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In perspective of reducing the mortality of cancer, 
there is a high interest in compounds which act 
on multiple cellular targets and therefore prevent 
the appearance of cancer resistances. Saponins 
and a-hederin, an oleanane-type saponin, induce 
cancer cell death through different pathways, in­
cluding apoptosis and membrane permeabiliza­
tion. Unfortunately, the mechanism by which cell 
death is induced is unknown. We hypothesized 
that the activity of a-hederin mainly depends on 
its interaction with membrane cholesterol and 
therefore investigated the cholesterol and sapo­
nin-structure dependency of apoptosis and mem­
brane permeabilization in two malignant mono­
cytic cell lines. Apoptotic cell death and mem­
brane permeabilization were significantly re­
duced in cholesterol-depleted cells. Permeabiliza­
tion further depended upon the osidic side chain 
of a-hederin and led to extracellular calcium in­
flux and nuclear fragmentation, with only the lat­
ter being susceptible to caspase inhibitors. Mem­
brane order, measured by laurdan generalized 
polarization imaging, was neither reduced by a-

Cancer is becoming an increasing problem of 
public health especially in developed countries. 
The appearance of cancer resistance towards con­
ventional chemotherapy diminishes the chances 
of successful treatment and is therefore a major 
challenge in cancer research [ 1 ]. A way to prevent 
chemotherapeutic resistance in cancer cells is to 
act on multiple targets. Saponins, natural amphi­
philic compounds have shown the potential to in­
duce cancer cell death by multiple pathways and 
to increase the activity towards common chemo­
therapeutic agents or radiotherapy [2-5 ]. a-He­
derin (kalopanaxsaponin A, Fig. 1 S, Supporting 

hederin nor its aglycone hederagenin suggesting 
that their activity was not related to membrane 
cholesterol extraction. However, a radical change 
in morphology, including the disappearance of 
pseudopodes was observed upon incubation with 
a-hederin. Our results suggest that the different 
activities of a-hederin mainly depend on its inter­
action with membrane cholesterol and conse­
quent pore formation. 

AO/EB: 
BCA: 
BSA: 
DAPI: 
EGTA: 

FCS: 
M/JCD: 
SOS: 

acridine orange/ethidium bromide 
bicinchonic acid 
bovine serum albumin 
4',6-diamidino-2-phenylindole 
ethylene glycol-bis(JJ-aminoethyl 
ether)-N,N,N',N'-tetraacetic acid 
fetal calf serum 
methyl-/J-cyclodextrin 
sodium dodecyl sulfate 

Supporting information available online at 
http: //www.thieme-connect.de/products 

Information), an oleanane type saponin extracted 
from Hedera helix, showed a promising activity in 
vivo against colon and lung cancer [5]. It has been 
shown that a-hederin possesses a selective cyto­
toxic activity towards cancer cells most probably 
by activating on apoptotic pathways via cytosolic 
increase ofreactive oxygen species and Ca2+ [6, 7J. 
We recently showed that a-hederin and its agly­
cone hederagenin (Fig. 1 S, Supporting Informa­
tion) were able to induce pore formation in lipo­
somal systems in a cholesterol dependent man­
ner [8]. Because cholesterol plays a critical role 
for both the activity on cancer cells and hemolysis 
by saponins [9J, the characterization of the inter­
action between a-hederin and cholesterol in cell 
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U937 

THP-1 

Cholesterol/proteins 
Cholesterol/phospholipids 
Cholesterol/proteins 
Cholesterol/phospholipids 

Non-depleted 

13.13 ± 1.30 µg/mg 
150.90 ± 14.98 µg/µM 
11.29 ± 0.39 µg/mg 

129.93 ± 4.17 µg/µM 

Depleted 

4.49* * * ± 0.24 µg/mg 
40.26*** ± 2.16 µg/µM 

6.54*** ± 0.72 µg/mg 
60.07 * * * ± 6.67 µg/µM 

Table 1 Ratios of cholesterol/ 
proteins and cholesterol/phospho­
lipids in non-depleted and choles­
terol depleted U937 and THP-1 
cells. 

Three independent experiments have been performed, Statistical analysis: One-way ANOVA. • * *p < 0.001 

Non-depleted cells Cholesterol-depleted cells Fig. 1 Cytotoxicity induced by a-hederin in non­
depleted (A, C) and cholesterol-depleted U937 cells 
(B, 0). Panels A and B show trypan blue assay of 
cells incubated with increasing concentrations of a­
hederin: Control (111), 10 µM (A), 15 µM (v), 20 µM 
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( +) and 25 µM ( • ). Panels C and 0 display acridine 
orange/ethidium bromide assay of cells incubated 
with 20 µM of a-hederin. Straight line: Cells with 
permeabilized plasma membrane, dashed line: cells 
with fragmented nuclei. Three independent ex­
periments were performed. Statistical analysis: 
Two-way ANOVA between non-depleted and cho­
lesterol depleted conditions. * P < 0.5; * *p < 0.1; 
***p<0.01. 
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membranes is a key for the understanding of the mechanisms in­
volved in saponin induced cell death. The interaction of a-heder­
in with membraneous cholesterol could also have repercussions 
on the chemotherapeutic resistance of cancer cells since its regu­
latory function on the membrane order has been put into rela­
tionship with the activity of drug expelling channels [10]. How­
ever, several saponins changed the lipid order in cell membranes 
but no consistency was observed among those compounds re­
garding an increase or decrease of membrane fluidity or whether 
this change was cholesterol related or not [11, 12]. Interestingly, 
ginsenoside Rg3 induced changes in the membrane order re­
sponsible for a reduction of chemotherapeutic resistance in mul­
tidrug resistant cancer cells [ 13 ]. 
Hence, the activity of saponins and a-hederin might depend on 
their interaction with cholesterol in the plasma membrane. We 
therefore decided to analyze the importance of cholesterol in a­
hederin induced cell death in cancer cells and the effects of the 
saponin on plasma membrane integrity and order. As a model, 
we used two monocytic cell lines depleted or not in cholesterol: 
U937, a cholesterol auxotroph cell line [14] and THP-1 cells, able 
to synthesize their own cholesterol [15]. In addition, we estab­
lished the importance of the sugar moiety for those effects, by 
comparing the effect of a-hederin with that obtained with its 
aglycone, hederagenin. 
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MfJCD was very efficient in reducing the cholesterol/protein and 
cholesterol/phospholipid ratio in U937 and THP-1 cells ( c Table 
1 ). The phospholipid amount was not influenced by M/JCD (data 
not shown), indicating a selective depletion of cholesterol. The 
measured cholesterol concentrations of non-depleted cells corre­
sponded almost to values reported in literature [ 16, 17J. 
Cell death was rapidly observed in a-hederin treated U937 cells 
by trypan blue assay. It increased upon a-hederin concentration. 
At the highest concentration investigated (25 µM; Fig. 1 A), a­
hederin induced 62 ± 5.2% of cell death after 2 h of incubation. 
Depletion of cholesterol by MfJCD effectively reduced a-hederin 
induced cell death in U937 cells upon 18 h of incubation 

Fig. 1 B). These observations agree with those previously ob­
tained on THP-1 cells [8]. SOS, conversely to a-hederin induced 
cell death preferentially in cholesterol-depleted cells (Fig. 25, 
Supporting Information). This confirms that only the saponin 
toxicity was inhibited by cholesterol depletion. 
Monitoring the cholesterol-dependency of a-hederin induced 
cell death by acridine orange/ethidium bromide staining 

Fig. 1 C, D) allowed us to follow the permeabilization of the 
plasma membrane in parallel with changes of the nucleus' mor­
phology. The fragmentation of the nucleus is usually regarded as 
a sign of apoptotic cell death but might also occur to a lesser ex­
tend in necrosis [18j. Membrane permeabilization and the subse­
quent influx of ethidium bromide were induced long before the 
appearance of nucleus fragmentation. More than 40% of the cells 
lost their membrane integrity after 4 h of incubation with 20 µM 



24h 

U937 

48h Fig. 2 Apoptosis induced by a-hederin in U937 (A, 
B) and THP-1 (C, D) cells, depleted or non- depleted 
in cholesterol. Fragmentation of nucleus of de­
pleted (black bars) or non-depleted (white bars) 
cells incubated for 24 (A, C) and 48 h (B, D) with 
increasing concentrations of a-hederin. Statistical 
analysis: One-way ANOVA: depleted vs. non-de­
pleted cells. *P<0.05; **p<0.01; ***p<0.001. 
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a.-hederin Hederagenin Fig. 3 Apoptosis (% fragmentated nuclei) and cell 
necrosis {% membrane permeabilization) induced 
by a-hederin and its aglycone, hederagenin. Panels 
A, B, C, D: U937 cells incubated for 2, 6, 18, 24 and 
48 h with a-hederin (A, C) or hederagenin {B, D). 
Control(•, black), 10 µM ("·very dark grey), 15 µM 
(T, dark grey), 20 µM (+.grey) and 40 µM (•,light 
grey). Statistical analysis: Two-way ANOVA: vs. con­
trol. *P<0.05; **p<0.01; ***p<0.001. 
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of a-hederin in non-depleted cells. Nucleus fragmentation be­
came significant after 18 h of incubation. Depletion of cholesterol 
reduced the fragmentation of the nucleus. Membrane defects 
were also reduced in depleted cells Fig. 1 D) which confirmed 
the results obtained with trypan blue assay Fig. 1 A). 
Fragmentation of nuclei was further investigated in a concentra­
tion-dependent manner by DAPI assay for 24 and 48 h. Fragmen­
tation increased upon a-hederin concentration in U937 Fig. 2-
A, B) and THP-1 cells Fig. 2 C, D ). In THP-1, as well as in U937 
(not shown), a maximum of fragmentation could be observed at 
concentrations around 20 µM. In all conditions investigated, de­
pletion of cholesterol reduced the fragmentation of the nuclei. 
The osidic side chain of a-hederin has been shown to play an im­
portant role in the formation of pores in giant unilamellar vesi­
cles (GUV) [19]. We therefore investigated the critical role of sug­
ars in the membrane permeabilization and cell death Fig. 3). 

Hederagenin has the same triterpenoid backbone as a-hederin 
but lacks the sugar moiety. We compared the effects of a-hederin 
(0 Fig. 3A,C) and hederagenin Fig. 38,D) on U937 cells using 
AO /EB assay. 
Consistently with results shown for the trypan-blue assay 

Fig. 1 A), a-hederin induced a very rapid cytosolic ethidium 
bromide influx at higher concentrations Fig. 3 C). This effect 
was not observed with hederagenin even at very long incubation 
periods Fig. 3 D ). Condensation and fragmentation of nuclei 
was induced very soon after addition of 40 µM of a-hederin but 
decreased for longer incubation periods. The cells presenting nu­
clear fragmentation at this concentration systematically present­
ed ethidium bromide influx. The highest effect on fragmentation 
was observed with 20 µM of a-hederin for 24 and 48 h of incuba­
tion Fig. 3A). Hederagenin only induced fragmentation after 
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48 h at 40 µM which is close to the solubility limit of the com­
pound ( C Fig. 3 B ). 
Moving on the mechanism involved in cell death and fragmenta­
tion of the nucleus by a-hederin and hederagenin, we investi­
gated the role of caspases by preincubating cells with the pan­
caspase inhibitor Q-VD-OPh ( C Fig. 4A, B and Fig. 35, Supporting 
Information). After 48 h of incubation with a-hederin and heder­
agenin, Q-VD-OPh effectively inhibited fragmentation of the nu­
cleus but did not significantly reduce the cytosolic ethidium bro­
mide influx for both compounds. In addition, the proportion of 
early apoptosis compared to all cells with fragmented nuclei was 
very low also for shorter incubation periods (C Fig. 4A and Fig. 35 
(C, D), Supporting Information). Camptothecine induced nuclear 
fragmentation and cell death was efficiently reduced by 
Q-VD-OPh especially at shorter incubation times (Fig. 35, Sup­
porting Information) and agrees with data obtained on HL-60 
cells [20 ]. At 4 h of incubation and 40 µM a-hederin, caspase inhi­
bition by Q-VD-OPh did not reduce the membrane permeabiliza­
tion, suggesting a caspase independent cell death at high saponin 
concentrations (Fig. 35 (B), Supporting Information). 
Calcium influx in monocytes has been compared for a-hederin, 
hederagenin and ionomycin. a-Hederin induced calcium influx 
in a concentration- and time-dependent manner. After 30 min 
of incubation with a-hederin, no significant calcium influx was 
observed at 10 µM, but several cells showed a higher intensity ra­
tio ofFURA-2 (I340/l3so) which reflects a higher intracytosolic Ca2 
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Fig. 4 Effect of caspase inhibitor on apoptosis and 
membrane permeabilization. Panels A, B U937 
cells were incubated for 48 h with camptothecine 
(Campto, red), a-hederin (a-h, grey), hederagenin 
(Hg , yellow) with or without pan-caspase inhibitor 
Q-Vd-OPh (In) . A Early (patterned bar)/ late (not 
patterned bar) apoptosis and B membrane perme­
abilization. CTL is the control. Statistical analysis: 
One-way ANOVA; symbols: • = Early apoptosis ±in­
hibitor o = Late apoptosis ± inhibitor; three sym­
bols: p < 0.001. 

Fig. 5 Calcium influx: U937 cells have been la­
beled with Fura-2 AM and further incubated for 
30 min at room temperature in KREBS media con­
taining 250 µM EGTA or 1.5 mM CaCl2 and a-he­
derin, hederagenin or ionomycin as positive control. 
In panel A, cells are pseudocolored upon the inten­
sity ratio of Fura-2bound toc/+/Fura-2unbound (1340/ 

1380). The colors range from 0.3 (deep blue) to 2.5 
(red) and scale bars are equal to 50 µm. Inserts 
show a biphoton microscopy slide (scale bars are 
5 µm) of a representative cell for the control and 
conditions where a significant change has been ob­
served. Panel B represents the intensity ratio of at 
least 70 cells from two independent experiments 
fo r each condition. Blue symbols represent EGTA 
and red symbols the Ca2+-containing condition. 
Statistical analysis: One way ANOVA has been per­
formed separately for EGTA and Ca2+-containing 
media. *P<0.05, *** p <0 .001 compared to the 
control. 

+-concentration compared to the control. This was only observed 
in media containing extracellular Ca2+ ( C Fig. 5 A, B). The cytosolic 
Ca2+ -influx induced a significant change of the intensity ratio at 
15 and 20 µM of a-hederin in Ca2+-containing media. Extracellu­
lar EGTA reduced effectively the intensity ratio in a-hederin incu­
bated cells suggesting an extracellular influx. The overall inten­
sity of the FURA-2 signal was reduced at 15 and 20 µM, reflecting 
a leak of the fluorescent marker out of the cells. Interestingly, sev­
eral cells treated with a-hederin concentrated FURA-2 into spots 
whereas a homogenous distribution of the marker was kept in 
other conditions (C Fig. SA). Biphoton microscopy (insets) re­
vealed that this effect occurred even in the presence of EGTA sug­
gesting it did not exclusively depend on extracellular Ca2+. Heder­
agenin ( 40 µM) did not induce an increase of the intensity ratio, 
indicating a lack of cytosolic ca+2-increase. 
At 40 µM, a-hederin induced rapid (less than 5 min) intracyto­
solic calcium influx (Fig. 45, Supporting Information). The inten­
sity ratio increased from 0.5 for control cells to 1.5 after 5 min 
treatment. Conversely to ionomycin, this increase did not depend 
on extracellular calcium (1.5 mM) which suggests that, at this 
concentration, a-hederin induces not only the influx of extracel­
lular calcium but also the release of intracellular calcium stores. 
Additionally, the signal intensity of FURA-2 decreased, reflecting 
a leak out of FURA-2 from the cell. After 30 min of incubation and 
40 µM of a-hederin, all the FURA-2 had been leaked from cells 
and they were no longer fluorescent (data not shown). 
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THP-1 U937 
Fig. 6 GP-images of THP-1 and U937 cells, incu­

bated with a-hederin (20, 40 µM) or hederagenin 

(40 µM) for 2 and 24 h. A Confocal sections in the 

middle plane of the cell. As a control, cells have 

been incubated with MPCD (5 mM) for 2.5 h. ----
Control 

a-hederin 20 µM 

a-hederin 40 µM 

Hederagenin 40 µM 

Mf3CD5 mM 

2.5 h 

At a glance, intracytosolic calcium is significantly increased by a­
hederin and at high concentrations, FURA-2 leak out is observed 
suggesting the formation of larger non Ca2+ -selective pores even 
at short incubation times. Hederagenin itself was not able to in­
crease Ca2+ -influx at 40 µM and 30 min of incubation. 
We further investigated the effect of a-hederin and hederagenin 
on morphology as well as on membrane order in macrophages. 
We used laurdan biphoton microscopy to determine generalized 
polarization (GP) of cell membranes. Laurdan-GP is an indicator 
of membrane order at the water-membrane interface. Higher 
GP-values reflect a lower polarity of the microenvironment of 
the fluorescent probe and can generally be associated with high­
er lipid packing in the membrane. 
The GP of plasma membranes in U937 and THP-1 cells was al­
ways higher than the GP of intracellular membranes. This partic­
ularity has been shown in other cell lines and might be attributed 
to the higher content of cholesterol and saturated lipids of the 
plasma membrane, compared to intracellular organelles [21 ]. 
Hence, it permits to distinguish between the plasma membrane 
and intracellular membrane material (C Fig. 6). GP values from 
the plasma membranes are represented as GP11igh and all other 

B 30-reconstructions of GP-confocal sections for 

negative controls and at 2 h and 40 µM of a-heder­

in. GP-images are pseudocolored ranging from 

- 0.5 (blue) to 1 (red). Scale bar= 5 µM. 

GP values are represented as GP1ow (Fig. SS, Supporting Informa­
tion). 
Membrane morphology of U937 and THP-1 cells was radically 
changed upon incubation with a-hederin ( C Fig. 6). After 2 h of 
incubation with 40 µM, pseudopodes disappeared which gave 
the impression of a 'flat'-spherical plasma membrane (C Fig. 6A, 
B). This effect was also observed at 24 h incubation with 20 µM of 
a-hederin (C Fig. 6A). M/1CD induced a similar effect which might 
indicate a cholesterol dependence of this effect. In addition, we 
observed the formation of plasma membrane blebs with 20 and 
40 µM of a-hederin after 24 and 2 h of incubation, respectively. 
Those changes on the plasma membrane were accompanied by 
a release of intracellular membrane material to the extracellular 
media (see arrow) which made the cells resemble ghost cells. The 
shape of the nucleus was transformed from bilobar to spherical, 
which was occasionally accompanied by nuclear fragmentation. 
In parallel, upon a-hederin incubation, we observed an overall 
increase of GP values in both cell types but this effect seemed to 
be more important for GP1ow and GP mean values (Fig. SS, Support­
ing Information). This was most probably due to the fact that the 
intracellular membrane material was either disintegrated or re-
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leased to the membrane exterior. The plasma membrane order 
(GPhigh) in U937 cells remained unchanged. This was different to 
THP-1 cells, where plasma membrane order (GPhigh) seemed to 
increase compared to the control. As a positive control for plasma 
membrane order reduction (GPhigh). we used 5 mM of M/JCD in 
RPMI media containing 1 mg/ml BSA and exempt of FCS. In those 
conditions, GP values (low, high and mean) were significantly re­
duced and generally attributed to the depletion of membrane 
cholesterol (Fig. SS, Supporting Information) [22]. 
Hederagenin did neither have an effect on cell membrane mor­
phology nor on membrane order for at least 24 h of incubation 
at its solubility limit of 40 µM. 

In the past, a-hederin has been shown to induce apoptotic fea­
tures like DNA fragmentation and caspase dependent cell death. 
It has been assumed that the saponin would be able to induce ap­
optotic pathways via activation of specific Ca2+ -channels and de­
pletion of antioxidant species in the cytoplasm [6, 7]. In addition 
to this effect, direct pore formation was observed but a link be­
tween both activities was so far missing [23 ]. 
Through our results it emerges that the main component of a-he­
derin induced cell death can be attributed to its membrane per­
meabilizing activity, especially at high concentrations, which 
seems to be related to the presence of cholesterol in the mem­
brane. Several results point into this direction: (i) treated cells 
with fragmented nuclei present mostly a compromised cell 
membrane and ethidium bromide influx. They might still be seen 
as "late apoptotic" cells but at 2 h of incubation with 40 µM, the 
percentage of ethidium bromide influx is already at 75 %. (ii) Total 
cell death is not reduced by general caspase inhibitors at short in­
cubation times, conversely to campthotecin (Fig. 35, Supporting 
Information). (iii) Depletion of cholesterol confers resistance to­
wards a-hederin induced cell death. Pore formation in liposomal 
membranes by a-hederin has been shown to be cholesterol de­
pendent [8] and lysis of red blood cells by saponins was ex­
plained by a cholesterol dependent mechanism [24 ]. The deple­
tion of cholesterol in the plasma membrane of cancer cells should 
hence refer resistance to pore formation. (iv) Cytosolic Ca2+-in-

. flux is concentration- and time-dependent. At 15 and 20µM, in­
flux depends mainly on extracellular calcium. It has been shown 
previously that pores formed by a-hederin in GUV and WV in­
creased their size through a concentration and time-dependent 
way [8, 19]. This is also supported by the fact that FURA-2, a larg­
er molecule than Ca2+, only escapes from the cells at high saponin 
concentrations (Fig. SS (A), Supporting Information). Calcium in­
flux might also be the trigger for several apoptotic hallmarks as it 
was proposed previously [6]. Apoptosis induction would in this 
case depend, at least in part, on pore formation by a-hederin. At 
40 µM, a-hederin induced cytosolic Ca2+-influx even when no Ca2 

+was present in the extracellular media. This means that the sap­
onin is also able to perforate membranes of intracellular calcium 
stores at high concentration. (v) Cells loose their intracellular or­
ganelles upon incubation with high concentrations of a-hederin. 
A part of the intracellular membrane material was released to the 
cell exterior which suggests relatively large pores Fig. 6). (vi) 
The direct morphological changes on the plasma membrane as 
well as the flattening or the formation of blebs might indicate a 
direct effect on the membrane. Inhibition of pseudopodia forma­
tion by a-hederin and M/JCD accounts for a cholesterol-depen-
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dency of this effect. It has been shown on macrophages, that the 
formation of pseudopod es is a cholesterol dependent mechanism 
[25,26]. Formation of blebs is an apoptotic hallmark [27] but 
could be related to the curvature stress which is generated by a­
hederin [8]. 
Despite all the data, it is not exactly clear which type of pore, 
membrane hole or instability is induced by a-hederin. Our recent 
studies on membrane models showed that a-hederin can induce 
the formation of large toroidal pores at high concentration, but it 
was also shown that at lower concentrations the saponin induced 
rather the formation of lipid aggregates in the membrane, which 
were composed of phospholipids and sterols. The formation of 
those aggregates might deplete the membrane of its lipid materi­
al and create transient or permanent membrane instabilities and 
holes [8, 19]. The increase of laurdan generalized polarization in 
the plasma membrane might indicate the formation of similar ag­
gregates (Fig. SS, Supporting Information) but to resolve this is­
sue, it would require further investigation. Both mechanisms co­
exist most probably and might depend on the critical micellar 
concentration of the saponin [19]. Similarly, amphotericin, an 
antifungal compound, induced the formation of pores and a 
"sponge"-like phase, which was able to sequester membrane er­
gosterol and thereby decrease membrane stability [28]. However, 
since the effects of a-hederin were not accompanied by a de­
crease of plasma membrane order, as it has been observed with 
M~CD, an extraction of cholesterol from the membrane into the 
surrounding media is less probable (Fig. SS, Supporting Informa­
tion). 
We further wanted to point out the importance of the sugar chain 
in cell death induction. Regarding the structure of the saponin, 
we showed that the presence of the sugar chain was critical for 
rapid cell death induction but didn't seem necessary for cell 
death induction at longer incubation periods. Without the sugar 
chain (hederagenin), there was neither a rapid cell death nor 
membrane permeabilization observed at concentrations up to 
40 µM. This can probably be put into relationship with the results 
obtained in GUV at high concentration, where an immediate per­
meation to dextran at 4 kDa was observed with a-hederin where­
as the effect with hederagenin became only evident at 48 h of in­
cubation [8]. Induction of cell death required longer incubation 
periods and higher concentrations with hederagenin compared 
to a-hederin . 
Despite the effect on membrane permeabilization, the extrinsic 
apoptotic pathway could also play a role, especially at lower con­
centrations. For avicin D, another saponin, depletion of mem­
brane cholesterol by M/JCD inhibited activation of death recep­
tors in cancer cells [29]. Activation of death receptors via coales­
cence or disruption of lipid rafts has also been shown for some 
other saponins and cholesterol binding toxins [30, 31 ]. The induc­
tion of phase separation in GUVs mimicking nanoscopic raft do­
mains by a-hederin supports this hypothesis [19]. 
Regarding the potential use of both drugs as anticancer agents, 
the present study shows that o:-hederin induces cell death in can­
cer cells very efficiently. However, the question arises how the 
present mechanism could be in any way specific towards cancer 
cells. Some specificity might arise from an overproduction of cho­
lesterol in several types of cancer cells as a higher membrane 
cholesterol content would mean a more efficient membrane de­
stabilization or apoptosis induction by the saponin [32, 33 ]. Since 
a-hederin given intraperitoneal had an effective anticancer activ­
ity in mice against two very resilient cancer types, its limitation 



due to hemolytic effects [34] might only apply when adminis­
tered directly into the blood stream. 
At a glance, a-hederin induces cell death via cholesterol depen­
dent pore formation followed by cytosolic Ca2+-influx mostly 
from extracellular media. The pore formation involves the release 
of intracellular membrane material from the cell. The pore form­
ing activity would not be due to a cholesterol extraction from the 
membrane but rather due to the formation of cholesterol/saponin 
aggregates in the membrane which do not involve a general 
change of membrane order. This effect might further lead to the 
inhibition of pseudopodia formation. We also show that the cas­
pase-dependent fragmentation of the nucleus is most probably 
due to the increase of cytosolic Ca2+ after membrane permeabili­
zation of cancer cells [35 ]. 

a-hederin and hederagenin (purity~ 98%) were purchased from 
Extrasynthese. The compounds were dissolved in ethanol. After 
evaporation of the solvent, the residue was resolubilized in RPMI 
media containing 0, 1 % of DMSO in an ultrasonic bath for 5 min. 
Corresponding controls were used. Cells were purchased from 
ATCC. RPMI medium was ordered by Life technologies. BCA pro­
tein assay, FURA-2 AM, ionomycin (purity> 90%) and Amplex red 
cholesterol assay kit were purchased from ThermoFisher Scien­
tific. M/JCD, SOS, DAPI, acridine orange and ethidium bromide 
were ordered from Sigma-Aldrich. All other reagents were or­
dered from E. Merck AG. 

All our experiments were performed on cells which were freshly 
defrozen from a stock, that had been established directly after 
purchasing the cells from ATCC. Cell cultures were never kept 
longer than 3 weeks in culture. Cells were cultivated in RMPI me­
dium containing 10% FCS in 95% air and 5% C02. 
For cholesterol depletion, cells (106 cells/ml) were incubated for 
2.5 h in RPMI medium containing 1 mg/ml BSA and 5 mM M/JCD. 
Cell counting was performed in a Burker chamber. After incuba­
tion, cells were washed 3 times with RPMI medium without se­
rum. 
At this time, a part of the cells were quantified for their cholester­
ol, phospholipid and protein contents. For cholesterol and phos­
pholipid quantification, cellular lipids were first extracted [36] 
and further quantified by Amplex red cholesterol assay and phos­
phorus assay [37]. Proteins were quantified by the BCA protein 
assay kit. 
For further incubation with a-hederin, hederagenin or SDS, cho­
lesterol-depleted cells were incubated in RPMI media containing 
10% FCS. 

Cell death was quantified by the trypan blue assay using a phase 
contrast microscope and results were expressed in % of total cells 
[38]. 

We used DAPI assay to determine nuclear fragmentation [39]. A 
total of 500 cells was counted. 

To distinguish between living, death cells and early and late apo­
ptosis, we used the AO/EB assay [40]. Both stains label the nu­
cleus but only acridine orange can diffuse through an intact plas­
ma membrane. After incubation, cells were harvested and 
washed in PBS medium. They were then put in contact with the 
AO/EB (100 µg/ml) solution and observed by fluorescence mi­
croscopy. Early apoptotic cells had a fragmented nucleus and pre­
sented no EB influx. All the cells showing EB influx were counted 
as cells with a defect membrane. Cells presenting both EB influx 
and nucleus fragmentation were considered as late apoptotic. A 
total of 200 cells were counted. 

U937 cells were loaded with FURA-2 AM for 1 h at 20 °C in RPMI 
medium containing 10% FCS. They were further washed with 
KREBS-HEPES media (+BSA 1 mg/ml) adjusted at pH= 7.4 and in­
cubated in the same media containing 1.5 mM CaC12 or 250 µM 
EGTA. a-hederin and hederagenin were resuspended in the cor­
responding buffer solution with 0.1 % DMSO. For microscopy, cells 
were transferred into non coated IBIDI slides and alternatively 
excited at 340 and 380 nm. Emission fluorescence was monitored 
at 510 nm using a Deltascan spectrofluorimeter (Photon Technol­
ogy International) coupled to a Nikon Diaphot inverted micro­
scope (Fluar 20x, objective; numerical aperture, 0.75). Fluores­
cence intensity was recorded over the surface of each single cell 
and intracytosolic [Ca2+] was evaluated from the ratio of the fluo­
rescence emission intensities excited at both wavelengths. A 
minimum of 30 cells have been analyzed for each condition. 

After incubation, cells were washed with RPMI media and labeled 
with laurdan at 2 µM and 37 °C for 30 min in RPMI media ( + 1 mg/ 
ml BSA). They were further washed with PBS at pH= 7.4 and 
transferred in the same buffer to IBIDI slides. Excitation was done 
at 780nm (0.5% intensity) and cells were observed using a C­
Apochromat 63x/1.2 water immersion objective. Emission inten­
sity was recorded upon two channels (11=1404-457 nm and Ii= 
I46s-s2snm) on entire cells. Generalized polarization (GP) was 
calculated using the formula: GP= (11 -G.12)/(11 + G.12). The G-fac­
tor (G) is instrument dependent and was determined through a 
calibration method previously described [41 ]. Generalized polar­
ization (GP) images (HSV images) were created with a own Mat­
lab routine based on principles previously established [ 41 ]. 
Briefly, all GP-values of an obtained GP-image were fitted to a 
double Gaussian function. The centre of both functions were rep­
resented by two GP values (GPhigh and GP1ow). reflecting approx­
imately the GP-values of the plasma membrane and the intracel­
lular membranes, respectively (see results). GPmean represented 
the total average of all GP-values in a cell. A total of 15 entire cells 
was analyzed for each condition. 

Structures of a-hederin and hederagenin as well as results and 
additional data are available as Supporting Information. 
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Fig. 1S Molecular structures of α-hederin and its aglycone hederagenin. 
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Fig. 2S Trypan blue assay in non-depleted (A) and cholesterol-depleted U937 cells (B) of 

increasing concentrations of sodium dodecyl sulfate (SDS): Control (●), 100 µM (■), 250 µM 

(▲) and 500 µM (▼). Statistical analysis: Two-way ANOVA between non-depleted and 

cholesterol depleted conditions. **P < 0.1, ***p < 0.01. 
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Fig. 3S Acridine orange/ethidium bromide assay of U937 cells. Early/late apoptosis (A, C) 

and membrane permeabilization (B, D) for cells incubated with or without general caspases 

inhibitor Q-VD-OPh. Camptothecine (Campto, white) has been used as a positive control for 

apoptosis induction. α-Hederin (α-h, grey) has been used at 20 μM and 40 μM for 24h and 4h 

of incubation, respectively. Statistical analysis for conditions with or without inhibitor: One 

way ANOVA. Symbols: ● = early apoptosis, ○ =late apoptosis, * =membrane 

permeabilization; two symbols : p < 0.01, three symbols: p < 0.001. 
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Fig. 4S Intensity ratio of Ca

2+
 bound vs. unbound FURA-2 in U937 cells after 5 min of 

incubation with α-hederin in media containing Ca
2+

 ions (+Ca
2+

) or not. Statistical analysis: 

One way ANOVA was used to compare intensity ratios to the control. ***P < 0.001. 
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Fig. 5S GP-data of THP-1 (A, B, C, D) and U937 (E, F, G, H) cells. Panel A, C, E, G, I: GP-

values of a GP image have been fitted to a double Gaussian function centered at GPex (low), 

black colors and GPex (high), grey colors. Panel B, D, F, H, J: Average of all GP-values in a 

GP-image. Statistical analysis, two-way ANOVA compared to control. **P < 0.01, ***p < 

0.001. 
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