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Saponins in Tumor Therapy
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Abstract: Saponins are plant glycosides with favorable anti-tumorigenic properties. Several saponins inhibit tumor cell
growth by cell cycle arrest and apoptosis with ICsy values of up to 0.2 pM. We discuss diverse groups of saponins
(dioscins, saikosaponins, julibrosides, soy saponins, ginseng saponins and avicins) investigated in relation to tumor ther-
apy and focus on cellular and systemic mechanisms of tumor cell growth inhibition both in vitro and in vivo. The review
also describes saponins in combination with conventional tumor treatment strategies, which result in improved therapeutic
success. Some combinations of saponins and anti-tumorigenic drugs induce synergistic effects with potentiated growth in-

hibition.
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DIVERSE STRUCTURES AND FUNCTIONS OF
SAPONINS

Saponins are plant glycosides and possess great diversity
in their structure. They are common in a variety of higher
plants and usually found in roots, tubers, leaves, blooms or
seeds. They contain a steroid, steroid alkaloid or triterpene
core structure, the so-called aglycone. The steroidal aglycone
consists of 27 C-atoms while the triterpenoidal aglycone has
30 C-atoms. The saponins with a steroid alkaloid as aglycone
are similar to those with a steroidal aglycone but contain
additional nitrogen atoms within the core structure. The de-
tailed composition of the aglycone varies between different
saponins from different sources, however, these variations
are less pronounced compared to those within the glycan
structures, which are attached to the aglycone. Usually, one
or more sugar chains are covalently linked to the core struc-
ture. Glucose, galactose, glucuronic acid, xylose or rhamnose
are among the sugars commonly found in saponins. How-
ever, even in one source the composition of the sugars may
vary, resulting in saponins with different glycosylation [1].
Thus the diversity of saponins is a result of differences in the
aglycone structure and the amount and composition of the
sugar side chains.

Diverse functions have been described for distinct sapon-
ins. The effects observed are often specific for certain sapon-
ins due to the great variability of their structures. They are
known as foaming substances due to the combination of the
non-polar aglycone and their water-soluble side chains. This
property is of interest for the beverage industry. Further-
more, saponins added to the food of ruminating animals in-
crease growth, milk or wool production by eliminating
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protozoa, which predate on crucial bacteria in the first stom-
ach (reviewed in [2]). Another prominent effect of saponins
is their membrane permeabilizing property [3, 4]. The pore
formation is ascribed to an interaction between saponin and
membrane-bound cholesterol [5]. The amount of cholesterol
in the membrane has been shown to be important for this
interaction [6]. Although it has been shown that hemolysis of
erythrocyte membranes by certain saponins is inhibited by
depletion of cholesterol, for other saponins the effect is aug-
mented [7]. Zhao et al. described the formation of choles-
terol-saponin complexes for the saponin platycodin D while
this saponin did not interact with triglycerides [8]. It was also
demonstrated by Hu et al. that pore-formation by saponins
with two sugar side chains is independent of membrane cho-
lesterol while those without sugars are cholesterol-dependent
[9]. The number of side chains influences both hemolytic
activity and membrane permeability. Woldemichael et al.
reported that saponins possessing two side chains induce less
activity than those with only one sugar side chain [10]. Tak-
ing all information into consideration, the specific effects of
saponins may be due to the combination of target membrane
composition, the type of the saponin side chain(s) and the
nature of the aglycone [1, 11, 12]. These results underline the
saponins variability in biological functions due to their dif-
ferent structures. Saponins are often used to permeabilize
membranes in order to make intracellular compartments ac-
cessible for antibodies [13]. Interestingly Lee ef al. demon-
strated that a certain saponin from ginseng only interacted
with the extracellular side of the membrane [14]. In relation
to the membrane-interacting functions of saponins Morein et
al. described saponins as adjuvant additive [15]. The saponin
from the bark of the tree Quillaja saponaria exhibited im-
proved adjuvant effects in formulated immunostimulating
complexes in comparison to simple mixtures of saponin and
immunogen [16]. The saponin forms a cage-like structure
together with membrane cholesterol, demonstrating that for
this saponin cholesterol is essential for its adjuvant function
[17].
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Saponins possess in addition many effects on tumor cells.
Different cytotoxic properties have been described for a
number of saponins promoting their potential as anti-cancer
drugs or adjuvants. Analyses of saponins in tumor therapy
from the last five years are presented in the following sec-
tion. Special emphasis is given to those studies describing a
mechanistic background of saponin-mediated anti-cancer
effects.

SAPONINS AS ANTI-CANCER AGENTS

One of the first studies with saponins for the treatment of
cancer was described by Ebbesen et al. in 1976 [18]. The
saponin Quil A prolonged the survival of mice, which devel-
oped spontaneous leukemia (Table 1). While many groups
used saponins to permeabilize cellular membranes for micro-
scopic studies, an increased interest in saponins as potential
drugs for the treatment of cancer took place in the 1990s. A
study investigating the growth inhibitory effect of two sai-
kosaponins and two ginsenosides, saponins from Panax gin-
seng, showed that saikosaponin-a inhibited cell proliferation
of human hepatoma cells while saikosaponin-c and the gin-
senosides Rbl and Rgl had no effect [19]. Yu ef al. identi-
fied a triterpenoidal saponin, tubeimoside 1, from the bulb of
Bolbostemma paniculatum [20]. This saponin had a potent
anti-tumorigenic effect in a mouse skin tumor model. The
number of studies on saponins as anti-tumor drugs has in-
creased drastically in the last decade, this review focuses on
the studies of the last five years for certain groups of sapon-
ins. Most studies were performed in vitro with cell culture
models, however, the number of mouse studies is increasing.
A general problem of several cell culture studies presented in
this review is the lack of control experiments to reveal the
effects of the saponins on healthy tissue. Therefore one has
to be careful when considering a certain saponin whose effi-
cacy was only demonstrated on the basis of its high toxicity
on tumor cell lines.
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DIOSCINS

Dioscin (Fig. (1)) is a steroidal saponin produced by
many plants of different genera. In 2002 Cai et al. described
the cellular mechanisms of dioscin, purified from the root of
Polygonatum zanlanscianense Pamp., that lead to cell death
of tumor cells with a half maximal inhibitory concentration
(ICsp) of 4.4 uM [21]. In cell culture experiments with HeLa
cervix carcinoma cells dioscin induced apoptosis via the mi-
tochondrial pathway. A reduction in the expression of the
anti-apoptotic protein Bcl-2 together with caspase activation
was observed. Dioscin was also isolated from rhizomes of
Smilacina atropurpurea and induced cytotoxicity on several
tumor cell lines with an ICs, of 1.9-6.8 pg/ml [22] indicating
a high impact on tumor cells. Protodioscin and methyl proto-
dioscin are structurally closely related to dioscin. Proto-
dioscin from fenugreek (Trigonella foenumgraecum) induced
cell death in the leukemic cell line HL-60 by apoptosis while
the gastric cancer cell line KATO III was merely inhibited
with no apoptosis observed thus demonstrating cell line-
dependent results [23]. The natural derivative of proto-
dioscin, methyl protodioscin, from the rhizome of Dioscorea
collettii var. hypoglauca of the family Dioscoreaceae, inhib-
ited many solid tumors with an ICsy < 10 uM while leukemia
cell lines were relatively insensitive with 1Cs, values of 10—
30 uM [24]. The higher cytotoxicity on solid tumors com-
pared to leukemic cells is opposite to the effect of the related
protodioscin, for which only one study with two cell lines
demonstrated a higher impact on leukemic cells. Thus, fur-
ther studies are necessary to determine which structural fea-
tures or cell structures result in these contrasting results. The
plant Dioscorea collettii var. hypoglauca is a traditional
Chinese medicine used for the treatment of certain solid tu-
mors, thus the observed treatment success may be attributed
to the action of saponins like methyl protodioscin. Recently
the mechanism of growth inhibition was studied, and cell
cycle arrest and apoptosis induction observed [25, 26]. The

Table1. Anti-Tumorigenic Effects of Saponins Observed in Mice
Saponin Anti-Tumorigenic Effect Reference
Quil A prolonged survival in spontaneous leukemia model [18]
tubeimoside 1 growth inhibitory effect on skin tumors [20]
soyasaponin I reduction of lung metastases [50]
ginsenoside Rh2 reduction of human ovarian tumor cell growth [58]
suppressive effect on tumor induction [59]
enhanced anti-tumor activity of cisplatin and paclitaxel [91,95]
inhibition of tumor growth in combination with cyclophosphamide [98]
ginsenoside Rg3 chemo-preventive and anti-mutagenic effect [68]
inhibition of tumor growth in combination with cyclophosphamide [97,99]
ginsenoside Rpl prevention and growth inhibition of papillomas; increased activity of detoxifying enzymes [70]
ginsenoside Rbl increased radiosensitivity of tumor cells [102]
mixture of avicins prevention of mutations after UV radiation [85]
protective effects against papilloma-inducing chemicals [86]
formosanin-C potentiation of growth inhibitory effect of 5-fluorouracil [90]
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Fig. (1). Structures of exemplary saponins. Abbreviations for sugars: a-L-arabinose (o-L-Ara), B-D-fucose (B-D-Fuc), B-D-galactose (3-D-
Gal), B-D-glucose (B-D-Glc), B-D-glucuronic acid (B-D-GlcA), B-D-N-acetylglucosamine (B-D-GIcNAc), B-D-quinovose (B-D-Qui = 6-
deoxy-B-D-Glc), a-L-thamnose (o-L-Rha), B-D-xylose (B-D-Xyl). Examples for several ginsenosides varying only in the residues R1 and R2
are presented in the tables beneath the structures of protopanaxadiol and -triol.



578 Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 6

latter was shown to be a result of upregulation of pro-apop-
totic Bax and downregulation of anti-apoptotic Bcl-2 protein
in HepG2 liver carcinoma cells and K562 hematopoietic
malignant cells (Fig. (2)). Three further saponins structurally
closely related to dioscin and protodioscin are gracillin,
methyl protogracillin and methyl protoneogracillin, which
were also isolated from rhizomes of Dioscorea collettii var.
hypoglauca. These saponins induced cytotoxicity in the pM
range on tumor cell lines as observed for methyl protodioscin
[27]. However, the cytotoxicities observed on leukemia cell
lines were 6 to 11-fold lower for methyl protogracillin com-
pared to its stereoisomer (R/S configuration at C-25) methyl
protoneogracillin, emphasizing distinct structural require-
ments for potent anti-tumorigenic activity.

SAIKOSAPONINS

Saikosaponins are triterpenoidal saponins produced in
plants of the genus Bupleurum and several derivatives are
described for their anti-cancer effects. The Japanese drug
saiko (Chinese Chai-hu, £4#}) contains rhizomes of Bupleu-
rum kaoi and serves as source for saikosaponins. The
growth-inhibiting potency of saikosaponin-a (Fig. (1)) in
hepatoma HuH-7 cells was published as early as 1993 by
Okita et al. while saikosaponin-c did not alter cell prolifera-
tion [19]. Surprisingly, the authors stated that growth inhibi-
tion by saikosaponin-a was independent of the cell cycle
while Wu et al. reported in a more extensive study that sai-
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kosaponin-a inhibited cell growth of HepG2 hepatoma cells
by upregulating gene expression of the cyclin dependent
kinase inhibitors p-15"%*" and p-16™%*" both specific in-
hibitors of cyclin dependent kinase 4/6 [28]. Furthermore, a
link to a possible involvement of the protein kinase C path-
way was also described. Wen-Sheng et al. reported in 2003
that the mitogen-activated protein kinase 3 (MAPK3,
“ERK1”) signaling pathway is involved in p15™**/p16™**
expression mediated by saikosaponin-a [29] (Fig. (2)).
MAPKS8 (“JNK1”) and MAPK14 (“p38”) pathways were not
altered by saikosaponin-a. A pro-apoptotic effect of sai-
kosaponin-a was described in 2003 in the human breast can-
cer cell lines MDA-MB-231 and MCF-7 [30]. Of special
interest is that the two cell lines exhibited different cell line-
specific apoptotic characteristics: Apoptosis in MCF-7 cells
was dependent on the activation of p21 inhibitor by p53
whereas in MDA-MB-231 cells this process was independent
of p53. The latter displayed an increase in expression of the
cyclin-dependent kinase inhibitor p21 and pro-apoptotic Bax
as well as activation of caspase 3. In human lung cancer cells
Fas-dependent apoptosis induction was observed after treat-
ment with a saponin-enriched fraction from Bupleurum kaoi,
however, this fraction contained several saikosaponins [31].
Chiang et al. analyzed the cytotoxicity of saikosaponin-a, -c
and -d on hepatoma cells. While saikosaponin-a and -d re-
duced cell growth with an ICsy of about 10 pg/ml and in-
duced apoptosis by activating the caspases 3 and 7, sai-
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Fig. (2). Cellular effects of saponins. The schematic illustration depicts the different molecular pathways contributing to the anti-tumorigenic
properties of various saponins. Note that a number of pathways are observed only for certain cell lines and certain saponins.
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kosaponin-c was non-toxic at a concentration of 40 pg/ml
[32]. However, saikosaponin-c reduced replication of hepati-
tis B virus in cell culture. In a further study, saikosaponin-c
demonstrated a proliferating effect on endothelial cells and
increased the expression of matrix metalloproteinase-2 and
vascular endothelial growth factor, rendering this saponin
inappropriate for cancer therapy [33]. Saikosaponin-d was
intensely studied by Hsu and colleagues in 2004. This
saponin induced apoptosis in two hepatoma cell lines and
inhibited proliferation with 1Csy values in the range of 2.6—
4.3 uM [34]. In HepG2 cells treatment with saikosaponin-d
resulted in accumulation in cell cycle phase G1, increased
expression of cyclin-dependent kinase inhibitor p21 by p53
and increased expression of death receptor Fas and Fas
ligand (Fig. (2)). Induction of apoptosis in Hep3B cells was
also observed but cell cycle arrest and p21 upregulation were
not detected. The ratio of pro-apoptotic Bax protein to anti-
apoptotic Bcl-X; protein increased in both cell lines, though
Bax was only upregulated in HepG2 cells. A similar study on
a lung tumor cell line revealed comparable effects of sai-
kosaponin-d: Apoptosis was induced with an ICsy of 10.2
puM associated with p53/p21 upregulation, cell cycle arrest
and Bax protein elevation [35]. The recent studies described
both saikosaponin-a and -d as convenient drugs for tumor
therapy by inhibiting cell growth, arresting cell cycle pro-
gression and inducing apoptosis. However, in vivo studies
with different tumors are necessary to finally prove the anti-
tumorigenic potential of saikosaponins.

JULIBROSIDES

The triterpenoidal julibrosides are isolated from the stem
bark of Albizia julibrissin. These saponins contain three
sugar side chains each with 2—4 sugar residues. Several de-
rivatives have been tested on tumor cell lines in cell culture.
The julibrosides J18 and J19 exhibited cytotoxicity against
cervix carcinoma, hepatoma and breast cancer cell lines [36].
The julibrosides J28 and J21 exhibited cytotoxicity on a he-
patoma cell line with an 1Csy of about 10 uM [37] and 10
pg/ml, respectively [38]. The derivatives J5 (Fig. (1)), J8,
J12 and J13 were analyzed for their cytotoxicity on a hepato-
carcinoma cell line. All four saponins exhibited cytotoxicity
with ICs, values in the range of 10 pg/ml [39]. However, J8
and J13 were most effective in killing the tumor cells since
they reduced cell numbers by about 90%. Zheng et al. pre-
sented a more detailed study on julibroside J8, which inhib-
ited proliferation of three cancer cell lines drastically at 100
pg/ml (46 uM) [40]. Apoptosis was observed in the cervix
carcinoma cell line HeLa by induction of DNA fragmenta-
tion, upregulation of pro-apoptotic Bax, downregulation of
anti-apoptotic Bcl-2 and caspase 3-activation (Fig. (2)). The
3 julibrosides J29, J30 and J31 exhibited significant cytotox-
icity on three cancer cell lines [41]. At 10 uM all saponins
inhibited growth of the cervix carcinoma cell line HeLa more
than 60% while the hepatoma carcinoma cell line was inhib-
ited by about 50%. All saponins except J31 were more cyto-
toxic than the chemotherapeutic drug doxorubicin (Adriamy-
cin™). Cao et al. isolated 3 saponins from Albizia gummif-
era, which are structurally closely related to the julibrosides
[42]. The saponins were incubated on 5 different tumor cell
lines and inhibited cell growth notably with ICsy values of
less than 1 pM. As for the saikosaponins, relevant in vivo
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data are not available for the julibrosides thus impeding es-
timation of their true potential.

SOY SAPONINS

Saponins from soy (Glycine max) have been intensely
studied in recent years due to the great significance of soy on
nutrition. Since Kerwin reviewed anti-cancer effects of soy
saponins in 2004 [43], we will focus only on the latest publi-
cations on soy saponins. Most studies on soy saponins have
been performed on human colon cancer cells, since soy
saponins are expected to influence primarily the gastro-
intestinal system after they are taken up as part of the diet.
Kim et al. analyzed a crude extract of soybean containing
different saponins on human colon cancer cells [44]. The
saponins inhibited cell growth and reduced inflammatory
responses by mediating increased inhibition of the transcrip-
tion factor nuclear factor-kappa B (NFxB), which mediates
expression of inflammatory proteins. These effects are the
result of interference with the degradation of the inhibitor of
NFxB, IkBa (Fig. (2)). Thus, soy saponins may present a
different mechanism for anti-tumorigenic effects compared
to the saponins described above. Studies with crude saponin
extracts may reveal interesting results but should be consid-
ered rather preliminary. However, it is also possible that
components of the crude extract interact synergistically and
thus induce effects not observed for pure saponins. Therefore
investigations with purified saponins are indispensable for
matching a result to the molecular action of a specific
saponin. In a more detailed study with purified saponins,
only the aglycones soyasapogenin A and B were potent
growth inhibitors of colon cancer cell lines, while the acety-
lated and glycosylated variants, including soyasaponin I (Fig.
(1)) and soyasaponin III, were inactive [45]. Thus, deglyco-
sylation of soyasaponins by intestinal bacteria in the diges-
tive tract may help to generate potent anti-cancer drugs.
While the report of Oh et al. supports the hypothesis that soy
saponins do not induce apoptosis [46], Yanamandra et al.
described apoptosis induction and reduced invasiveness due
to the effect of the group B saponins from soy, a mixture of 4
triterpenoidal saponins possessing the same aglycone but
different glycosylations [47]. However, in relation to other
studies very high amounts of saponin (up to 75 pg/ml) were
needed to induce the observed effects and even under these
conditions activation of the caspases 3 and 9 was weak. In a
further study it was shown that group B saponins induced
cell cycle arrest and macroautophagy in human colon cancer
cells [48]. A significant increase in autophagic vacuoles was
detected by incorporation of monodansylcadaverine. Re-
cently, the MAPK1 (“ERK2”) and MAPK3 signaling path-
ways were identified in this process of macrophage induction
[49]. Soyasaponin I from the group B saponins was de-
scribed as an inhibitor of sialyltransferases, enzymes respon-
sible for hypersialylation of cell surface proteins and are
associated with highly metastatic tumors. In an in vivo
model, soyasaponin I treatment of metastatic tumor cells
drastically reduced the amount of metastases found in the
lungs of mice [50] (Table 1). The inhibition of invasiveness
may block the formation of metastases and is thus very im-
portant in tumor therapy. In accordance with the previous
results is the outcome of an investigation by Hsu et al., who
found soyasaponin I decreased cell migration thus helping to
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avoid metastases [51]. However, the saponin was unable to
inhibit tumor cell proliferation and the cell cycle. Jun et al.
described in an additional study a cancer protective property
for soy saponins preventing DNA mutations and attachment
of DNA mutagens [52]. The protective properties of soy
saponins, as well as their ability to block metastases, makes
them very promising drugs for tumor therapies.

GINSENG SAPONINS

The saponins produced by Panax ginseng C. A. Meyer
(Korean ginseng, 21#&) and Panax notoginseng (Chinese
ginseng, —15) are called ginsenosides (Fig. (1)) and were
analyzed in various studies to explore their anti-carcinogenic
potential. The root of ginseng is a very well known drug in
Korea and China for several diseases including cancer (re-
viewed in [53]). The ginsenosides contain a steroidal dam-
marane aglycone, which can either be a protopanaxadiol or a
protopanaxatriol. Dammarane aglycones are found together
with ginsenosides in the roots but they are also generated in
the intestinal tract after saponin uptake. Panax ginseng pro-
duces several saponins and Wang et al. were able to identify
11 dammarane aglycones compounds and saponins in a
preparation from the fruits [1]. All of these compounds were
analyzed for their impact on apoptosis, proliferation and cell
cycle progression. Of seven ginsenosides tested (Rh2, Rgl,
Rg2, Rg3, Rd, Re and Rb1) only Rh2 was cytotoxic on sev-
eral tumor cells with an ICsy in the range of 20-70 pM.
However, in comparison with saponins from other groups the
cytotoxicities are rather low. Two dammarane aglycones
showed similar cytotoxicity while all other compounds were
non-toxic. Annexin and propidium iodide staining revealed
induction of apoptosis was strongest for the protopanaxadiol.
The effect of the aglycones and ginsenosides on cell cycle
arrest was rather small. The ginsenoside Rh2 was the focus
of further studies and induction of apoptosis, cell cycle arrest
and inhibition of cell growth was detected on many different
tumor cell lines. Kim et al. studied Rh2 on a neuroblastoma
cell line and demonstrated activation of caspases 1 and 3,
increased expression of Bax (Bcl-2 remained unaltered) and
activation of p53 [54] (Fig. (2)). In 2004, the ginsenosides
Rh2 and Rg3 were identified as most potent among 11 gin-
senosides to inhibit the growth of two prostate cancer cell
lines with 1Csy values of 4-14 uM [55]. In the study from
Wang et al. described above, the authors reported lower 1Cs
values for the same ginsenosides on the same cell lines; es-
pecially for Rg3, which showed a 21 to 32-fold lower ICsy
value [1], however, Kim ef al. determined the inhibition of
protein synthesis while Wang et al. detected growth inhibi-
tion. Kim et al. reported that both saponins induced cell de-
tachment, which is possibly part of an apoptotic pathway.
Cheng ef al. described the induction of apoptosis by Rh2 on
the human lung adenocarcinoma cell line A549 [56] that was
later also analyzed by Wang et al. with comparable results.
A more in depth study into the induction of apoptosis re-
vealed the activation of the caspases 2, 3 and 8, cell cycle
arrest, downregulation of cyclins D1, E and cyclin dependent
kinase 6 and upregulation of the death receptor and tumor
necrosis factor-related apoptosis-inducing ligand-receptor 1
(TRAIL-R I), which possibly plays a key role in initiating
apoptosis. Jia et al. described the apoptosis induced by Rh2
to be mediated by glucocorticoid receptor activation [57]. As
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the growth inhibiting properties of Rh2 were promising, it
was tested in an in vivo model. While Rh2 was able to reduce
growth of human ovarian tumor cells in mice more effec-
tively than cisplatin [58] and a suppressive effect on tumor
induction was also shown [59] (Table 1), the ginsenoside
enhanced the metastatic potential of tumor cells in an in vitro
assay rendering its potential use in human tumor therapy
problematic [59]. Popovich ef al. studied the ginsenosides
Rh1, Rh2, Rg3, a protopanaxadiol and -triol aglycone on
human leukemic cells [60]. Rh2 and the two aglycones
showed high activity with ICsy values of about 15 pg/ml,
while Rg3 and Rh1 had low cytotoxic activity with ICs, val-
ues greater than 200 pg/ml. Thus, Rh2 causes comparable
cytotoxicities both on leukemia cells and solid tumor cells.
Since Rh1 seems to be unable to inhibit tumor cell growth,
other properties of the ginsenoside were investigated. Lee et
al. identified Rh1 as a potential but weak ligand for estrogen
receptors, however the binding to the receptor was specific
and induced a functional signal [61] (Fig. (2)). Comparable
results were published for ginsenoside Rgl, which stimulates
growth of an estrogen receptor-positive human cell line [62].
A direct interaction between Rgl and the estrogen receptors
does not occur and the effect of the ginsenoside seems to be
mediated by stimulation of insulin-like growth factor I recep-
tor and intracellular cross talk with estrogen receptor signal-
ing pathways [63]. While ginsenoside Rg3 exhibited moder-
ate toxicity in the studies presented before [1, 60] other anti-
carcinogenic effects were reported. Rg3 inhibited partly pa-
pilloma formation after treatment with the phorbol ester
phorbol 12-myristate 13-acetate by inhibition of NFxB [64].
The ginseng root used in this study was steamed prior to
preparation, a process known to increase the activity of gin-
seng root extracts and leads to the production of Rg3 and
Rg5 [65]. Wang et al. also showed the production of Rg3
and Rg5 after steaming berries of Panax ginseng and re-
ported an increased cytotoxic effect of the extract [66].
Therefore the assumption is acceptable that at least one of
these saponins mediates increased growth inhibition. The
main ginsenoside produced was Rg3, which showed moder-
ate growth inhibition on human tumor cells with an ICs,
value of about 150 uM (120 pg/ml). This result is different
to the result from Kim et al. [55], who reported a high cyto-
toxicity of Rg3 but measured, as stated above, protein
synthesis inhibition in contrast to growth inhibition detected
by Wang et al. who, moreover, worked only with enriched
saponin extracts with lower Rg3 content. Two ginsenosides
present before steaming, Rb3 and Re, were not cytotoxic at
concentrations up to 1000 uM. Kim et al. reported that Rg3
was able to reverse drug resistance of tumor cells [67]. A
concentration of 320 pM of Rg3 inhibited efflux of vin-
blastine and rhodamine from multidrug resistant cells, how-
ever using Rg3 at a concentration high above the ICs, value
will make it difficult to determine whether the effects are due
to the saponin or the drug. The inhibition on drug efflux was
furthermore described for doxorubicin-resistant tumor cells
in mice. Panwar et al. described a chemo-preventive and
anti-mutagenic effect of Rg3 in mice although Rg3 com-
prised only about 3% (w/w) of the tested saponin mixture
[68] (Table 1). A derivative of Rb3 mediated moderate cyto-
toxicity (ICsp 50-60 pg/ml) on human tumor cells [69], the
ginsenoside Rpl prevented development and growth of pa-
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pillomas in mice after oral application and increased the ac-
tivity of detoxifying enzymes [70] (Table 1), Rd inhibited
cell growth (ICsy 150 pg/ml) and induced apoptosis in hu-
man cervix carcinoma cells [71] but its cytotoxicity is weak
compared to other saponins and apoptosis was only observed
at concentrations considerably above the ICsy. The ginse-
noside Rb2 inhibited invasiveness of human tumor cells by
suppressing matrix metalloproteinase-2 activity [72] (Fig.
(2)), however, this inhibition was not mediated by tissue
inhibitors of metalloproteinases [73]. The same result was
obtained for 20(S)-protopanaxadiol, which effected this inhi-
bition at concentrations much lower than the 1Csy value of 76
pM. Inhibition of matrix metalloproteinase-9 by another pro-
topanaxadiol, named compound K, was demonstrated to be a
result of reduced protein expression and appears to be medi-
ated through repressing the kinases MAPKI1, MAPK3,
MAPKS8 and MAPK 14 in human glioma cells [74] (Fig. (2)).
An influence on signal transduction by protopanaxadiols and
-triols was also shown by Han et al., who observed inhibition
of epidermal growth factor-mediated cell proliferation with
concomitant repression of c-fos and c-jun gene expression
[75] (Fig. (2)). Notably, effects were much stronger for a
total extract of ginsenosides, demonstrating that the extract
may contain more potent saponins or exhibit synergistic ef-
fects. The often described effects of saponins on apoptosis-
induction were also observed together with caspase activa-
tion and cytochrome c release [76, 77], as well as cell cycle
arrest and inhibition of DNA synthesis with an ICs of about
1 uM [78]. A multidrug resistance-reversal effect was also
described for a protopanaxatriol [79], however the effect was
rather small compared to the impact of Rg3 described above
[67]. Two ginsenoside metabolites inhibited furthermore
inflammatory processes by inactivating NFkB leading to
blocked effects of inducible nitric oxide synthase and cy-
clooxygenase-2 [80, 81] (Fig. (2)). Numerous effects on tu-
mor cells have been described for ginsenosides and even
more results will be revealed in the next years. While the
growth inhibiting effects of ginsenosides are weaker than for
other saponins, they were used to inhibit the mobility of tu-
mor cells and may therefore be used in combination with
other saponins.

AVICINS

In 2001 Haridas ef al. identified triterpenoidal saponins
from Acacia victoriae, an Australian tree. These saponins
were named avicins and contain three sugar side chains.
Avicins D and G (Fig. (1)) induced growth inhibition of hu-
man T lymphocytes at very low concentrations of 0.3 and 0.2
pg/ml, respectively, and promoted apoptosis as shown by
activation of caspases and cytochrome c release [82] (Fig.
(2)). The avicins are thus currently the most potent growth
inhibiting saponins described. The impact on other human
tumor cell lines was lower, however they still exhibited good
1Cs values in the range of 1-2.5 uM [83]. In this context,
inhibition of phosphatidylinositol 3-kinase activity especially
for avicin G was reported, while the MAPK pathway seemed
to be unaffected. Avicin G inhibited furthermore the activa-
tion and DNA binding of NFxB [84]. This avicin reduced the
expression of inducible nitric oxide synthase and cyclooxy-
genase-2 as described for ginsenosides metabolites. Avicin D
induced the expression of nuclear factor erythroid 2-related
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factor 2 (Fig. (2)), a transcription factor, which mediates the
expression of several detoxifying and antioxidant proteins
[85] (Table 1). The protective effect was underlined by UV
radiation of mice treated with avicin D, where severe dam-
age and mutations were prevented. A mixture of avicins
showed additional protective effects against papilloma-
inducing chemicals 7,12-dimethylbenzanthracene and phor-
bol 12-myristate 13-acetate in mice and reduced the number
of mutations in the oncogene H-ras [86] (Table 1). The pore
forming ability of the avicins D and G at concentrations of
25 pg/ml was demonstrated by Li er al. [87]. While pore
formation was strongly cholesterol dependent for avicin G,
this was not so for the close derivate avicin D. The non-
selective pores are too small for proteins but allow ion flux.
The authors concluded that the pores might influence the
membrane potential of mitochondria. The direct influence on
mitochondria was corroborated by studies on rat mitochon-
dria, where both avicin D and G induced permeabilization
leading to decreased respiratory activity [88] and ATP efflux
after inhibition of the voltage dependent anion channel in the
outer mitochondrial membrane [89]. This is possibly the
main reason for apoptosis induction by avicins and it is
likely that further saponins induce pore formation in mito-
chondrial membranes to induce apoptosis (Fig. (2)).

KNOWLEDGE, GAPS AND FUTURE

The various cellular effects of saponins described above
are summarized in a schematic illustration (Fig. (2)). Sapon-
ins can either act extracellularly on tumor cells or influence
intracellular pathways. Among the extracellular effects of
saponins are plasma membrane permeabilization and inhibi-
tion of drug efflux by direct inhibition of membrane proteins.
Permeabilizing effects occur at high saponin concentrations
(usually > 100 pg/ml with variations for different saponins)
while intracellular effects may also take place at lower con-
centrations. Cell cycle arrest and apoptosis induction are the
best studied events. These outcomes by saponin action were
shown for nearly all saponins described in this review. Other
intracellular effects like the inhibition of invasiveness for
metastasizing cells, the reduction of inflammatory responses,
the activation of insulin-like growth factor I and estrogen
receptors, and the induction of detoxifying and antioxidant
proteins were only observed in a few studies and the rele-
vance for anti-tumor therapy remains to be cleared. The most
effective saponins are the avicins, which inhibit tumor cell
growth at about 1 pg/ml. Due to their high impact on tumor
cells, their intracellular effects were studied in great detail,
especially the mechanisms leading to induction of apoptosis.
However, it is notable that all described effects of saponins
on tumor cells are dependent on the type of tumor and the
saponin. Some activated pathways have as yet only observed
for specific saponins such as the stimulation of insulin-like
growth factor I receptor described for the ginsenoside Rgl,
while induction of apoptosis is a common feature of nearly
all saponins. More detailed studies for the diverse saponins
will surely discover a higher degree of analog mechanisms
for structurally related saponins. Nevertheless, the focus of
future research on saponins for tumor therapy will remain the
discovery of new saponins from diverse plants and the analy-
ses of structure-activity relationships to allow identification
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of important structural components for the development of
optimized synthetic saponins.

COMBINATIONS OF SAPONINS AND OTHER ANTI-
CANCER AGENTS

The combined application of saponins with other anti-
tumor drugs offers an interesting development in cancer
treatment since in many reports additive or even synergistic
effects between saponins and other drugs have been ob-
served. These combinations will lead to essentially improved
possibilities for the treatment of cancer. When intensified
studies on saponins and their effect on cancer cells started in
the 1990s, the first experiments with combinations of sapon-
ins and chemotherapeutics were initiated. Wu et al. reported
in 1990 that formosanin-C, a saponin from Paris formosana,
did not only increase natural killer cell activity and interferon
production at a concentration of 2.5 mg/kg but potentiated
additionally the growth inhibitory effect of 5-fluorouracil in
mice [90] (Table 1). When the ginsenoside Rh2 was used for
treatment it did not inhibit the growth of human ovarian tu-
mor cells in nude mice. However, a combined application
with cisplatin resulted in an enhanced anti-tumor activity as a
result of a synergistic action [91] (Table 1).

Several approaches for the combined application of
saponins and chemotherapeutics were investigated with the
goal of achieving additional benefit of anti-tumorigenic ef-
fects on tumor cells. The well-known drug cisplatin was used
in combination with different saponins. Gaidi et al. com-
bined this chemotherapeutic with four triterpene jenisseen-
sosides from Silene species and another triterpene saponin
from Achyranthes bidentata [92]. While all jenisseensosides
elevated the cytotoxicity of cisplatin synergistically, the
Achyranthes saponin did not and in addition was non-toxic
by itself on the colon cancer cell line used in the study. The
authors concluded that the p-methoxycinnamoyl groups
naturally present in the jenisseensosides where responsible
for the enhancing potential, however, there are several fur-
ther structural differences between the saponins that may be
responsible for enhancing cisplatin activity. A study by Had-
dad et al. examined saponins isolated from Albizia adianthi-
folia and no potentiation of cisplatin cytotoxicity on human
colon cancer cells was observed [93]. A further study with
four saponins from the roots of Muraltia heisteria revealed
that only the stereoisomeric compounds 3 and 4 inhibited
tumor cell growth and none were able to enhance the effect
of cisplatin [94]. Thus only certain saponins seem to be able
to enhance cisplatin activity due to their specific structure.

A number of further chemotherapeutics were combined
with saponins to enhance the anti-tumorigenic impact. The
ginsenosides described above were successfully used in
many studies with chemotherapeutics. Ginsenoside Rh2 po-
tentiated the cytotoxicity of paclitaxel (Taxol™) in vitro [57]
and in vivo [95] (Table 1). The chemotherapeutic mitoxan-
trone (Novantrone™) also acted synergistically with Rh2 in
vitro but the combination failed to reduce tumor growth in
vivo [95]. The ginsenosides Rgl, Rg3, Rh1 and Rh2 and the
aglycones protopanaxadiol and -triol were studied in combi-
nation with mitoxantrone and doxorubicin on drug insensi-
tive cell lines [96]. While the enhancement of doxorubicin
cytotoxicity was weak and maximal for protopanaxadiol and
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-triol, mitoxantrone cytotoxicity was enhanced 27 to 82-fold
by the aglycones and Rh2 at a concentration of 20 uM. At
high concentrations of 100 uM, the other ginsenosides en-
hanced mitoxantrone cytotoxicity only 2.5-fold. On tumor
cells without upregulated breast cancer resistance protein all
ginsenosides and aglycones were unable to increase mitoxan-
trone cytotoxicity, thus underlining the effect on multidrug
resistance related proteins. The ginsenosides Rg3 and Rh2
were recently applied together in vivo in mice with the alky-
lating agent cyclophosphamide and inhibited tumor growth
synergistically [97, 98] (Table 1). In a further study Rg3 in
combination with cyclophosphamide showed only an addi-
tive effect of both substances, possibly due to the shorter
treatment regimen (only 10 days compared to > 50 days) and
the lower dose of Rg3 (3 mg/kg compared to 10 mg/kg) [99].

Chemical derivatives of diosgenyl saponins were ana-
lyzed on primary B cell chronic leukemia tumor cells in
combination with the cytostatic drug cladribine (Leustatin™)
and enhanced the toxic effect of cladribine only slightly
[100]. Besides the enhanced saponin-chemotherapeutic-medi-
ated cell death, a combination of saponins and radiotherapy
was described by Chen ef al. [101]. An extract of Panax no-
toginseng and ginsenoside Rb1 increased radiosensitivity of
tumor cells in mice (Table 1). The saponins had to be in-
jected 30 minutes prior to radiation to achieve maximal tu-
mor cell growth inhibition. Rbl was 100-fold more effective
than the saponin extract without mediating dose-dependent
toxicity to the bone marrow and thus presents an encourag-
ing approach.

Heisler et al. examined the combination of a saponin
extract from Gypsophila paniculata, named Saponinum al-
bum, and a targeted chimeric toxin composed of human epi-
dermal growth factor and the plant ribosome-inactivating
protein saporin [102]. Saponinum album consists mainly of
the saponin gypsoside A (30%) and further saponins with the
identical aglycone (40%). The combination of Saponinum
album at a non-permeabilizing and non-toxic concentration
of 1.5 pg/ml with the chimeric toxin enhanced cytotoxicity
more than 3500-fold [103]. Furthermore, the highest increase
in cytotoxicity of the chimeric toxin was observed on epi-
dermal growth factor receptor expressing cells, thereby in-
creasing the therapeutic window of the chimeric toxin. In
relation to these observations further saponins from diverse
plants and with different structures were analyzed for their
ability to increase the cytotoxicity of chimeric toxins [12].
Among the saponins examined only Saponinum album and
quillajasaponin increased the cytotoxicity of the chimeric
toxin more than 1000-fold. Gypsoside A (Fig. (1)), the main
component of Saponinum album, and quillajasaponin are
both triterpene saponins with an aldehyde function at posi-
tion C-4 that seems to be important for the synergistic action.
Notably, only Saponinum album increased the specificity of
the chimeric toxin for target cells, while quillajasaponin en-
hanced the impact of the chimeric toxin on both non-targeted
and targeted cells similarly. The enhancement of cytotoxicity
of several protein toxins was reported by Hebestreit et al.
with maximal increase for the type I ribosome-inactivating
proteins saporin and agrostin [104]. The combination of
Saponinum album and chimeric toxins is to date the most
powerful combination of saponins and anti-tumor drugs and
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presents a very strong synergism with a currently unknown
mechanism.

CONCLUSION

The number of newly isolated and described saponins is
increasing constantly and many further saponins will be
identified due to improved methods of purification and de-
tection. The majority of the new saponins as well as several
well-known saponins possess impressive anti-cancer effects
and might help to develop improved anti-cancer regimens.
The avicins have currently the highest impact on cancer cells
with ICsy values for growth inhibition in the range of 1
pg/ml. Almost all saponins induce apoptosis in tumor cells,
they are preferable drugs for the treatment of cancer, because
eliminating tumor cells by apoptosis is helpful to lower side
effects in patients by avoiding necrosis. Other actions like
the inhibition of invasiveness as mediated by ginsenoside
Rb2 and the group B soy saponins is furthermore valuable in
order to prevent the development of metastases. The chemi-
cal modification of saponins might be a way to further in-
crease their activity. However, a good understanding of
structure-activity relationships is a prerequisite for modifica-
tions and currently not well established. Individual studies
have shown relevance of the stereochemistry of methyl pro-
toneogracillin or higher activity for deglycosylated deriva-
tives of soy saponin but it is impossible to determine which
functional groups within a saponin would result in the high-
est impact on tumor cells since currently only a few studies
have examined structure-activity relationships. Furthermore,
no standardized experimental procedures including tumor
cells and incubation time have been used to allow quantita-
tive comparisons of different saponins. The low content of a
certain saponin in an analyzed sample is a further obstacle
for detecting anti-tumorigenic effects. Special attention
should be given to combinations of saponins and other anti-
carcinogenic drugs, since these offer very efficient treatment
regimens against cancer. Most important is the saponin-
mediated potentiation of tumor growth inhibition and the
possibility to circumvent drug resistance. The elucidation of
structure-activity relationships between different saponins in
combination with conventional drugs is much more compli-
cated than for saponins alone. Thus, it is not surprising that
no mechanistic processes for these effects are known, how-
ever, detailed information on this basis is necessary for a
directed improvement of saponin-based tumor therapies in
the future.
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