selectively target cancer cells without
imposing the side effects.

Due to the increasing attention paid to the cancer
prevention, the term “chemoprevention” has made a ca-
reer in scientific community (Steward & Brown, 2013).
Some edible plants have been shown to reduce the risk
of various types of cancer in humans (Ting ez al., 2014).
Epidemiological data suggest that the risk of cancer
rates are lower in the populations consuming the prod-
ucts largely of “natural” origin (unprocessed) (Saxe e/ al,
2009). Therefore, a plurality of vegetable substances was
examined for chemopreventive properties. Numerous
laboratory-based studies have ascribed this activity to the
anticancer properties of phytochemicals, which compel
tumor cells to arrest their proliferation and/or commit
suicide, and lead to the inhibition of experimentally-in-
duced tumor formation in laboratory conditions. Second-
ary metabolites existing in plants can influence cancer
cells through the modulation of intracellular signaling
pathways associated with the oxidative stress, inflamma-
tion, cell proliferation, apoptosis, angiogenesis and in-
vasion (Bishayee e al, 2011; Bommareddy et al., 2013).
These include genistein, apigenin, quercetin, lycopene,
resveratrol, curcumin, epigallocatechin gallate, isoflavones
and saponins (Wang e al., 2014).

Saponins are secondary metabolites that belong to a
diverse group of compounds with high chemoprevention
potential. It has been proven that saponins are character-
ized by a wide spectrum of anti-tumor activity: they can
inhibit proliferation and induce the apoptosis of tumor
cells, reduce their invasive activity; many of them also
exhibit anti-inflammatory and cytoprotective effects on
normal cells. In recent years, interest in triterpene sapo-
nins and their effects on tumor cells increased. Many au-
thors describe the effects of newly isolated compounds
in the context of tumor cells of different type and ori-
gin. It is worth noting that triterpene saponins exhibit
selectivity of their action on tumor and normal cells of
the body, also posses high efficiency in inhibition of
carcinogenesis and they can act in comprehensive man-
ner, which allow them to interfere with the carcinogen-
esis process in several steps. Particularly important area
of research on this topic concerns identification of the
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impact of structural modifications of saponins on their
antitumor activity (Mu ez al., 2013). The effect of these
modifications on the bioavailability and bioaccessibility
of saponins is yet another attractive research direction
(Musende ¢# al., 2009).

Cancer treatment strategies generally are based on
inhibition of certain molecular processes that occur in
cancer cells. Despite the great diversity of types of can-
cer, some characteristics of the molecular processes are
common to all. Hanahan and Weinberg suggest that
most if not all cancer cells have acquired the same set
of functional capabilities during their development, albeit
through various mechanistic strategies including: insensi-
tivity to anti-growth signals, evading apoptosis, tissue in-
vasion and metastasis (Hanahan & Wienberg, 2000; Han-
ahan & Wienberg, 2011). In the literature, we can find a
lot of data about the impact of saponins on tumor cells
(Man et al., 2010; Podolak ez al., 2010). The main aim of
present review was to show the multidirectional effects
of saponins on various processes related to the promo-
tion and progression of cancer, taking into account the
main assumptions related to hallamarks of cancer with
particular emphasis on the papers from recent years
(2010-2015).

STRUCTURE, OCCURRENCE AND PROPERTIES OF
TRITERPENOID SAPONINS

Whereas saponins have been detected in animals, such
as sea cucumbers and starfish (Thao ez al., 2014), higher
plants that belong to the class of dicotyledonous (Di-
cotyledones) are the richest source of triterpene saponins
(saponosides). Triterpene saponins are abundant in Prim-
ulaceae, Araliaceae, Caryophyllaceae and Hippocastanace-
ac. In contrast, steroid saponins are characteristic of the
monocots class (Monocotyledones). In a few cases, the
two types of saponin occur in one plant. An example
is Avena sp. (Poaceae) (Osbourn, 2003). Regardless their
structure, the highest content of saponins was found in
the roots, tubers, leaves and seeds of these plants (Man
et al., 2010). In addition, it was observed that the imma-
ture plants are characterized by higher saponin content
than the more mature representatives of the same spe-
cies (Francis et al., 2002).

Large amounts of triterpenoid saponins are also found
in plants commonly used in everyday diet. The rich-
est diet source of saponins are soybeans, beans, broad
beans, lentils, peas, as well as tea and spinach. Many
saponins — rich plants have an established position in
phytotherapy. The most significant are: licorice smooth,
soapwort, horse chestnut, sunflower and ginseng. Oth-
er plants rich in saponins, which should be mentioned
because of the health benefits, are cowslips (Prinula of-
ficinalis) which contain prymulasaponins and ivy (Hedera
helix) tich in hederasaponins (Holzinger & Chenot,
2011). The compounds present in both plants possess
spasmolytic, expectorant and antifungal properties. Escin
is a very popular triterpene saponin occurring in horse
chestnut (Aesculus hippocastanun). It has capillary-sealing
properties and is a component of medicinal preparations
available in the pharmaceutical market for the patients
with chronic venous insufficiency (Cesarone ef al., 2001).
Glycyrrhizin is a saponin present in licorice (Gheyrrbiza
glabra). 1t exhibits potent anti-inflammatory activity and
is commonly used in the treatment of ulcers of the
stomach and duodenum (Asha ez al, 2013; Wei et al.,
2014). An example of a plant with long-lived tradition
in medicine is ginseng (Panax ginseng). Saponins isolated

from ginseng are called panaksosides or ginsenosides
(Yang ef al., 2014). They possess psychostimulant activity
and are commonly used in the geriatric treatment. Nota-
bly, in recent years, ginsenosides have been tested in the
antitumor properties using a versatile 7 vitro and in vivo
models (Liu e al., 2000).

Chemically, triterpene saponins are glycosides of trit-
erpenes. They consist of polar glycone part (sugar) and
non-sugar non-polar components, referred to as the agly-
cone or sapogenin. The two parts of the molecule are
mostly connected to each other by an ether bond. Agly-
cones are mostly built of pentacyclic, carbon rings. The
sugar moieties comprise 1-3 straight or branched chains
formed of monosaccharides, of which the most common
are: D-glucose, D-galactose, IL-rhamnose, L-arabinose,
D-xylose, L-fucose and fatty acids: D-glucuronic acid and
D-galacturonic acid. Noteworthy, minor structural chang-
es in molecules may stand for major differences in the
activity of these compounds. The vast structural diver-
sity of triterpenoid saponins, as well as many interesting
biological and pharmacological properties of these com-
pounds makes them the attractive targets for research-
ers. However, the mechanism(s) of triterpenoid saponins
effect on the cellular level are still not clear. Exponen-
tial growth of the newly isolated saponosides numbers
and their effects on cell lines of various types and origin
is not accompanied by identification of mechanisms of
their action (Xu ef al., 2014b). Only recently, was the re-
search on the role of subtle differences in the saponins
structure in determination of compound activity intensi-
fied (Bottger ef al., 2013; Abbruscato et al., 2014; Xu e
al., 2014a) and biodistribution in the body (Musende ef
al., 2009; Musende ef al., 2012).

BIOLOGICAL ACTIVITY OF TRITERPENE SAPONINS

As mentioned above, triterpene saponins have a wide
specttum of pharmacological activities. Among them,
their ability to interact with biological membranes has
long been addressed. It can result in a short-term cell
membrane rearrangements or its complete destruction.
Through the ability to form pores in the membrane, sap-
onins may disrupt the ionic balance of the cells, ultimate-
ly leading to the cell lysis and death. It is responsible for
the cytotoxic and hemolytic activity of saponosides that
is relatively well-described in the literature (Lorent ez al.,
2014). The pore formation is ascribed to an interaction
between saponins and membrane bound cholesterol. The
amount of the cholesterol in the membrane has been
shown to be important for this interaction. On the other
hand, it was also demonstrated that pore formation by
saponins with two sugar chains is independent of mem-
brane cholesterol while those without sugars are choles-
terol-dependent. The number of side chains influenc-
es both hemolytic activity and membrane permeability
(GOgelein & Hiiby, 1984; Apers e al., 2001). It was also
proved that saponins possessing two side chains induce
less activity than those with only one sugar side chain.
Taking all information into consideration, the specific ef-
fects of saponins may be due to the combination of tar-
get membrane composition, the type of the saponin side
chain(s) and the nature of the aglycone (Bachran ez al,
2006). However, permeabilizing effect is characteristic
of saponins administered in high concentrations (above
100 uM). Apart from membrane permeabilization, sapo-
nins may affect intracellular signaling pathways involved
in crucial physiological processes. This type of activity is
characteristic of the compounds administered at relative-
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ly low concentrations (below 10 puM) and may be crucial
for their chemopreventive effects and further applica-
tions in treatment.

To date, the first report on antitumor activity of sapo-
nins has been published in 1976 (Ebbesen e# al., 1976),
whereas the growing interest in this class of compounds
as potential antitumor agents could be clearly seen since
the 1990s. One of the first studies on the impact of
triterpenoid saponins on tumor cells was performed on
mouse models iz vivo. It showed that saponin isolated
from  Bolbostenmma paniculatum (tubeimoside) inhibits the
growth of melanoma in mouse (Yu e/ al, 1992). Con-
comitantly, it has been shown that saikosaponin-a in-
hibits proliferation of ovarian cancer cells 7z vitro while
saikosaponin-c and ginsenosides were not active (Okita
et al., 1993). Perhaps it has been the first attempt to pre-
dict the biological activity of saponosides from a Struc-
ture-Activity Relationship (SAR). Basically, this approach
tries to elucidate the relationships between the chemical
structure of individual parts of saponosides (glycon and
aglycone) and the activity of the whole compound. How-
ever, due to enormous structural diversity of triterpenoid
saponins, formulation of SARs that would holistically ad-
dress the molecular mechanisms of their action is a real
challenge to be faced in future. Since then, the number
of reports on this topic has been growing exponentially
and the 7z vitro data on the activity of saponins are re-
cently more frequently complemented by iz vivo analyses.
They helped to identify 3 basic categoties of saponoside
effects on tumor cells. These include: (1) cytostatic (2)
pro-apoptotic and (3) anti-metastatic effects. Saponins
also sensitize cancer cells to the cytostatic, pro-apoptotic
and anti-metastatic effects of other chemotherapeutic

drugs (Fig. 1).

Cytostatic activity of saponins

The ability to uncontrolled proliferation is one of the
basic characteristics of tumor cells. Therefore, chemo-
therapeutic agents with cytostatic properties that lead to
inhibition of cell division are commonly used in cancer
treatment. A major breakthrough in understanding the
behavior of tumor cells and their response to medica-
tion was the elucidation of cell cycle checkpoint altera-
tions in tumor cells. Compounds with cytostatic activity
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Figure 1. Multidirectional effects of saponins on cancer cells
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may activate cell cycle arrest through the damage to mi-
totic spindle or vz a direct effect on signaling pathways
that regulate cell proliferation. Several triterpene sapo-
nins have well documented antiproliferative activity, and
mechanism of action of these compounds varies depend-
ing on the type of saponin and on the cell type (Masullo
et al., 2014). Effect of triterpenoid saponins on the pro-
liferation of various cancer cells is often discussed in the
literature but the authors do not always address mecha-
nisms of their action (Balsevich ez 4/, 2012). Only in a
few cases was the cell cycle-related effects of saponins
considered in terms of their chemical structure and cell
type. An illustrative example of such studies is provided
by the analyses of the saponin isolated from Pulsatilla
chinensis (Pulsatilla a), which was shown to inhibit hepa-
tocellular carcinoma SMCC-7721 cells in G2/M phase.
Pulsatilla d which is isolated from the same plant but
has different chemical structure inhibits the proliferation
of colon cancer cells by modulating AKT/mTOR signal-
ing pathway (Son e al, 2013; Liu et al., 2014). Transi-
tion from G1 to S phase depends on cyclin (D1 and E)/
CDK2 and CDK4 (cyclin-dependent kinase) complexes.
It has been shown that the ginsenoside rich fraction, iso-
lated from Sun Ginseng (KG-135) inhibit expression of
CDK2 and CDK4 in human prostate cancer cells (DU-
145 and PC-3), thereby preventing the transition cells
into the S phase (Yoo ef al., 2010). Crude saponin frac-
tion isolated from Camelia oleifera also induces changes
in the cell cycle by increasing the expression of the p21
protein that is a major inhibitor of cell cycle and by re-
ducing the expression of cyclin D in human breast can-
cer cells (MCF-7). It results in the arrest of cells in G1
phase (Chen ez al., 2013). Interestingly, the same saponin
can inhibit cells in the G1 and/or G2 phase in a dose-
dependent manner. Such an effect has been demonstrat-
ed for tubeimoside, which inhibits the cells in G2/M in
small doses, whereas G1 block is observed together with
its increased doses or prolong incubation time in human
liver cancer cells (Hep-G2) (Yin es al, 2011). Saponin
isolated from _Astralagus membranacens inhibit BGC-823
gastric cancer cells in the GO phase of the cycle while
incubation of HT-29 human colon cancer cells in the
presence of extract induce accumulation in S phase and
G2/M arrest (Tin et al., 2007; Wang et al., 2013).
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Saponins may also affect cancer cell proliferation
through the impact on signaling pathways involved in
the regulation of this process, for instance PI3K/Akt-de-
pendent pathway. PI3K/Akt protein complexes lead to
phosphorylation of numerous proteins, which are re-
sponsible for the stimulation of G1/S transition and
cell division. It has been shown that the triterpene sapo-
nins decrease Akt expression in human hepatoma cells
(Hep-G2), which consequently leads to the inhibition
of PI3K/Akt (Qin et al, 2014). Saponins also affect the
expression of NFxB and JNK (C-Jun N-terminal kinas-
es), which are activated by TNF-a (tumor necrosis factor
type o). NFxB and JNK affects c-Jun which is involved
in cellular exit from the G1 phase. Tubeimoside 1 (from
Bolbostemma paniculatum) inhibits the expression of TNF-o
and NFxB and activates JNK expression in human hepa-
toma cells (Hep G2) (Yin e/ al,, 2011).

Noteworthy, saponins regulate cell proliferation
through a direct effect on the cytoskeleton involved in
the formation of mitotic spindle and the phenomena as-
sociated with the movement and responsible for keeping
cell shape. Microtubules are highly dynamic structures
(they depend on the equilibrium between the tubulin
polimerization and depolymerization), and any distur-
bance of these processes leads to permanent perturba-
tions of cell division. Interestingly, platycodin isolated
from  Platycodon grandiflorum, has been demonstrated to
decrease the expression of the tubulin in leukemia cells
(THP-1, U397, K562). Platycodin D has also the abil-
ity to interact with the microtubule cytoskeleton, leading
to its destruction in a time and concentration-dependent
manner, thus inhibiting cell divisions (Kim ez a/, 2008).
Similarly, saponins isolated from Ardisia crenata (ardisci-
arispin A, B) could disassemble microtubule bundles in
human hepatoma Bel-7402 cells which is responsible for
the inhibition of their proliferation (Ii ez al., 2008).
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Figure 2. Mechanisms of pro-apoptotic effects of saponins.

Pro-apoptotic activity of saponins

Apoptosis, also known as programmed cell death, is
a phenomenon that plays an important role in many
physiological processes occutring in human body. Apop-
tosis helps to maintain the homeostasis of many tissues
by regulating the equilibrium between cell proliferation
and tissue hyperplasia (Bailon-Moscoso ef al., 2014). Its
biological significance relies on the elimination of “non-
functional or redundant” cells without inducing extensive
inflammatory responses and can be triggered by intrinsic
mechanisms and extrinsic stimuli. The inner path of ap-
optosis may be activated in all cells of the body by ge-
netic abnormalities and other damages, evoked by stress
stimuli: hypoxia, free radicals, lack of adhesion (anoikis)
(Fulda, 2015). For instance, extensive DNA damage in
cells lead to the up-regulation of p53 that inhibits cell
proliferation (pattly in a p21/p27-dependent manner)
and can induce pro-apoptotic program, through Bcl-2-
(B cell lymphoma-2), Bax- (BCL2-associated X protein)
and Bid-dependent signaling (Sinha es a/, 2013). They
further cause cytochrome ¢/AlIF release from mitochon-
drial membranes, which combines with APAF (Apop-
tosis Protease Activating Factor) to form apoptosome.
Concomitantly the external cell death pathway may be
activated through the interactions of “cell death” recep-
tors (INFR, Fasl) with their ligands (INF). The signal
is then transduced by adapter proteins, such as FADD
(Fas-associated Dead Domain). Intrinsic (apoptosome-
dependent) and extrinsic (FADD-dependent) pathways
often converge at caspase 9, which is activated thanks to
the presence of the C-terminal domain (DD — Death
Domain) that is connected to the DD domain of recep-
tor. Terminal domain of FADD — DED (Dead Effec-
tor Domain in turn activates caspase 3 and 7 (Green ef
al., 2014, Hassan ef al., 2014). Caspase-dependent path-
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way is the most common mechanism of apoptosis, how-
ever its caspase-independent version has also been de-
scribed (Kim e7 al., 2005). Cancer cells are more resistant
to pro-apoptotic signals than their normal counterparts,
therefore strategies based on substances that would in-
crease their susceptibility to these signals is a promis-
ing anti-cancer strategy (Fulda, 2012). Importantly, apart
from cytostatic activity, pro-apoptotic activity of triter-
pene saponins has been described.

Collective data show that saponins activate both cas-
pase-dependent and caspase-independent pro-apoptotic
pathways. Triterpene saponin ginsenoside Rh2 causes a
decrease in mitochondrial membrane potential and re-
lease cytochrome ¢ from mitochondrial compartment,
leading to the activation of caspase 3 and 9 in human
leukemia Reh cells (Xia e al, 2014a). Saponins isolated
from Platycodon grandiflornm (SPB) induced the apoptosis in
ptimary prostate tumor cells RC-58T/hTER iz increas-
ing the expression of caspase 3, 9 and 8. Noteworthy,
the translocation of AIF factor from mitochondria to
cytosolic fraction, characteristic for the induction of cas-
pase-independent pathway was alongside observed (Lee
et al., 2013). Accordingly, ginsenoside Rkl exerted the
effect on human skin cancer cells (SK-MEL-2) through
increasing the expression of protein Fas and FasL ligand.
Simultaneously reduction in the expression of Bcl2 and
increased expression of Bax was seen. A concomitant
decrease of pro-caspase 8 and 3 may be indicative of the
external/caspase-independent pathway induction (Kim ez
al., 2005). Saponin isolated from Anemone raddeana (rad-
denin A) induced the apoptosis in gastric cancer cells
via the up-regulation of caspase 3 and 9, whereas it re-
duced Bax and Bcl-2 and Survivin expression levels (Xue
et al, 2013). A similar activation was observed in the
presence of saponins from Zigyphus juuba seeds. These
compounds induce apoptosis in HCT 116 cell lines of
colorectal cancer by activation of caspase-3 and PARP-1
and activation of caspase-8 and Fasl. (Xu e a4/, 2014a).
Thus, saponins can multidirectionaly induce apoptosis
in cancer cells and normal cells. Protopanaxadiol (PPD)
an aglycone typical of ginseng saponins was evaluated.
Subsequently, authors characterized the downstream
genes targeted by PPD in HCT-116 cancer cells. Data
suggested that by regulating the interactions between
p53 and DR4/DRS5, the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) pathway played a key
role in the action of PPD (Zhang ef al., 2015). Saponins
isolated from Giantleaf Ardisia rhizome (Rbizoma Ardisiae
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Figure 3. Possible mechanisms of anti-metastatic activity of saponins.
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gigantifoliaey — AG4 are also evaluated as pro-apoptotic
agents. Release of caspase-3, caspase-8, and caspase-9
was stimulated by AG4 in CNE (human nasopharyngeal
carcinoma cells), and the decreased proliferation induced
by AG4 was blocked by the inhibitor of pan caspase (Z-
VAD-FMK). In addition, both the FasL inhibitor (AF-
016) and the Bcl-2 family inhibitor (GX15-070) could
prevent the cell apoptosis induced by AG4. These find-
ings suggested that AG4-induced apoptosis in CNE cells
involved both a death receptor pathway and a Bcl-2
family-mediated mitochondrial signaling pathway (Dong
et al., 2015). Their effects are relatively universal and ex-
erted at low (physiologically relevant) concentrations in a
tumor cell- and saponin-specific manner (see Fig. 2).

Effect of triterpenoid saponins on the invasive potential
of cancer cells

The history of oncology shows that cells which are
characterized by a high metastatic potential also display
relatively high resistance to anticancer agents. In most
cases, the lethality of cancer results from the formation
of secondary tumors. They are formed in progressing tu-
mors in effect of the metastatic cascade which is a com-
plex, multistage process triggered by the microevolution
of invasive cell sub-populations (Friedl & Alexander,
2011). During this process, the cells acquire the predi-
lection to out-migrate from the primary tumor, actively
infiltrate surrounding tissues in response to chemotac-
tic stimuli (local invasion), enter the blood and lymph
vessels, and subsequently colonize distant tissues and
organs. Cellular properties that determine the ability of
cancer cells to invade the tissue, include active cell mi-
gration, nanomechanical elasticity, regulation of cell ad-
hesion and cytoskeleton dynamics but also production of
metalloproteinases (MMPs), which allows them to pene-
trate tissue barriers (Xia ez al, 2014a) (Fig. 3). Impaired
cell-cell adhesion at the primary site is required for can-
cer cells to metastasize. Reduced E-cadherin is the indi-
cator of loss of cell-cell adhesion. Rho GTPases, includ-
ing Racl, Cdc42 are important in the establishment of
mature epithelial cell-cell junction. Racl and Cdc42 are
key regulators of the actin cytoskeleton which coordinate
cell migration and cell-cell adhesion. They are required
for cadherin mediated cell-cell adhesion. Cdc42 and Racl
directly regulate E-cadherin activity. Rac 1 activity in-
creased in whole cell populations at different times after
initiation of cell-cell contact, and was subsequently main-
tained at high level upon E-cadherin adhesion (Vega &
Ridley, 2008). Degradation of ex-
tracellular matrix (ECM) by pro-
teolytic enzymes such as MMP-9
and MMP-2 is an essential step
of cancer invasion. The expres-

PRy %~ sion of MMP-9 and MMP-2 is
;NS regulated by various factor, like

NF-xB, mitogen activated protein
kinases (MAPK), extracellular
signal-regulated  kinases (ERK),
c-Jun N- terminal kinase (JNK,
5 p38 protein as well as phospha-
tidylinositol-3-kinase (PI3K/Akt)
(Bauvois, 2012).

Numerous literature data sug-
gest that the triterpene saponins
affect the signaling pathways as-
sociated with the migration and
invasion of tumor cells. Saponins
lead to the inhibition of cell mi-
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gration as well as invasion in different ways, depending
on their structure and type of targeted cells.

Saponins have been shown to prevent the invasion
and migration of cancer cells by downregulating the
expression of MMP-1, MMP-2, MMP-9 and MMP-
7, by blocking the phosphorylation of ERK and p38
MAP kinase and by inhibiting the activation of AP-1,
they can also inhibited the TNF-a-induced activation of
NF-xB and reduced the expression of MMP-9, thereby
suppressing the invasion and migration of cancer cells.
Moreover saponins can also change the expression of
RhoGTPases (Rac 1, Cdc42). Furthermore, saponins reg-
ulate the expression of E-cadherin which is involved in
cell-cell adhesion.

In numerous 7 witro studies, saponosides, especially
ginsenosides, were found to be effective in preventing
invasion and metastasis of several types of cancer cells
of human origin (Shibata e# al, 2001; Nag et al., 2012;
Choi ¢t al, 2014). The saponins isolated from other
plants are also examined in the context of anti-invasive
effects but very often authors investigate the anti migra-
tory properties using iz vitro model including Transwell
chamber, wound healing assay or scratch assay without
detailed analyses of molecular mechanism of these ac-
tion. An example of such a publication is investigation
of anti migratory effects of total saponins isolated from
Actinidia valvata on human hepatocellular cancer cells
(Zheng et al., 2012) or evaluation of anti-migratory ac-
tivity saponins isolated from Baccgpa mwnnieri on human
breast cancer tumor cell line (MDA-MB-231) (Peng ¢ al.,
2010). Only one report correlates anti-invasive effect of
saponin isolated from Lysimachia ciliata (CIL 1) on human
prostate cancer cell line (DU145) with changes in nano-
mechanical properties of the cancer cells (KKoczurkiewicz
et al., 2013A). Quite a few scientific papers describes the
exact mechanism of action of triterpene saponins with
particular focus on signaling pathways involved in tumor
invasion process (Kim e/ al, 2014). A direct effect of
saponins on cancer cell motility was demonstrated in a
number of studies. For instance, numerous reports indi-
cate that cancer cell invasiveness is regulated by small G
proteins of Rho family, which regulate cell migration via
the effects on the dynamics of the cytoskeleton (Vega &
Ridley, 2008) and are targeted by saponins (Jiang & Liu,
2011). Among them, Rho is involved in the formation of
focal contacts and stress fibers, whereas Racl is respon-
sible for the formation of lamellipodia and determination
of rear-front polarity. In contrast, Cdc42 determines the
formation of filopodia by the cell (Vega & Ridley, 2008).
Overexpression of Cdc 42 protein in tumor cells leads to
inhibition of their movement. Additionally, this protein
activates Rac 1, which also hampers processes of cell mi-
gration (Welchman e7 al., 2007).

Noteworthy, the saponins fraction (SSA) isolated from
Asparagus officinalis activates Rac 1 and Cdc 42 and de-
creases the expression of Rho in human breast, colon
and pancreatic cancer cells, resulting in the disorganiza-
tion of their cytoskeleton and the inhibition of their in-
vasiveness (Wang ez a/, 2013b). Similarly, 8-escin which
is used in the treatment of chronic venous insufficiency,
reduces the RhoA and Rock (Rho-associated protein ki-
nase) protein levels in the cells isolated from metastatic
lung cancer in a mouse model, thus reducing their meta-
static potential (Patlolla ez @/, 2013). In addition, ginseno-
side Rd inhibited the invasion and migration of HepG2
cells by inhibiting the phosphotylation of ERK1/2, p38
MAPK and by inducing focal adhesion formation (Yoon
et al., 2012). Yet another triterpene saponins ardipusil-
loside I isolated from _Ardisia pusilla inhibit invasive po-

tential of human hepatocellular carcinoma cells (HepG2,
SMMC-7721). Ardipusilloside I treated cells enhance Rac
1, not Cdc 42 activity. Activation of Rac 1 protein leads
to the upregulation of E-cadherin which subsequent-
ly increased cell to cell and cell to ECM adhesion and
in consequence leads to significantly less metastasis in
cancer cells (Lou ez al, 2012). It has also been demon-
strated that the inhibition of human hepatoma Hep G2
cell migration and invasion by ginsenoside Rd is accom-
panied by attenuated expression levels of E-cadherin
and vinculin, and an increased expression of N-cadher-
in. These data suggest that saponins can interfere with
epithelial- mesenchymal transition (EMT), a process
that primarily accounts for cancer cell invasiveness (da
Silva et al., 2014). In addition, it was shown that ginse-
noside ZO(R -Rg3 suppressed 'A549 lung cancer cell mi-
gration, invasion, and anoikis resistance by inhibiting the
TGF-Bi-induced EMT (Kim ¢ 4/, 2014). All of the
mechanisms of action of saponins do not cover the pos-
sibilities of inhibition cancer cell invasion. The authors
draw attention to the impact of saponins on MDM 2
protein. Expression of MDM 2 protein promotes cell
motility and invasiveness, while overexpression of MDM
2 often correlate with late stage metastatic breast can-
cer. MDM 2 inhibition reduces the expression of EMT
markers and decreases migration of cancer cells. Natu-
ral product of ginsenoside 25-OCH3-PPD suppressed
cancer cell metastasis and altered the expression of
EMT-related proteins, thus inhibiting cancer cells motil-
ity through decreased MDM 2 expression (Wang e/ al.,
2012).

In contrast, ginsenoside Rg3 (isolated from ginseng
root) increased the activation of p38 MAPK which led
to the inhibition of prostate tumor PC-3M cell migra-
tion (Pan ef al, 2012). This effect was ascribed to the
inhibition of the activity of aquaporins (in particular,
aquaporin 1, AQP1) in these cells. The primary func-
tion of aquaporins is to carry water to and from the cell,
however they were also implicated in the regulation of
cell movement and invasion. Therefore, the interaction
of these compounds with AQP1 protein shows another
mechanism, by which the saponins may inhibit the pro-
cess of metastasis.

Importantly, triterpene saponins have been shown to
inhibit the expression of matrix metalloproteinases in
a number of tumor cell types. For instance, Astragalus
saponins (AST), isolated from _Astralagnus membranacens
were reported to inhibit the transmigration through the
matrigel covered membrane of human adenocarcinoma
cells, which correlated with a significant decrease in the
expression of metalloproteinases 9 and 2 (Auyeung e/ al.,
2012). Accordingly, ginsenoside Rh2 reduced the inva-
siveness of pancreatic cancer cells, diminished their abil-
ity to transmigrate and considerably attenuated the ex-
pression levels of MMP 9 and 2 (Tang e al., 2013). Fur-
thermore, raddeanin A the triterpenoid saponin present
in Anemone raddeana Regel., inhibits the invasion, migra-
tion and adhesion of human gastric cancer cell lines by
down-regulation of MMP-2, MMP-9, and MMP-14 and
up-regulation of RECK (reversion inducing cysteine rich
protein with Kazal motifs) (Xue ez a/., 2013). According-
ly, ginsenoside Rd inhibited the invasion and migration
of HepG2 cells by reducing the expression of MMP-1,
MMP-2, MMP-7 (Yoon et al., 2012). Triterpene sapo-
nin kalopanaxasaponin A, isolated from the plant, which
was used traditionally for treatment rheumatoid arthritis
(Kalopanax pictus), reduced MMP-9 expression in MCF-7
human cancer breast cell line, by blocking the activation
of NF-»«B and AP-1 transctiption factor via PI3K/Akt,
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PKC mediated extracellular signaling pathways (Park ez
al., 2009). Saponins derived from plant Platycodon gran-
diftornm (CKS) inhibit HT-180 cell invasion by reducing
MMP-2 and MMP-9 activity but the mechanism of ac-
tion used by saponins is different. CKS suppress the ex-
pression of MMP-9 protein, mRNA transcription activity
levels through suppression of nuclear factor NF-xB ac-
tivation without changing tissue inhibitor of metallopro-
teinases level (TIMP-1) (Lee ¢ al, 2008). These studies
correlated the impact of saponins on invasive potential
of cancer cells with their proteolytic activity (Mason &
Joyce, 2011).

It can be seen that in recent years there has been tre-
mendous progress in understanding how saponins in-
fluence the invasive potential of cancer cells. Saponins
inhibit cancer cell invasion by acting on many signaling
pathways related to the promotion and progression of
cancer. Their effectiveness is very high, often they exhib-
it selectivity and inhibit migration of invasive cancer cells
more than of their less malignant counterparts (Kocz-
urkiewicz e/ al., 2013A). Studies of anti-invasive activity
of triterpenoid saponins also include experiments using
in vivo models. Much of this work however combines the
study of anti-invasive activity of saponins to their effects
on angiogenesis process. It has been proved that these
compounds in addition to the effect of reducing the in-
vasive activity also can inhibit the growth of new blood
vessels within the tumor which is crucial from the point
of view cancer growth (Xiao ez al, 2014).

VERSATILITY OF ANTI-CANCER SAPONIN EFFECTS -
IMPLICATIONS FOR CANCER THERAPY

Cancer cell-selectivity of saponin activity

The results reviewed above indicate that, in addition
to a cytostatic and pro-apoptotic activity, some of the
saponins can inhibit cell migration and cancer invasion.
A number of saponins exerts impressive anti-cancer ef-
fects and may help to develop advantageous anti-cancer
regimens. Dependent on the saponins tested and the tar-
get cells, they induce apoptosis and cell cycle arrest and
attenuate cancer cell invasiveness. Whereas an increased
interest in anti-cancer effects of triterpene saponins could
be observed in recent years, only rarely were their effects
on cancer cells compared with their interference with
the function of normal cells (Gajdus e al, 2010; Li et
al., 2014; Zhang et al., 2014). This problem also touches
the selectivity of saponin effects on cancer cells, which
is crucial for their systemic tolerability. In some cases,
pro-apototic effects of saponins on cancer cells were ac-
companied by a lack of such effects on normal cells. For
instance, saponin isolated from the plant Gypsobila old-
hamiana induced apoptosis in the liver cancer cells while
normal liver cells were insensitive (Zhang et al., 2013).
Similar results were obtained for saponins isolated from
Platycodon grandiflorum. High efficiency and specificity of
saponin effects on cancer cells may suggest that they
could exert their anti-cancer activity without considerable
side-effect. Saponin isolated from tomato (x tomatine)
inhibited growth of human prostatic adenocarcinoma
cells (PC-3), induced their apoptosis and suppressed NF-
#B nuclear translocation which in turn resulted in strong
inhibition of NF-xB activation. It was consistent with a
decteased nucleat levels of NF-«B/p65 and NF-»B/p50.
The ability of o tomatine to inhibiting NF-xB activation
by blocking nuclear translocation of NF-xB/p65 and
NF-»«B/p50 transctiption factors suggests its promising

role in prostate cancer prevention. What is more, o to-
matine is less toxic to both normal human liver WRL-
68 and normal human prostate RWPE-1 cells (Lee 7 al,
2013).

On the other hand, not all saponins exhibit selectivity
in their action. An example might be the saponins iso-
lated from Bolbostemma paniculatnm (TBMS I) which pos-
ses anti-cancer activity against several human cancer cells
lines (human leukemia HI.-60, nosopharyngeal carcinoma
CNE-2Z, and Hela cell lines). Pharmacokinetics study
of TBMS 1 indicated that this saponin preferentially ac-
cumulates in the liver. This suggests that the liver may
be primary a target of TBMS I toxicity. Iz vitro analyses
(L-02 normal liver cells) showed that it can induce cy-
totoxic effects and apoptosis in normal cells. Therefore,
its use in practice must be subjected to a more careful
analysis (Wang ef 4/, 2011). An interesting direction of
investigation is the search for new activities of saponins,
which have proven medicinal properties.

Specificity of the saponins effects may concern not
only their impact on the tumor and normal cells but also
their various effects on tumor cells of different origin.
Saponin isolated from _Aesculus hipocastanum (escin) pos-
sesses documented vasoprotective activity and excellent
tolerability.

Cytotoxicity analyses show that escin reduces viability
of human lung cancer (A-549), human pancreatic cancer
(PANC-1) as well as human acute leukemia Jurkat cells
while human ovarian carcinoma SK-OV3 cells remain
insensitive on the effect of escin (Zhang e/ al, 2011).
Accordingly, twenty saponins isolated from Ardisia ja-
ponica were evaluated for their anti-proliferative activity
on human liver cancer cells and normal liver cells. Eight
saponins selectively inhibited the growth of liver cancer
cells Bel-7402 and HepG2 without affecting the surviv-
al of the normal cells HI.-7702. What is worth noting,
selectivity of these saponins depend on the presence of
a 13B,28-epoxy bridge in aglycone (Li et al, 2012). Sa-
ponins isolated from Ljysimachia ciliata, which have the
same epoxy bridge in their structure, exhibit selectivity
for human prostate cancer and normal cells. Both ana-
lyzed compounds (CIL 1 and CIL 2) inhibited invasion
and induced apoptosis in prostate cancer cells while
normal cells were insensitive to their action. Moreover,
CIL 1 exerted a stronger effect on invasive human pros-
tate cancer cells than on their less invasive counterparts
(Koczurkiewicz et al., 2013B).

Versatility of saponins action on cancer cells

Undoubtedly, the state of knowledge on the triterpenoid
saponins and on the mechanisms of their action on can-
cer cells (iz vitro and #n vivo) has considerably expanded
over last years, but this expansion hardly compensates the
number of newly isolated compounds. Noteworthy, their
apoptosis- and cell cycle-related effects on cancer cells
and on their invasivenes are cell type-, and agent-specific.
However, only relatively few reports describe the effect of
saponins on the prostate cells. Concomitantly, these stud-
ies did not consider cytostatic and pro-apoptotic effects of
saponins in terms of cancer cell invasiveness. In one of
our studies was the versatility of their effects considered
in terms of their possible application on tumors at differ-
ent stages of development. Combined pro-apoptotic and
anti-invasive effects of saponins add to this complexity,
which is rarely addressed in the literature. An example of
this complexity is provided by the compounds (triterpene
saponins) isolated from Lysimachia ciliata. These saponins
affect prostate cancer cells, by direct inhibition of cancer
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cells invasion, migratory potential as well as induction of
apoptosis and inhibition of prostate cancer growth at a
very low concentration (4 uM). This report was also the
first which drew attention to the impact of saponins on
nanomechanical properties of cancer cells. Changes of the
cell elasticity correlate often with their invasive potential
(Cross et al., 2008). We have been the first who showed
that saponins can affect the nanomechanical properties of
cancer cells which may be important for understanding
the mechanism of their anti-invasive activity. Data which
we obtained strongly suggest that the specificity of action
of triterpenoid saponins concerns not only the proapop-
totic or cytostatic activity, but also unambiguously prove
the effects of these compounds on the process of cell mi-
gration and diapedesis. Our results may be very important
for understanding the mechanisms of their anti-invasive
activity (Koczurkiewicz ef al., 2013). Moreover, cytotoxic
activity of saponin isolated from the root of _Adengpho-
ra triphylla was investigated against human gastric cancer
(AGS), human lung cancer (A-549) and human liver can-
cer cells (Hep G2). Authors decided to study the molec-
ular mechanism of action of this compound only on hu-
man gastric cancer cells. This compound induced apopto-
sis and autophagy in cancer cells by the interference with
Akt/NF-»B and p38 pathways in AGS cells in concen-
tration range 10-30 puM, but what is worth mentioning it
did not inhibit cancer cell proliferation and did not induce
changes in cell cycle distribution (Chun ez @/, 2014).

The previously described saponins isolated from Lysi-
machia sp. were completely new compounds, with un-
explored anti-cancer activity. On the other hand in the
literature we can find information about examining the
activity of well known, previously described structures.
An example of such research is the publication about
the effect of saponins called platycodin D, isolated from
Platycodinis radix. The anti-cancer effects of platycodin D
are well described in literature (Kim ez a/, 2008; Wu ez
al., 2012) but most of the authors focus on their anti-
proliferative and proapoptotic effects on breast, prostate,
leukemia or lung cancer cells. Platycodin D can also in-
hibit adhesion, migration and invasion in Hep G2 cells
in concentration 10 uM but authors failed to mention
effects of these compound on human normal cells (Li e
al., 2014). On the whole it is difficult to conclude from
the literature how platycodin D influences normal cells
of the body. For obvious reasons, concentrations used in
in vitro studies hardly correspond to the therapeutic dos-
es. At the moment, there is no data about the concentra-
tions of saponins that would be sufficient to achieve a
therapeutic effect in humans.

Effect of saponins on cancer cell sensitivity to
chemotherapeutic drugs

Safety and selectivity of anti-cancer drug are their ex-
tremely valuable attribute for application in chemotherapy.
The search for new therapeutic strategies should not only
focus on the extension of patients life but also on im-
proving its living standard. Therefore, more and more side
effects of chemotherapy are taken into account to miti-
gate their unpleasant effects for the patient. Compilations
of several drugs, which activities complement each other,
are frequently used in modern chemotherapeutic strate-
gies. An interesting research field is the use of common
chemotherapeutic agents together with plant compounds,
including saponins (Fuchs e af, 2009). For instance, the
beneficial effects of plant polyphenols present in green tea
combined with cyklooxygenase inhibitor has been proved
in human prostate tumor cells model 7 vivo and in vitro

(Adhami ez al., 2007). Similatly, combination of resveratrol
with vinorelbine inhibited the proliferation of DU145 cells
(Scifo et al., 2006). Till now relatively little attention has
been paid to the potential suitability of saponins for com-
bined anti-cancer therapies. Only a few reports have been
published that address synergistic effects of saponins that
enhance their proapoptotic and cytotoxic activity (Eid ez
al., 2012; Li et al., 2012). Studies published so far showed
that ginsenoside Rg3 significantly increased the bioavail-
ability of paclitaxel in a mouse model of breast cancer.
On the other hand cyclamine, isolated from Ardisia_japon-
ica enhances the effects of three chemotherapeutic drugs:
5-fluorouracil, cisplatin and epirubicin on the liver cancer
Bel-7402 and Hep G2 cells. In contrast, these combina-
tions remained non-toxic to normal liver cells HI.-7702
(Li et al, 2014a). Panaxadiol isolated from Panax ginseng
sensitized in cancer intestinal cells to caspase 3/9-depend-
ent apoptosis induced by irinotecan (Du ez al., 2012). Un-
til today, it has not been established clearly what is the
physiological mechanism responsible for the synergy of
saponins with chemotherapeutic agents. Recent studies
suggest that synergy can be modulated by various effects
based on different mechanisms of action. It has been
demonstrated that the synergy of saponins isolated from
ginseng (PNS) with cisplatin depends on the functional
status of gap junctions in tumor cells. When the inhibitor
of gap junctional channels was used, the synergy of sapo-
nins with cisplatin was not observed, which suggests that
gap junctions are directly involved in this reaction (Yu ez
al., 2012). These studies draw our attention to a very im-
portant problem in cancer biology, which is communica-
tion of cancer cells. Gap junctions are specialized cell—cell
junction that directly link cytoplasmic compartments of
neighboring cells. They play an important role in main-
taining homeostasis, control the growth and differentiation
of cells in the body. As it turns out, they may be directly
involved in the cell response to the applied therapy (Czyz
¢t al., 2012). Other results show that saikosaponis sensitize
cancer cells to the effects of cisplatin by entering them
toward apoptosis, and caspase inhibitor inhibits apoptotic
pathway/revoke the apoptotic effect. In cells treated with
cisplatin and saponins together, increased production of
reactive oxygen species (ROS) was observed. An interest-
ing result was obtained with the Siha cells (naturally resist-
ant to cisplatin). When they were used together with the
saponins they start to be very susceptible to chemother-
apy (Wang e al, 2010). Cisplatin is not the only chemo-
therapeutic agent used in combination therapy with triter-
pene saponins. Another commonly used in cancer therapy
drug is paclitaxel. Researchers proved that paclitaxel used
in conjunction with saponins in subtoxic doses decreased
the viability of prostate cancer cells (PC3), but the nor-
mal cells of the prostate (RWPE-1) remained insensitive
to these compounds. Tumor cells reacted with increased
expression of proapoptotic proteins (Bad) and decreased
expression of anti-apoptotic proteins (Bcl-2, Bel-x) (Lee ef
al., 2013b).

Saponins (ginsenoside Rg3) applied in combination
with docetaxel inhibit the activation of NF-xB, which is
responsible for prostate tumor cell resistance to chemo-
therapy. None of the substances used alone does not
have this effect. Studies in human prostate cancer cells
(DU145, PC-3, LNCaP) show that expression of the en-
zyme caspase 3 and 9 is much stronger in the case of
using saponin and docetaxel together, and expression of
cell cycle regulatory proteins — cyclin B, D1 and E is
inhibited (Kim ez a/, 2010). Little information is available
about the effects of combined therapies on cancer inva-
sion. Our study is one of the first reports on the impact
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of known cytostatic drug (mitoxantrone) combined with
triterpene saponins (Lclet 4) isolated from Lysimachia cle-
throides on invasive activity of human prostate cancer cells
(Koczurkiewicz ez al., 2013B). The results show that the
activity of Lelet 4/MTX was significantly higher than that
of both substances used alone. In addition, it was highly
selective because Lcletd/MTX treatment was toxic to can-
cer but not to normal cells. Co-administration of the com-
pounds (Lclet 4 and MTX) significantly inhibits migration
of prostate cancer cells DU-145 and causes changes in
actin cytoskeletal organization and microtubules. Saponin
administration (Lclet 4) with mitoxantrone also resulted in
inhibition of tumor cell transmigration. It is worth noting
that the saponin Lclet 4 used individually, even at higher
concentrations did not result in inhibition of tumor cell
transmigration (Koczurkiewicz ¢ al, 2013B). These data
show that the combination anticancer drugs with saponins
is a promising strategy of cancer treatment.

CONCLUSION

Experiments which showed saponins activity in cellular
models (7 vitro) and with animals (i vivo) began in 90s
of the last century. Since then, the number of newly iso-
lated and described triterpene saponins has been increas-
ing constantly and many previously unknown compounds
have been identified due to improved purification and
detection methods. Many of these compounds exert im-
pressive anti-cancer effects and may help to develop novel
anti-cancer regimens. However, the knowledge that has
been brought by decades of extensive research on sapo-
nins is still not sufficient to fully describe the complexity
of their action. Whereas biological properties of saponins
are closely dependent on their chemical structure, there is
still no reliable approach which would allow to predict the
activity of a given compound in relation to its chemical
structure. Things are not helped by the fact that the iso-
lation of saponins from plant material is a difficult and
time-consuming. Conceivable complexity of their synthe-
sis on an industrial scale add to the limitations of their
application in medicine. Finally, the quality and quantity
of therapeutic effects of saponins depend on the cel-
lular context, which is closely related to the momentary
genomic and proteomic status of the cells. Therefore, only
the projects that combine the research on the structure
of saponins and their pharmacological and pharmacoki-
netic profile with the genomic and proteomic approaches
focused on cellular specificity of saponin activities, may
give the chance to implement these promising plant com-
pounds into new anti-cancer regimens.
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