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Abstract

Objectives: Aqueous Viscum album L. extracts are
widely used for anti-cancer therapies. Due to their
low solubility, triterpenes (which are known to act
on cancers), do not occur in aqueous extracts in sig-
nificant amounts. Using cyclodextrins, we have
found it possible to solubilize mistletoe triterpene
acids and to determine their effects on acute lympho-
blastic leukaemia (ALL) in vitro and in vivo.
Materials and methods: A C.B-17/SCID model of
pre-B ALL (NALM-6) was used to test efficacy and
mechanisms of treatment with lectin- and triterpene
acid containing preparations in vivo. Cytotoxicity of
increasing concentrations of V. album L. prepara-
tions was assessed in vitro. Apoptosis was deter-
mined using mitochondrial membrane potential
measurements, annexin V/PI, western blot analyses
and caspase inhibitor assays.

Results: Solubilized triterpene acid- or lectin-con-
taining V. album L. extracts inhibited cell prolifera-
tion and demonstrated cytotoxic properties in vitro.
Annexin V/PI and mitochondrial membrane poten-
tial assays indicated that dose-dependent induction
of apoptosis was the main mechanism. Combination
(viscumTT) of lectin- (viscum) and triterpene-
containing (TT) extracts resulted in greatest
induction of apoptosis. Furthermore, caspase activity
demonstrated that these extracts were able to induce
apoptosis through both caspase-8 and -9 dependent
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pathways. In vivo experimentation showed that treat-
ment of mice with viscumTT combination prolonged
mean survival to 50.5 days compared to 39.3 days in
the phosphate-buffered saline group.

Conclusion: Here for the first time, we have demon-
strated that either solubilized triterpene acids or lec-
tins and combinations thereof, induce dose-
dependent apoptosis in the ALL cell line NALM-6
via caspase-8 and -9 dependent pathways.

Introduction

Extracts produced from V. album L. extracts (Viscum
album Loranthaceace, from mistletoe) have commonly
been used in adjuvant cancer treatment since 1920 (1).
The mistletoe plant has a variety of biologically active
substances such as specific lectins (MLs), viscotoxins,
polysaccharides, lipids, flavonoids, triterpene acids and
alkaloids. Apart from their immunological and cytotoxic
effects, aqueous mistletoe preparations activate NK cells,
monocytes, granulocytes, dendritic cells and T-helper
cells, and induce cytokine release and apoptosis in vitro
and in vivo (2-6). They are also able to stabilize DNA
when in low concentration, whereas they exert cytotoxic
activity at higher concentrations (7-9).

Most investigations on V. album (VAE) are based on
aqueous mistletoe extracts, which contain cytotoxic and
immunomodulatory proteins such as mistletoe lectins and
viscotoxins (10-12). Best-studied components are glyco-
proteins mistletoe lectin I-1IT (13—-19), however, ML-I has
been shown to be the predominant cytotoxic ingredient
(20). Cytotoxic effects of MLs are induced primarily via
apoptosis, involving receptor-independent activation of
effector caspases (21-24). Besides anti-metastatic effects
of MLs on different solid tumours in vivo, recent studies
have for the first time shown therapeutic effects on
acute leukaemia in vivo (2,25). Due to their low solubility,
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triterpene acids [oleanolic acid (OA), betulinic acid (BA)],
which are also known to possess cytotoxic and anti-
tumour properties (26,27), do not reside in significant
amounts in aqueous extracts (28). Pre-clinical studies have
indicated that pentacyclic triterpene acids OA and BA
have anti-inflammatory and anti-carcinogenic properties
(29-33). Moreover, it has been reported that OA and its
derivatives are able to induce apoptosis in various malig-
nant cells (32,34-37). Therapeutic properties of triterpene
acids have been demonstrated by showing inhibition of
cell population growth and induction of apoptotic cell
death in leukaemia cells (38).

Here, our basic aim was to test the combination of
mistletoe lectins and triterpene acids, as it occurs naturally
in mistletoe as well as the single components. It is an old
assumption of phytopharmacology that a naturally occur-
ring combination is sometimes advantageous compared to
single compounds, as illustrated for example, by pharma-
cological effects of St. John’s wort (Hypericum
perforatum).

Triterpene acids and mistletoe lectins occur naturally
in the mistletoe plant. However, because of the pharmaco-
logical characteristics of triterpene acids, they are difficult
to extract and solubilize in aqueous extracts. Using cyclo-
dextrins, it was possible to solubilize mistletoe triterpene
acids (mainly oleanolic acid) and achieve a plant extract
with high levels of OA and MLs in combination (39,40).
As composition of triterpene acids and MLs has not been
analysed previously, the aim of our study was to charac-
terize well-defined compositions of VAE in acute lympho-
blastic leukaemia (ALL). These experimental extracts
contain either lectins and viscotoxins (viscum), or solubi-
lized triterpene acids (OA + BA) and, more interestingly,
a combination thereof (viscumTT). Induction of apoptosis
was determined by annexin V and JC-1 assay, caspase
assays and further western blot analyses. In addition, in
vivo anti-cancer effects were examined using a human leu-
kaemia mouse model.

Materials and methods

Viscum album L. extracts

Sprouts of V. album were harvested from apple trees
(Malus domestica Borkh.) and identified by co-author S.
Jaeger. Two different extracts were prepared to obtain
oleanolic acid-containing ‘“TT’ extract and mistletoe lectin-
containing ‘viscum’ extract. Combination of both extracts
is further referred to as ‘viscumTT’.

Preparation of oleanolic acid-containing TT extract. Ole-

anolic acid was extracted from dried plant material
resulting in a dry substance containing 69.4% OA and
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6.9% BA (41). A quantity of 100 mg of these triterpene
acids was mixed with 2-HP-B-cyclodextrins (2-hydroxy-
propyl-B-cyclodextrin) and was suspended in water. The
dry (105 °C) mixture was pestled, the resulting powder
was suspended in sodium dihydrogen phosphate buffer
(30 mm, pH 8.0); the mixture was sonicated for 30 min.
After adjusting pH to 7.5 (100 mm phosphoric acid), the
volume was made up to 25 ml (30 mm sodium phos-
phate buffer, pH 7.5). After filtration, OA was quanti-
fied in triplicate in each solution, using GC-FID, and
external calibration with OA as reference substance
(>97%; Extrasynthese, Genay Cedex, France) (28). Final
triterpene content for triterpene extract (TT) was
6 mg/ml OA, 0.38 mg/ml BA and 230 mg/ml 2-HP-B-
cyclodextrins.

Preparation of mistletoe lectin-containing ‘viscum’-
extract. For the aqueous extract (lectin and viscotoxin-
containing ‘viscum’), plant material was milled under
liquid nitrogen using a cryo mill (Retsch, Germany) and
was extracted using ascorbate phosphate buffer (30 mm
sodium phosphate, 3.4 g/1 ascorbic acid, pH 9.1), result-
ing in filtered (0.22 pm) extract pH 7.5. Mistletoe lectins
were quantified using ELISA as previously described
(42,43). Final content of viscum was 470 ng/ml ML-I and
<1 pg/ml viscotoxin.

Preparation of “viscumTT’. viscum and TT were com-
bined with ‘viscumTT’ by mixing both extracts as
described above, containing 6 mg/ml OA, 0.38 mg/ml
BA and 470 ng/ml ML-I (Table 1). Required concentra-
tion was achieved by 1:1 v:v mixing of both extracts,
lyophilization and reconstitution in %2 original volume
with water/phosphate-buffered saline (PBS).

Materials and reagents

RPMI 1640, FCS, penicillin, streptomycin and PBS were
purchased from PAA Laboratories (Coelbe, Germany).

Table 1. Viscum album L. extracts. This table displays a scheme of
concentrations of applied Viscum album L. extracts TT, viscum and
viscumTT

2-HP-CD OA BA ML
(mg/ml) (mg/ml) (mg/ml) (pg/ml)
TT 230 6.0 0.38 -
Viscum 230 - - 470
ViscumTT 230 6.0 0.38 470
CD 230 - - -

OA, oleanolic acid; ML, mistletoe lectin; BA, betulinic acid; CD, 2-hy-
droxypropyl-B-cyclodextrin.
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Protein inhibitors, molecular mass standards for SDS—
PAGE, TX-100, sodium dodecyl sulphate and propidium
iodide were purchased from Sigma-Aldrich (Munich,
Germany). Acrylamide and dithiotreitol were obtained
from Carl Roth GmbH (Karlsruhe, Germany) and
ammonium  persulphate and  N,N,N,N-tetramethyl-
enediamine were purchased from Bio-Rad (Munich,
Germany).

Cell culture

Human acute lymphoblastic leukaemia NALM-6 cell line,
obtained from the DSMZ (Bonn, Germany), was used for
all investigations in this study. Cells were cultured in
RPMI 1640 medium supplemented with 10% heat-inacti-
vated FCS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin. For assays cells were diluted to concentration of
1 x 10° /ml, immediately before addition of distinct V.
album L. extracts.

Transplantation of ALL (NALM-6) into SCID mice

Eight week old female C.B-17/SCID (CB17/Icr-Prkdcs-
cid/IcrCrl) mice were obtained from Charles River Labo-
ratories (Sulzfeld, Germany). They were housed in our
institution in a specific pathogen-free (SPF) facility, main-
tained under pathogen-free conditions, fed autoclaved
standard diet purchased from Sniff (Soest, Germany) and
provided with acidified drinking water ad libitum. Animal
experiments were performed according to German legisla-
tion on care and use of laboratory animals (Tierschutzge-
setz). Approval for the study was obtained from the
institutional ethics review board (approval G0459/08
from 2009/10/07).

Determination of cell concentration and cell viability

Cytotoxicity of the different VAE was measured by
LDH assay. Release of lactate dehydrogenase (LDH)
was analysed using a Cytotoxicity Detection Kit (Roche,
Grenzach-Wyhlen, Germany). After incubation of
NALM-6 cells with the described VAE for 4 h in 96-
well plates, cells were centrifuged for 5 min at 360 g,
4 °C then 50 pl of supernatant was mixed with 50 pl
reaction mixture. Time-dependent results of the reaction
were quantified photometrically at 490 nm. Maximum
LDH release was induced with 1% Triton X-100 in cul-
ture medium and set as 100% cell death. Cell viability
was determined using a CASY® Cell Counter and Ana-
lyser System of Schaerfe System GmbH (Reutlingen,
Germany). Settings were specifically defined for require-
ments of the cells used. Experimentation was performed
as previously described (25).

© 2012 Blackwell Publishing Ltd

PI and annexin V binding assay

The NALM-6 cells were incubated for 24 h with the
described VAE. After incubation, cells were washed twice
in PBS, resuspended in 100 pl binding buffer (10 mm
HEPES/NaOH, pH 7.4, 140 mm NaCl, 5 mm CaCl,) and
stained with APC-conjugated annexin V (Becton Dickin-
son, Heidelberg, Germany) for 20 min, at room tempera-
ture (RT) in the dark. After incubation, 300 pl binding
buffer and 1 pl propidium iodide (PI; 1 mg/ml) were
added and samples were analysed immediately using
FACSCalibur (Becton Dickinson). Results were evaluated
with FlowJo Software (TreeStar, Ashland, USA).

Analysis of mitochondrial membrane potential (AY,,)

Mitochondrial membrane potential was assessed using
5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazol-carbocy-
anine iodide (JC-1) and flow cytometric analysis. After
incubation for 24 h with different concentrations of VAE,
mitochondrial membrane potential was measured by JC-1
(Sigma-Aldrich). Cells were resuspended in 750 pl phenol
red-free RPMI 1640 with no further supplementation, and
incubated in JC-1 (2.5 pg/ml final concentration) for
30 min at 37 °C, 5% CO,. After incubation, cells were
washed and resuspended in PBS followed by flow cyto-
metric analysis, with excitation and emission settings of
484 and 500 nm, respectively (Becton Dickinson). Depo-
larizing carbonyl cyanide 3-chlorophenylhydrazone
(CCCP; Sigma-Aldrich) was used as reference. Cells were
treated with 50 um CCCP (final concentration) for 30 min.

Protein extraction and western blot analyses

The cells were incubated for 24 h with concentrations of
VAE as used previously. Then they were washed twice in
PBS and lysed in buffer containing 10 mm Tris/HCI, pH 7.5,
300 mm NaCl, 1% Triton X-100, 2 mm MgCl,, 5 um EDTA
and 1 mm PefaBloc. Protein concentration was determined
using Bradford Reagent. Equal amounts of protein were sep-
arated by SDS-PAGE using the Bio-Rad system and trans-
ferred to nitrocellulose membranes. Antibody incubations
were performed overnight at 4 °C. Detection was performed
by using HRP-conjugated secondary antibodies, visualized
using ECL (Thermo Fisher Scientific, Bonn, Germany) and
Molecular Imager VersaDoc (Bio-Rad). Polyclonal caspase-
3, PARP and Bcl-2 antibodies were purchased from Cell Sig-
naling Technology (Danvers, Maine, USA) and mAb
B-actin-peroxidase antibody from Sigma-Aldrich.

Preparation of mitochondrial proteins

Twenty-four hours after incubation in VAE, cells were
collected by centrifugation at 200 g for 10 min, 4 °C.
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After washing twice in ice-cold PBS and centrifuga-
tion, pellets were lysed in ice-cold extraction buffer
(20 mm HEPES-KOH, pH 7.5 10 mm KCI, 1.5 mm
MgCl,, 1 mm EDTA, I mm EGTA, 1 mm DTT,
100 pm PMSF and protein inhibitor cocktail) and incu-
bated for 30 min on ice. Lysates were homogenized
with a 27G pestle (20 strokes) and centrifuged for
30 min at 15 000 g, 4 °C. Supernatant (cytosolic frac-
tion) was collected and pellets (mitochondrial fraction)
were resuspended in lysis buffer (44). Cell lysates were
fractionated in SDS-PAGE and transferred to nitrocel-
lulose membranes. Monoclonal cytochrome ¢ antibody
was purchased from Dianova (Hamburg, Germany).

Western blots were quantified using Quantity One
software (Bio-Rad) and level of cytochrome c release
was expressed as Adjusted Density Value of cytochrome
¢ over actin, normalized to control samples without
VAE incubation (45). Relative density of Ctrl = 1.

Measurement of caspase activity

Activity of caspases-8 and -9 was measured using a fluo-
rescent caspase staining kit according to the manufac-
turer’s protocol (Promokine, Heidelberg, Germany).
Control or induced cells were incubated for 0.5 h at 37 °C
using FITC-LEHD-fmk or FITC-IETD-fmk. After incuba-
tion, cells were washed and analysed by flow cytometry.
For caspase inhibitor experiments, cells were pre-incu-
bated with 100 um Z-VAD-fmk, Z-IETD-fmk or Z-
LEDH-fmk for 1 h (R&D Systems, Wiesbaden, Germany)
(24,46). After additional incubation with VAE for 24 h,
apoptosis was determined by annexin V-APC and propidi-
um iodide and FACS analyses. DMSO was added to
extracts as solvent control.

Animals and experimental procedures

Systemic leukaemia was induced by injection of 1 x 10°
human NALM-6 cells (DMSZ, Bonn, Germany) in
CB17/Icr-Prkdcscid/TcrCrl - mice intravenously  (i.v.).
Mice were divided into four groups of eight and were
medicated with 40 mg/kg oleanolic acid (TT), 3 pg/kg
lectin (viscum), or a combination thereof (viscumTT).
The control group received an equal volume of PBS.
Injections were given intraperitoneally (i.p.) three times a
week, for 21 days starting on day three after tumour cell
injection. Body weight was measured twice a week and
mice were carefully monitored for symptoms of toxicity.
They were observed daily for onset of hind leg paralysis
and were sacrificed when they developed paresis or
paralysis. Kaplan—Meier plots were constructed from the
data.

© 2012 Blackwell Publishing Ltd
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Statistical analyses

For animal experiments, Wilcoxon testing was carried out
to identify statistical differences. Values of P < 0.05 were
considered statistically significant. Fractional product (Fp)
of Webb was used to determine whether effects on apop-
tosis induced by viscumTT were additive, synergistic or
antagonistic (47). The following formula was used, as
shown previously (48):

E];Qexp = (El + E2 - ElEz), with El;Zexp = eXpeCted
(calculated) effect of combination viscumTT, where
E, = observed effect of TT; E, = observed effect of vis-
cum; E;.,.ps = observed effect of combined mixture vis-
cumTT.

Fp = E00¢/E12exp. Values Fp > 1 represent syner-
gistic effects, whereas Fp =1 is additive and Fp < 1
antagonistic.

Student’s #-test was applied to determine differences
between VAE-treated cells and control for caspase inhibi-
tor assay. Significance level was set at P < 0.05 for all
tests.

Results

Inhibition of proliferation of NALM-6 cells in vitro by
VAE

Release of LDH provides an accurate measure of cell
membrane integrity and cell viability. To exclude any
unwanted cytotoxic effect of necrosis, human leukaemia
NALM-6 cells were incubated with different concentra-
tions of VAE (TT, viscum, viscumTT, Table 1). Solubili-
zation agent CD (2-hydroxypropyl-B-cyclodextrin) was
used as medium control in all experiments. As shown in
Fig. 1a, no significant release of LDH was measured for
different doses of any V. album extracts, after 4 h. To
examine ability of TT, viscum or viscumTT to inhibit cell
proliferation, the cells were incubated for 24 h with doses
of extracts as depicted, and analysed using a CASY® Cell
Counter. As shown in Fig. 1b, proliferation was strongly
inhibited in a concentration-dependent manner, by up to
80% when treated with OA-containing extract (TT,
60 pg/ml), by up to 47% after treatment with lectin-con-
taining extract (viscum, 8 ng/ml ML) and by 79% when
incubated with a combination of both (viscumTT,
Fig. 1b).

Analyses of apoptosis induction by VAE

To determine whether inhibition of proliferation was asso-
ciated with reduced cell viability, induction of apoptosis
was analysed using annexin V. For this purpose, the cells
were incubated with the same concentrations of TT,
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Figure 1. Viscum album L. extracts inhibited proliferation of NALM-6 cells. (a) NALM-6 cells were incubated with different doses of VAE (TT, vi-
scum, viscumTT or CD) for 4 h. Cell viability was measured by LDH release assay. Values provided as percentage of control (+SD, n = 3). There was
no relevant LDH release after 4 h (<10% compared to control). (b) NALM-6 cells were treated with depicted concentrations of TT, viscum, viscumTT
or CD and incubated for 24 h. Proliferation was measured using the CASY® Cell Counter System. VAE inhibited proliferation in a concentration-depen-
dent manner. TT and viscumTT had inhibition of up to 80%, whereas viscum inhibited proliferation by only up to 47% (n = 3).

viscum, viscumTT and CD (as solubilization control) as
before and stained with annexin V and propidium iodide
(PD). As shown in Fig. 2a, viscum and TT showed clear
dose-dependent increase in annexin V positive cells.
Nearly 50% apoptosis was observed in cells treated with
TT at 40 pg/ml concentration OA and in cells treated with
viscum containing 3.2 ng/ml ML. In addition, the first
three combinations of both extracts (viscumTT) led to a
synergistic cytotoxic effect, fractional product calculated
by Webb, compared to the product of single-agent treat-
ments (*Fp > 1). We were not able to detect any effect of
CD on the cells.

Synergistic induction of mitochondrial depolarization
and cytochrome c release

To measure involvement of mitochondria in induction of
apoptosis, mitochondrial depolarization induced by TT,
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viscum, viscumTT and CD-treated cells was evaluated.
Dissipation of mitochondrial inner membrane potential
(AV,,) was measured using the cationic dye JC-1. There
was significant dose-dependent loss of mitochondrial
membrane polarization after treatment with TT, viscum or
viscumTT (Fig. 3a). AV, depolarization increased to
94 % when cells were treated with 60 pg/ml OA (TT)
and to 77% for viscum (8 ng/ml ML). Interestingly, vis-
cumTT caused significantly enhanced A\, depolarization
and confirmed the synergistic effect, fractional product
calculated by Webb, observed in the annexin V assay
(*Fp > 1). Cells incubated with cyclodextrins showed no
depolarization of mitochondrial membrane potential.
Next, we analysed cytochrome c release from mitochon-
dria into the cytosol after treatment with TT, viscum and
viscumTT (Fig. 3b). Treatment with viscum and TT
resulted in dose-dependent cytochrome c¢ release after
24 h, indicating that both triterpene acids and lectins

Cell Proliferation, 2012, 45, 176187
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Figure 2. Triterpene acid- and lectin-containing extracts induced apoptosis of NALM-6 cells. To measure apoptotic induction by VAE, NALM-6
cells were treated with distinct concentrations of the described extracts. Twenty-four hours after incubation, early and late apoptosis were determined
using annexin V-APC and propidium iodide, by flow cytometry. Values given as percentages of annexin V-positive/PI-negative (early apoptotic) or
annexin V-positive/PI positive (late apoptotic) cells (+SD, n = 3). Results indicate dose-dependent induction of apoptosis as the main mechanism of cell
death. Webbs fractional product was used to analyse additive, antagonistic or synergistic effects of the combination viscumTT. Single asterisk indicates
Fp > 1 and reveals a synergistic effect using viscumTT compared to the product of single agents TT and viscum. Fp, fractional product.

were able to induce apoptosis with mitochondria and
cytochrome c release involvement. Moreover, cells incu-
bated with combination viscumTT, led to enhanced
increase in cytosolic cytochrome ¢ compared to single-
agent treatment. These results suggest that VAE induced
apoptosis by the intrinsic signalling pathway.

Apoptosis was mediated by caspase-3 activation

To analyse mistletoe-induced cell death in more detail,
involvement of different proteins was investigated by
western blot analyses. NALM-6 cells were treated with
VAE, and samples were harvested 24 h post-
exposure. Caspase-3 activation was detected in western
blots probed with a specific polyclonal antibody that rec-
ognized procaspase-3 (35 kDa), and 17 kDa cleaved form
of caspase-3 (Fig. 4). Here, we observed dose-dependent
increase in cleaved caspase-3. Furthermore, we detected
decrease in Bcl-2 expression and demonstrated cleavage
of PARP-1 in TT, viscum and viscumTT. Equal loading
was verified by probing samples with anti-B-actin anti-
body. These data indicated that VAE-induced apoptosis
proceeded through caspase activation, and pointed to
apoptosis by the intrinsic pathway.

© 2012 Blackwell Publishing Ltd

Oleanolic acid and mistletoe lectin induced caspase-8-
and -9-dependent apoptosis

To dissect roles of caspases in VAE-induced apoptosis,
cells were treated in presence of caspase inhibitors Z-
VAD-fmk, Z-IETD-fmk and Z-LEHD-fmk. Incubation
with caspase-8 and-9 inhibitors did not or only in part pre-
vent apoptosis induction by TT, viscum and viscumTT,
whereas general caspase inhibitor Z-VAD-fmk prevented
loss of cell viability induced by VAE. Here, we observed
highly significant inhibition for viscum and viscumTT-
treated cells (viscum 75% inhibition, viscumTT 73%) and
approximately 58% reduction in apoptosis induction for
TT-treated cells (Fig. 5a). To further analyse involvement
of caspases, activation of caspase-8 and-9 in VAE-treated
cells was monitored. For this, cells were incubated with
TT, viscum or viscumTT and fluorescence caspase activ-
ity assays were performed. As shown in Fig. 5b, viscum
and TT induced concentration-dependent cleavage of both
caspase-8 and -9. Interestingly, we were able to detect
similar activation of caspase-8 and -9 in VAE-treated
cells. In addition, viscumTT-treated cells activated cas-
pase-8 and -9 in a synergistic manner as shown previously
(*Fp > 1). These results indicate that both extrinsic and
intrinsic pathways play a role in VAE-induced apoptosis.

Cell Proliferation, 2012, 45, 176-187
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Figure 3. VAE induced mitochondria permeability and cytochrome ¢ release. (a) NALM-6 cells were incubated with TT, viscum, viscumTT or
CD for 24 h. After incubation, mitochondrial permeability transition was measured by JC-1 and flow cytometry at single-cell level. Values of mitochon-
drial permeability transition are given in percentages of cells with low mitochondrial potential (AWY,,) (=SD, n = 3). Webbs fractional product was used
to analyse additive, antagonistic or synergistic effect of the combination viscumTT. Single asterisk represents synergistic effect of viscumTT compared
to the product of the single agents (*Fp > 1). Mitochondria permeability transition did not change in negative controls. CCCP (carbonyl cyanide 3-chlo-
rophenylhydrazone) was used as mitochondrial membrane potential disrupter. (b) Cytochrome c release was analysed after 24 h VAE incubation. Wes-
tern blots showing dose-dependent release of cytochrome ¢ from mitochondria after treatment with TT, viscum or viscumTT. Adjusted density value
cytochrome ¢ from three independent experiments was quantified using Quantity One software (Density Ctrl = 1). Blots are representative of three inde-
pendent experiments. C, Cytosol.

blastic leukaemia cells and treated with viscumTT showed
it had a remarkable therapeutic effect. Mice receiving PBS
had mean survival of 39.3 days (Fig. 6); viscum pro-
For in vivo assay, concentrations of 40 mg/kg OA (TT), longed mean survival time to 43.2 days and TT to
3 ng/’kg MLs (viscum) and combination of both (vis- 45.8 days. In contrast, viscumTT extended life span of
cumTT) were administered 3 days after tumour inocula- these animals to mean survival of 50.5 days (P = 0.009).

tion. Results, shown in Fig. 6, demonstrated that
administered concentrations of viscum and TT produced
no significant effect on body weight of the mice, whereas
viscumTT was more toxic. Kaplan—-Meier survival curves Mistletoe extracts and their components exert cytotoxic
of C.B-17/SCID mice carrying the human acute lympho- effects on diverse cancer cell lines (7,11). However,

Effect of VAE on survival of C.B-17/SCID mice
with human ALL

Discussion

© 2012 Blackwell Publishing Ltd Cell Proliferation, 2012, 45, 176187
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Figure 4. VAE induced apoptosis by caspase activation. Western blots showing different proteins involved in apoptosis. NALM-6 cells were
exposed to depicted concentrations of VAE and analysed 24 h later. Active caspase-3 was recognized using specific polyclonal antibody, which reacts
with the 17 kDa cleaved form of the enzyme and procaspase-3 form, 37 kDa. Bcl-2 expression and PARP cleavage were detected by polyclonal antibod-
ies from Cell signaling. Equal loading was verified using B-actin as sample internal protein control. Blots are representative of three independent experi-

ments.

cytotoxicity varies greatly depending on host tree, prepa-
ration of extracts and cell type (25,49). Furthermore, many
in vitro studies have examined cytotoxic and anti-cancer
properties of aqueous V. album L. extracts, but there are
few published studies using triterpene acid-containing
extracts (38,50). Thus, we used defined compositions of
either aqueous extracts (viscum), triterpene acids-contain-
ing extracts (TT) or a combination thereof (viscumTT) to
analyse their cytotoxic effects in vitro and in vivo. Data
presented in this study indicate that all compositions were
significantly toxic to NALM-6 cells in a dose-dependent
manner. We were able to show that inhibition of prolifera-
tion could be attributed to effective induction of apoptosis
by TT, viscum and viscumTT. Annexin V detection of
phosphatidylserine on outer plasma membranes indicated
dose-dependent increase in cell death when cells were
treated with TT, viscum or viscumTT. Furthermore, we
were able to show synergistic effects on cell death induc-
tion with the combination agent viscumTT. It is known
that cytotoxic effects of V. album varies on different can-
cer cell lines (49). The triterpene acid-containing extract
we used consists mainly of oleanolic and betulinic acids,
and these have partly been characterized for their apopto-
sis-inducing properties in vitro (32,34,51). Here, we have
been able to confirm apoptotic effects for these triterpene
acids, isolated from V. album, in an ALL cell line, by ann-

© 2012 Blackwell Publishing Ltd

exin V/PI assays, in vitro. For the lectin-containing
extract ‘viscum’, we were able to show that the cells were
sensitive to low doses of lectins, in contrast to triterpene
acids. In addition, we confirmed VAE-mediated induction
of apoptosis by significant loss of mitochondria potential,
PARP cleavage and activation of procaspase-3. For betuli-
nic acid, it has been reported that there is a direct effect on
mitochondria leading to cytochrome c release and subse-
quent apoptosis, without involvement of the extrinsic
death receptor pathway (32,52,53). Release of cytochrome
¢ regulates downstream caspase activation by binding to
Apaf-1 and procaspase-3, the process being determined
by actual amounts of apoptosis-inhibiting (Bcl-2, Bcl-X1,
Mcl-1) and apoptosis-promoting (Bax, Bid, Bak) proteins.
Also, we were able to observe dose-dependent cyto-
chrome c release for both triterpene acid-containing and
lectin-containing extracts. Moreover, we were able to
show that TT, viscum and viscumTT altered expression of
mitochondrial protein Bcl-2. These results suggest that
VAE induces apoptosis by the intrinsic pathway as
described, for example, for betulinic acid and mistletoe
lectins (24). However, caspase inhibitor and caspase acti-
vation analyses demonstrated that triterpene acids and
mistletoe lectins activated both extrinsic, caspase-8-
dependent, and intrinsic, caspase-9-dependent, signalling
pathways. The extrinsic pathway of apoptosis is activated

Cell Proliferation, 2012, 45, 176-187



184 C. I. Delebinski et al.

A
)
=

Viscum ViscumTT
3 80 = 80 F w0
= T ® 70 2 10
T e ) T w0
2 s £ s I £ wm
= ¥ = =
_g 40 a 2 40 - 2 a0
£ w < 30 Fw
| é II:
£ n & 20 e £
g2 E 10 g 10
3 o < 9 ] ___| < 3 o
i ak e
t:hw 1__,51‘3’“:,,@,\” ﬂ“'gm ""W " 2E™ =\—5"r"’u’w‘;‘;‘*"r'-wﬂF or" a1 'L-‘E‘W
708
(b) T Viscum ViscumTT
120 120 120
— — Caspased . — Caspaied - — gt
é 3% 100 { | === Caspase-8 32 100 { === Caspase-8
o g * *
2 o & -
@ @ 80 @ 80
: 2 % :
@ m 60 « 60 . T
=] o =
2 2 w e w0 .
= = = TR
g 2w < 2 '
0- o
Ctrl 10 20 40 60 OA (mgimi) Cwl 08 16 32 48 8 ML (ngiml) Cirl 10 20 40 80 OA (mg/mi)
Concentration Concentration 0.8 186 32 48 ML (ng/ml)
Concentration
Csp8, Fp 2.2 21 13 1.0
Csp-8, Fp 15 19 13 1.0

Figure 5. Activation of caspase-8 and -9 in oleanolic- and lectin-induced apoptosis. (a) Cells were treated with TT, viscum or viscumTT for 24 h in
presence or absence of 100 pm Z-VAD-fmk, Z-IETD-fmk or Z-LEHD-fmk. Effects of caspase inhibitors were analysed by annexin V/propidium iodide
staining and flow cytometry (+SD, n = 3). Asterisks represent statistically significant differences compared to control groups (*P < 0.05, **P < 0.005).
(b) NALM-6 cells were incubated for 24 h with indicated doses of VAE. Caspase-8 and-9 activity was measured by FITC-LEHD and FITC-IETD and
flow cytometry (+SD, n = 3). Synergism was calculated via fractional product of Webb; *Fp > 1, displays synergistic effect of viscumTT.

by pro-apoptotic members of the tumour necrosis factor
family of cytokines (TNF, Fas, TRAIL) to activate either
caspase-10 or caspase-8 with further activation of down-
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Figure 6. C.B-17/SCID in vivo efficacy of Viscum album L. extracts.
Kaplan—Meier survival curve of C.B-17/SCID mice carrying systemic
human acute lymphoblastic leukaemia (NALM-6) treated with 40 mg/kg
oleanolic acid (TT extract), 3 ng/kg lectins (viscum extract) or a combi-
nation thereof (viscumTT), three times a week for 21 days post-trans-
plantation of cells. Control mice received PBS only. Treatment with
viscumTT had a significant therapeutic advantage on survival time (p)
compared to TT and viscum. ViscumTT was more toxic than TT or
viscum as indicated by body weight change in the viscumTT group.

© 2012 Blackwell Publishing Ltd

stream caspases-3 and -7. In addition, caspase-8 can
cleave Bid followed by cross-talk with intrinsic pathway
events (54). For OA and its derivatives such as CDOO,
CDOO-Im and CDDO-Me, it has been reported that they
are able to induce TRAIL-dependent apoptosis (55-59).
However, they are also able to induce apoptosis by the
intrinsic pathway (60-62). Moreover, for synthetic OA
derivatives, caspase-dependent and -independent apopto-
sis induction has been reported in myeloid leukaemia cell
lines (61,63). Interestingly, in our experiments, it was not
possible to inhibit apoptosis by Z-LEHD-fmk or Z-IETD-
fmk alone, whereas we observed significant inhibition of
apoptosis by Z-VAD-fmk in VAE-treated cells. However,
caspase activity assay showed caspase-8 and -9 activation
by TT, viscum and viscumTT treatment. For ML-I, it has
been reported that it is able to induce apoptosis via mito-
chondrial death receptor-independent signalling pathway,
with involvement of caspase-8 and -9 (24). To analyse
whether viscum induced apoptosis by a similar pathway,
further experiments are required.

As Z-VAD-fmk only partly inhibited apoptosis induc-
tion by TT, we suggest activation of a further caspase-
independent apoptosis mechanism as described for OA
derivatives (56,63). This is consistent with other results on

Cell Proliferation, 2012, 45, 176187



ovarian cancer cells, which showed that z-VAD-fmk only
partly prevented CDDO-induced apoptosis (56). How-
ever, the precise mechanism of apoptosis induced by Vis-
cum album components remains unclear, but seems to be
worth further investigation.

Regarding in vivo studies with V. album L., anti-meta-
static effects have been described for aqueous extracts (2).
In addition, an anti-cancer effect of aqueous V. album L.
has been reported in an ALL model by our group (25). Sig-
nificantly improved animal survival in an in vivo SCID
mouse model of pre-B ALL (NALM-6) was found when
the mice were treated with aqueous mistletoe extract. The
difference between these findings and previous data from
Seifert ef al. (25) and our in vivo data concerning lectins is
fully explained by use of different mistletoe host trees,
preparation procedures and natural diversity of mistletoe.
For our experiments, we used ML-I containing aqueous
mistletoe extracts from plant material harvested from apple
trees, whereas in former investigations, ML-II/III (Helixor
Heilmittel GmbH & Co. KG, Rosenfeld, Germany)-
containing mistletoe extracts harvested from pine and fir
trees were used. It is known that ML-I is significantly less
toxic compared to ML-III (64,65). Moreover, we detected
marked difference between extracts concerning tolerance,
in vivo. This may be due to further differences in constitu-
ents of the different extracts. Tolerance of triterpene acids
was significantly higher than for mistletoe lectins.

Triterpene acids, including ursolic acid, betulinic acid
and oleanolic acid, are known to be phytochemicals that
exist widely in nature, and can be used as supplements
(41). It has been shown that synthetic triterpenoid CDDO
and its derivatives are able to induce cell population
growth arrest and apoptosis in solid tumours and murine
leukaemic cell lines in vivo (35,66,67). Furthermore,
Yamai et al. (68) have reported anti-metastatic effects in
vivo of a combination of 5-fluorouracil (5-FU) and Japa-
nese apricot extract (containing triterpene acids, JAE).
Additional use of JAE potentiates anti-neoplastic activity
of 5-FU. In addition, it was shown that Dex-OA inhibited
growth of osteosarcomas and decreased rates of lung
metastasis in vivo (69). However, there were no in vivo
data concerning efficacy of naturally occurring triterpene
acids in ALL to date. Here, we have been able to show for
the first time, significant efficacy of a combination extract
with triterpene acids (viscumTT) in an ALL-model in
vivo, whereas we were only able to detect non-significant
anti-leukaemic effects of both viscum and TT. These
results, combined with our in vitro data, suggest that over-
all therapeutic effect and impressive induction of apopto-
sis by viscumTT derived from several compounds acting
together synergistically. Treatment with a single agent
induced apoptosis alone, but treatment with viscumTT
enhanced apoptosis induction more effectively, as sup-

© 2012 Blackwell Publishing Ltd
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ported by our in vivo experimentation. It is noteworthy
that our studies suggest that substance combination occur-
ring in the mistletoe plant represents a kind of phytothera-
peutic ‘polychemotherapy’. This matches clinical data
showing, for example, that ALL can only be lastingly trea-
ted by combination treatments, not by using a single sub-
stance alone. Our experiments using the example of the
ALL-model indicate that individual plants may already
contain synergistic combinations of substances, which
have a better effect in certain illnesses than an isolated sin-
gle substance, as we know from the clinical use of St.
John’s Wort, for example. This interesting hypothesis
warrants further investigation as, although the use of iso-
lated and possibly synthetic substances is easier to handle
experimentally and in pharmacological manufacture, their
superiority in clinical use has never been investigated.

Conclusion

In summary, we were able to show that this new formula-
tion “‘viscumTT’’ of aqueous mistletoe extracts and triter-
pene acids can induce apoptosis in NALM-6 cells via
intrinsic and extrinsic signalling pathways. Furthermore,
we were able to show synergistic effects in combination
viscumTT, in apoptosis induction. Although we propose
involvement of both extrinsic and intrinsic signalling
pathways in apoptosis induction by triterpene acids, it
remains unclear whether additional caspase-independent
induction of apoptosis exists. In vivo studies displayed
significant extension of life span after i.p. administration
of viscumTT over a period of 3 weeks. However, further
studies with these components from mistletoe in other
tumour models seem warranted.
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