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Abstract

Aqueous Viscum album L. extracts are widely used in complementary cancer medicine.

Hydrophobic triterpene acids also possess anti-cancer properties, but due to their low solu-

bility they do not occur in significant amounts in aqueous extracts. Using cyclodextrins we

solubilised mistletoe triterpenes (mainly oleanolic acid) and investigated the effect of a mis-

tletoe whole plant extract on human acute myeloid leukaemia cells in vitro, ex vivo and in

vivo. Single Viscum album L. extracts containing only solubilised triterpene acids (TT) or

lectins (viscum) inhibited cell proliferation and induced apoptosis in a dose-dependent man-

ner in vitro and ex vivo. The combination of viscum and TT extracts (viscumTT) enhanced

the induction of apoptosis synergistically. The experiments demonstrated that all three

extracts are able to induce apoptosis via caspase-8 and -9 dependent pathways with down-

regulation of members of the inhibitor of apoptosis and Bcl-2 families of proteins. Finally, the

acute myeloid leukaemia mouse model experiment confirmed the therapeutic effectiveness

of viscumTT-treatment resulting in significant tumour weight reduction, comparable to the

effect in cytarabine-treated mice. These results suggest that the combination viscumTT

may have a potential therapeutic value for the treatment AML.

Introduction

Acute myeloid leukaemia (AML) is the second most common type of leukaemia in the US and

Germany. The incidence rises with age and less than 10% of patients are children. Prognosis,

remission and mortality rate also depend strongly on age. Approximately two-thirds of adult

patients achieve complete remission, but most of them relapse within 3 years and die within 5

years [1]. Increasing understanding of AML´s biology has resulted in novel therapeutic agents,
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several of which have been evaluated in clinical trials. In addition to classic anti-tumour agents,

compounds of natural products such as triterpene acids or flavonoids show promising effects

[2–5].

The European white berry mistletoe, Viscum album L. (Loranthaceace), is often used in

complementary cancer therapy [6, 7]. Viscum album L. contains a variety of many biologically

active hydrophilic and lipophilic substances as viscotoxins, lipids, polysaccharides, flavonoids,

alkaloids, triterpene acids and various other (glyco-) proteins [8–11]. Among the glycoproteins,

mistletoe lectins I-III (ML) are the most important and best studied mistletoe substances today

and have been identified as the predominant cytotoxic components in aqueous Viscum album

L. extracts [12].

Commercial standardised Viscum album L. extracts (VAEs) are water-based and contain

hydrophilic cytotoxic and immune-modulatory proteins such as mistletoe lectins and visco-

toxins [13–16]. They are known to stimulate the immune system by activating leukocytes

resulting in cytokine release, inhibition of cell proliferation and induction of apoptosis in

vitro and in vivo [17, 18]. ML-induced apoptosis is primarily triggered by PI3K/Akt-,

MAPK-, TLR-signalling resulting in the activation of caspases [19–22]. Its cytotoxic and

anti-metastatic effect has been demonstrated in different solid tumours and leukaemia cell

lines in vitro and in vivo [23–26].

Mistletoe constituents of the family of pentacyclic triterpene acids (oleanolic acid, betuli-

nic acid, ursolic acid) also possess cytotoxic anti-cancer activity but due to their low solubil-

ity they do not occur in aqueous mistletoe extracts [27–30]. Preclinical studies have proven

the anti-inflammatory and anti-carcinogenic properties of triterpene acids such as betulinic

acid (BA) or oleanolic acid (OA) [31–33]. Moreover, OA and its derivatives have been

shown to induce apoptosis in various malignant cells [32, 34–37]. Similar to ML-induced

apoptosis the main described pathways of OA-induced apoptosis include the Akt-, MAPK-,

ERK-, JNK-signalling pathways [38–41]. Inhibition of cell growth and induction of apopto-

tic cell death has also been shown in leukaemia cells [42, 43]. The anti-tumour effects of BA

and ursolic acid are comparable to those of OA [44, 45]. New results indicate a synergistic

effect of combined oleanolic and ursolic acids in human melanoma cell lines in vitro and in

vivo [46].

It is a classical assumption of phytopharmacology that a naturally occurring combination is

sometimes more beneficial than single compounds. A good example of such a combinatory

effect is the pharmacological property of St. John's wort (Hypericum perforatum). Mistletoe lec-

tins and triterpene acids both occur naturally in the mistletoe plant. We have already demon-

strated the therapeutic effect of a combination Viscum album L. extract containing mistletoe

lectin I and solubilised triterpene acids (viscumTT) in pre B-acute lymphoblastic leukaemia

(B-ALL) in vitro and in vivo [47]. Moreover, viscumTT demonstrated an amplified anti-

tumour effect on murine melanoma in vivo [48].

For the combination viscumTT the mistletoe triterpene acids (mainly oleanolic and betuli-

nic acid) were solubilised by using cyclodextrins, resulting in a plant extract with high levels of

OA and MLs in combination [47, 49, 50].

The aim of the present study was to examine the therapeutic potential of viscumTT as can-

cer therapy in AML. In addition to the effects of defined single extracts containing either ML-I

(viscum) or triterpenes (TT) the cytotoxic effects of viscumTT were characterized in two leu-

kaemia cell lines and two patient samples. Induction of apoptosis was determined by flow

cytometry using Annexin V/Propidium Iodide (PI), JC-1 and active caspase staining. Apopto-

sis associated proteins were analyzed by Western blot analysis. Finally, in vivo anti-cancer effi-

cacy was examined using a human AML mouse model.
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Materials and Methods

Ethic statement

Animal experiments were performed according to German legislation on the care and use of

laboratory animals (Tierschutzgesetz) and with a formal approval of the ethical approval board

of the "Landesamt für Gesundheit und Soziales Berlin (LAGeSo)—the responsible authority.

Material and reagents

RPMI 1640, penicillin, streptomycin and PBS were purchased from Gibco, Lifetechnologies

(Darmstadt, Germany). FCS was purchased from Biochrom (Berlin, Germany). RIPA buffer,

protein inhibitors, molecular mass standards for SDS-PAGE, DMSO, TX-100, Histopaque,

Sodium dodecyl sulphate (SDS), 5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazol-

carbocyanine iodide (JC-1), carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and propi-

dium iodide (PI) were obtained from Sigma-Aldrich (Munich, Germany). Tween, Sulphuric

acid, acrylamide and dithiotreitol were purchased from Carl Roth GmbH, (Karlsruhe, Ger-

many). Ammonium persulfate and N,N,N,N-tetramethylenediamine were obtained from

BioRad (Munich, Germany). 3,3’,5,5’-tetramethylbenzidine was purchased from eBioscience

Inc. (San Diego, USA). Following primary antibodies were used: caspase-3, poly (ADP-ribose)

polymerase (PARP), claspin, survivin, bcl-2, cytochrome c (Cell Signaling Technology, Dan-

vers, USA); p53 (Santa Cruz biotechnology, Santa Cruz, CA, USA); X-chromosome-linked IAP

(XIAP) and Annexin V-APC (BD Bioscience, Heidelberg, Germany); ß-actin-peroxidase anti-

body (Sigma-Aldrich, Munich, Germany). The Cytotoxicity Detection Kit was purchased from

Roche (Grenzach-Wyhlen, Germany).

Viscum album L. extracts

Viscum album L. extracts were kindly supplied by Birken AG (Niefern-Oeschelbronn, Ger-

many). Preparation of Viscum album L. extracts were performed as described before [47, 51].

Sprouts from Viscum album L. were harvested from apple trees (Malus domestica Borkh.)

and identified by the co-author S. Jaeger. Two different extracts were prepared to obtain the

oleanolic acid-containing TT- extract and the mistletoe lectin containing viscum- extract. The

combination of both extracts is further described as viscumTT.

Preparation of the oleanolic acid containing TT- extract: Oleanolic acid (OA) was extracted

from dried plant material resulting in a dry extract containing 69.4% OA and 6.9% betulinic

acid [52]. 100 mg of these triterpene acids were mixed with 2-HP-β-cyclodextrins

(2-hydroxypropyl-β-cyclodextrin) and suspended in water. The dried (105°C) mixture was

pestled, the resulting powder suspended in sodium dihydrogen phosphate buffer (30 mM, pH

8.0) and the mixture sonicated for 30 min. After adjusting the pH to 7.5 (100 mM phosphoric

acid) the volume was made up to 25 mL (30 mM sodium phosphate buffer pH 7.5). After filtra-

tion OA was quantified in triplicate in each solution using GC-FID and external calibration

with OA as reference substance (>97%, Extrasynthese, Genay Cedex, France) [30].

Preparation of the mistletoe lectin-containing viscum- extract: For the aqueous extract (lec-

tin and viscotoxin-containing viscum) plant material was milled under liquid nitrogen using a

cryo mill (Retsch, Germany) and extracted using ascorbate phosphate buffer (30 mM sodium

phosphate, 3.4 g/L ascorbic acid, pH 9.1) resulting in a filtered (0.22 μm) extract pH 7.5. Prepa-

ration of viscumTT: Viscum album L. extracts (VAE) are combined to viscumTT by mixing of

both extracts. The concentrations of the different extracts are described in Table 1.
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Table 1 gives a schematic presentation of the concentrations of the applied Viscum album L.

extracts TT, viscum and viscumTT. OA = oleanolic acid; ML = mistletoe lectin-I,

BA = betulinic acid; CD = 2-hydroxypropyl-β-cyclodextrin.

Measurement of mistletoe lectin I concentration in Viscum album L.
extracts

Intact mistletoe lectin T (A+B chain) in the viscum extract was analyzed by ELISA [53]. The

microtiter wells (Nunc Immuno Plate Maxisorb) were coated with 10μg/100 μl asialofetuin

type I (0.1 mg of ASF-I/1 ml PBS, Sigma-Aldrich, St. Louis, USA) incubating for 30 min, then

washed three times with PBST. Afterwards, the plate was blocked with BSA 3% /PBST for 1 h,

followed by three wash steps with PBST. 100 μl samples and five standard mistletoe solutions

were incubated for 1 h. After three wash steps, 100 μl POD labelled (1:4000) detection antibody

AB-5H8 (Sifin diagnostic GmbH, Berlin, Germany) was incubated for 1 h, followed by three

wash steps with PBST. 50 μl/well of substrate solution (3,3’,5,5’-tetramethylbenzidine) was

incubated in the dark for 20 min. The reaction was stopped by 50 μl/well of 1 M sulphuric acid.

Absorption was measured at 450 nm (reference wavelength: 620 nm). All incubation steps

were performed at room temperature shaking at 200 rpm. Mistletoe lectin I stock solution 5.3

mg/ml in 3 M ammonium sulphate was provided by Dr. U. Pfueller, Universitaetsklinikum

Hamburg-Eppendorf, Institute of anatomy II, Experimental morphology, Germany.

Cell culture

The human acute myeloid leukemia cell lines U937 and HL-60 were obtained from the German

Collection of Microorganism and Cell Cultures (DSMZ, Braunschweig, Germany). The cell

lines were maintained as the suppliers recommended in RPMI 1640 with supplements. For the

assays U937 cells were seeded at a density of 2x106 cells and HL-60 to 4x105 cells per 6-well

plate immediately before addition of defined VAEs. Unless otherwise stated, cells were incu-

bated for 18 h with depicted concentrations of VAE.

Cell proliferation and measurement of LDH

Cell proliferation was determined by using CASY Cell Counter and Analyser System of

Schaerfe System GmbH (Reutlingen, Germany). Settings were specifically defined for the

requirements of the used cells.

The early cytotoxicity of different VAE concentrations was measured after 2 h of incubation

using the Cytotoxicity Detection Kit that quantifies lactate dehydrogenase (LDH) according to

the manufacturer’s protocol.

PI and Annexin V binding assay

Cells were incubated for 18 h with depicted VAE. After incubation, cells were stained as

described before [47]. The results were evaluated with FlowJo Software (TreeStar, Ashland,

USA).

Table 1. Viscum album L. extracts.

2-HP-CD [mg/mL] OA [mg/mL] BA [mg/mL] ML [μg/mL]

TT 230 4.0 0.38 -

viscum - - - 3.7

viscumTT 230 + + +

doi:10.1371/journal.pone.0133892.t001
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Analysis of mitochondrial membrane potential (ΔΨm)

The mitochondrial membrane potential was assessed using 5,5,6,6-tetrachloro-

1,1,3,3-tetraethylbenzimidazol-carbocyanine iodide (JC-1) and flow cytometric analysis after

VAE treatment as described before [47].

Protein extraction andWestern blot analysis

After VAE incubation, HL-60 cells were washed twice with PBS and lysed in RIPA buffer con-

taining protease inhibitors. Protein lysates were cleared of cellular debris by centrifugation for

10 min at 13 000 rpm at 4°C. The protein concentration was determined using Bradford

Reagent (Bio-Rad, Munich, Germany). Equivalent amounts of proteins were separated by

SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad, Munich, Germany). Pri-

mary antibody incubations were performed overnight at 4°C. Detection was performed with

HRP-conjugated secondary antibodies (Bio-Rad, Munich, Germany) which were visualized by

ECL (Thermo Fisher Scientific, Bonn, Germany) and Molecular Imager ChemiDoc (Bio-Rad,

Munich, Germany).

Preparation of mitochondrial proteins

After VAE treatment, the cytosolic fractions were isolated as described before [47]. SDS-PAGE

was performed with the cytosolic fraction, transferred to nitrocellulose membrane and incu-

bated with monoclonal cytochrome c antibody. Quantification was performed as described

before [47, 54]. Relative density of Ctrl = 1.

Proteome Profiler Human Apoptosis Array

HL-60 cells were treated with depicted VAE concentrations for 18 h. Cell lysates were incu-

bated with a human apoptosis array membrane, detecting the relative expression of 35 apopto-

sis-related proteins per sample according to the manufacturer’s protocol (R&D, Minneapolis,

MN, USA). Immunoreactive dots were visualized using Molecular Imager ChemiDoc (Bio-

Rad, Germany). Each experiment was carried out in duplicate (n = 2).

Measurement of caspase activity

Activity of caspases-8 and -9 was measured by fluorescent caspase staining kit according to the

manufacturer’s protocol (Promokine, Heidelberg, Germany).

For caspase inhibitor assay, cells were pre-incubated with 100 μM z-VAD-fmk, z-IETD-fmk

or z-LEDH-fmk for 1 h [21, 55]. After additional incubation with VAE for 18 h, induction of

apoptosis was determined with Annexin V-APC / PI via FACS analyses. DMSO was added to

extracts as solvent control.

Measurement of TRAIL-receptor

Activity of TRAIL-receptor-1 and -2 (ALEXIS, Biochemicals Corporation, San Diego, USA)

was measured by FITC-labeled monoclonal antibody and flow cytometry. HL-60 cells were

treated with distinct VAE concentrations for 18 h, washed twice with PBS + 5% FCS and incu-

bated with 5 μg/mL specific antibody for 30 min on ice. After incubation, cells were washed

twice with PBS and analyzed by flow cytometry.
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Animals

Female NOD/SCID/IL2rg mice were obtained at eight weeks of age from Charles River Labora-

tories (Sulzfeld, Germany). They were housed in the institution in a specific pathogen-free

(SPF) facility, maintained under pathogen-free conditions, fed autoclaved standard diet pur-

chased from Sniff (Soest, Germany) and given acidified drinking water ad libitum. All animal

experiments were performed in accordance with the UKCCCR regulations for the Welfare of

animals. Surgery was performed under anesthesia, and all efforts were made to minimize suf-

fering. The health of the mice was examined at the start of the experiment and daily during the

experiment. Thereby, clinical observations used in cancer research studies as described by

Montgomery et al. were applied [56]. Body weight was measured twice a week. As soon as

body weight loss or clinical criteria were observed, animals were sacrificed. The experiment

was terminated on day 27 for all animals. Mice were sacrificed by cervical dislocation.

Transplantation of AML and experimental procedures

The systemic leukaemia was induced by injection of 1x106 human HL-60 cells in NOD/SCID/

IL2rg mice intravenously (i.v). The mice were divided into six groups of ten mice and were

medicated with dose-escalation regimen of 20/40/60 mg/kg oleanolic acid (TT), 0.3/0.4/0.5 μg/

kg mistletoe lectin I (viscum) or the combination viscumTT. Each concentration were given

twice every third day (i.v.), starting on day three after tumor cell injection. One group received

the cytostatic cytarabine 100 mg every third day, four doses. One group was treated with vis-

cumTT plus cytarabine. The control group received an equal amount of cyclodextrins. Body

weight was measured twice per week and the mice were carefully monitored for symptoms of

toxicity. Mice were sacrified on day 27 and toxicity was measured by autopsy and HE staining

of the liver, spleen and bone marrow. Student´s t-test was applied to determine the differences

between the groups.

AML samples

Bone marrow aspirats were obtained from two patients with acute myeloid leukaemia, patient

1 (m; 17 years, FAB M0); patient 2 (m, 10 years, FAB M4, deletion 7q und monosomie 7, r

(21)). The use of the patient sample was in acceptance with a positive vote of the ethics com-

mittee of the Charité and the ethical standards of the Helsinki Declaration as revised in 2000.

Diagnosis was confirmed by immunophenotyping of leukaemia cells according to Bene et al.

[57]. Mononuclear cells were separated by centrifugation with histopaque. Cells were diluted

to a density of 5x105/ml in RPMI 1640 + 10% FCS, 1% penicillin and streptomycin. VAEs were

added for 18 h.

Statistical analyses

The fractional product (Fp) of Webb was used to determine the synergistic effect of viscumTT

on induction of apoptosis [58]. The formula was used as shown before [47].: Student´s t-test

was applied to determine the differences between VAE-treated animals and control group. The

significance level was set to p� 0.05.

Data set underlying the results

The S1 Dataset represents the data underlying the results of Figs 1–6. These data are the basis

of all presenting diagrams within this publication.
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Results

Mistletoe lectins and oleanolic acid inhibit proliferation in vitro

To assess the anti-proliferative effect of an aqueous mistletoe extract viscum, an extract of

cyclodextrin solubilised triterpene acids TT and the combination thereof viscumTT, U937 and

HL-60 were incubated with increasing concentrations of VAE for 18 h. Cell proliferation rate

was analyzed by CASY cell counter. In both cell lines TT and viscumTT inhibited proliferation

markedly in a concentration-dependent manner, whereas viscum treatment did not lead to a

significant inhibitory effect (Fig 1A).

Fig 1. Effects of VAE on viability and proliferation rate of U937 and HL-60 cells. A. U937 and HL-60 cells were incubated with increasing doses of VAE
(TT, viscum or viscumTT) for 18 h. Proliferation was measured by the CASY Cell Counter System. VAE treated cells show a dose-dependent inhibition of
proliferation (n = 3). B. U937 and HL-60 cells were incubated with increasing concentrations of VAE (TT, viscum or viscumTT) for 2 h. Cell viability was
measured by LDH release assay. The results are expressed as a percentage of control ± SD (n = 3). There was no relevant LDH release (< 10% compared to
control).

doi:10.1371/journal.pone.0133892.g001
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To exclude an unwanted early cytotoxic effect via necrosis after VAE treatment, the release

of LDH was measured after 2 h providing an accurate measurement of cell membrane integrity

and cell viability. The percentage of total LDH released in the culture medium, as an index of

necrotic cell damage induced by VAE, is shown in Fig 1B. Independent of doses, no marked

release of LDH was measured with any of the three VAEs.

Mistletoe lectins and oleanolic acid in combination induce apoptosis
synergistically

To investigate whether apoptosis contributes to the anti-proliferative effect, the induction of

apoptosis by viscum, TT or viscumTT in U937 and HL-60 cells was examined by annexin

V-APC/PI and FACS analyses. Viscum, TT and viscumTT induced apoptosis in both cell lines

dose-dependently (Fig 2A). Additionally, the incubation with the combination viscumTT

induced apoptosis in a synergistic manner in both cell lines when compared to the single

extracts viscum and TT. The synergism was calculated by Webb´s fractional product (�Fp>1).

To confirm the induction of apoptosis and to analyse the cell death in more detail, Western

blot analyses were performed after VAE treatment in HL-60 cells. PARP, a known substrate of

caspase-3-like protease in apoptosis, was cleaved into 89 kDa and 24 kDa fragments after VAE

treatment, as expected (Fig 2A). For procaspase-3 a dose-dependent decrease was observed.

These data indicate that VAE-induced apoptosis proceeds through caspase activation.

Synergistic induction of mitochondrial depolarization and cytochrome c
release

The reduction of mitochondrial transmembrane potential (MTP) accompanied by release of

cytochrome c into cytosol is associated with the intrinsic apoptosis pathway. To measure the

involvement of mitochondria in the induction of apoptosis, the MTP depolarisation in VAE-

treated HL-60 and U937 cells was evaluated with the cationic dye JC-1. Treatment with TT

resulted in a significant dose-dependent loss of mitochondrial transmembrane polarisation

(Fig 2B), whereas viscum-treatment showed less effect on mitochondrial membrane permeabil-

ity (MMP). Moreover, viscumTT caused significantly enhanced ΔCm depolarisation and con-

firmed the synergistic effect observed in Annexin V assay.

In addition, cytochrome c was released from the mitochondria into the cytosol in response

to VAE treatment (Fig 2C). Together, these results clearly indicate that both triterpene acids

and lectins mediate induction of apoptosis via the intrinsic signalling pathway.

Viscum album L. extracts affect caspase activity

For more detailed experiments, the activation of caspase-8 and -9 was assessed in VAE-treated

HL-60 cells. Both caspases are upstream initiator protease caspases, which play key roles in the

extrinsic (caspase-8) or the intrinsic (caspase-9) apoptotic pathway. The data in Fig 3A

revealed a similar activation of both caspases by TT and viscum in a concentration-dependent

manner. In addition, viscumTT-treated cells activated caspase-8 and -9 in a synergistic way as

shown before (�Fp>1).

To differentiate the role of caspases in VAE-induced apoptosis, HL-60 cells were treated in

the absence or presence of the caspase inhibitors z-VAD-fmk, z-IETD-fmk and z-LEHD-fmk.

In TT-treated cells incubation with the caspase-9 inhibitor z-LEHD-fmk did not prevent apo-

ptosis, whereas the caspase-8 inhibitor z-IETD-fmk inhibited the TT-induced apoptosis (55%

inhibition) in nearly the same manner as the broad range inhibitor z-VAD-fmk (65%

inhibition).
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Fig 2. Triterpene acid- and lectin-containing extracts induce apoptosis in leukaemia cells. A. To measure the induction of apoptosis by VAE, U937 and
HL-60 cells were treated with different concentrations of the extracts for 18 h. Apoptosis was determined with Annexin V-APC and propidium iodide by flow
cytometry. Values are given as percentages of Annexin V-positive/PI-negative cells (± SD, n = 3). The results indicate a dose-dependent induction of
apoptosis. Webb´s fractional product was used to calculate the additive, antagonistic or synergistic effect of the combination viscumTT. A single asterisk
indicates Fp>1 and reveals a synergistic effect of viscumTT when compared to the single agents TT and viscum. Fp = fractional product. To confirm
apoptosis induction after VAE treatment, whole cell lysates of VAE-treated HL-60 cells were separated by SDS-PAGE followed byWestern blotting and
decrease of procaspase-3 and cleavage of PARP was detected. Equal loading was verified using ß-actin as internal protein control. The blots are
representative of three independent experiments. B. VAEs induce mitochondrial membrane permeability. U937 and HL-60 cells were incubated with TT,
viscum or viscumTT for 18 h. After incubation, the mitochondrial permeability transition was measured by JC-1 and flow cytometric analysis on single cell
level. Values of mitochondrial permeability transition are given in percentages of cells with low mitochondrial potential (ΔΨm) ±SD, n = 3. A single asterisk
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In viscum-treated cells, both z-IEDT-fmk and z-VAD-fmk were able to efficiently block the

induction of apoptosis by 70–75% (Fig 3B). However, incubation with z-LEHD-fmk reduced

the apoptosis rate by only 42%.

In viscumTT-treated cells, caspase-8 and -9 inhibitors blocked induction of apoptosis to a

lesser extent (up to 48%) than z-VAD-fmk treatment (72% inhibition).

These results indicate that caspase-8 and -9 are involved and that both the extrinsic and

intrinsic pathways play a role in VAE-induced apoptosis in acute myeloid leukaemia in vitro.

VAE treatment changes expression of apoptosis associated proteins

To further elucidate the effect of VAE-induced apoptosis on apoptosis relevant proteins, a

human apoptosis array was performed with HL-60 cells (VAE concentration ~IC50). We

observed a decrease in inhibitor of apoptosis proteins (IAPs) cIAP-1, -2, livin, XIAP and survi-

vin in TT, viscum and viscumTT—treated cells. Here, the most marked reduction of these pro-

teins was observed after viscumTT-treatment (Fig 4A). Claspin, a protein which is required for

efficient DNA replication during the S phase, also showed reduced expression in all VAE-

treated cells. Furthermore, an increase in TRAIL-R1 (DR4) and -R2 (DR5) was detected, espe-

cially after viscumTT-treatment. Besides, a decrease in the mitochondrial pro-apoptotic pro-

teins Bax, Bad, Omi/HtrA2 and Smac/Diablo and the apoptosis adaptor protein FADD was

observed. Moreover, expression of the cell cycle inhibitors p21, p27 and p53 was reduced (Fig

4A). The down-regulation of survivin, XIAP, p53 and claspin was confirmed by Western blot

for all three extracts (Fig 4B).

Taken together, these data indicate that inhibition of proliferation and VAE-induced apo-

ptosis is mediated through down-regulation of apoptosis relevant proteins.

VAEs induce death receptor 4 and 5 expression in HL-60 cells

DR4 and DR5 are apoptosis inducible receptors that contain a death domain which is involved

in caspase-8 mediated apoptosis. Because of the caspase-8 involvement in apoptosis and the

results of the human apoptosis array we examined the effect of VAE treatment on DR4 and

DR5 surface expression with FACS analyses. Fig 4C shows a similar dose-dependent up-

regulation for both receptors after TT treatment. For viscum we observed an increase in DR4

and DR5 expression of up to 20% with a marginally lower signal for DR5. For viscumTT a

dose-dependent increase in DR4 expression was observed, whereas DR5 expression showed

first up- and then down-regulation.

Induction of apoptosis in patient samples after VAE treatment ex vivo

To investigate whether VAE treatment was able to induce apoptosis in primary tumour cells

(ex vivo), bone marrow aspirates of two patients with childhood AML were treated with

increasing concentrations of viscum, TT and viscumTT. As shown in Fig 5, VAE treatment

induced apoptosis accompanied by the loss of mitochondrial transmembrane potential in both

ex vivo samples in a concentration-dependent manner. Moreover, we were able to confirm the

indicates a synergistic effect of viscumTT compared to the product of the single agents (*Fp>1). The mitochondrial permeability transition did not change in
the negative control. CCCP (carbonyl cyanide 3-chlorophenylhydrazone) was used as mitochondrial membrane potential disrupter (positive control). Both
cell lines show a dose-dependent loss of mitochondrial membrane potential after VAE treatment indicating the involvement of intrinsic apoptosis induction.
ViscumTT shows a synergistic effect.C. VAEs induce cytochrome c release frommitochondria to cytosol. Cytochrome c release was analyzed after 18 h of
VAE incubation. Western blots display a dose-dependent release of cytochrome c frommitochondria to cytosol after treatment with TT, viscum or viscumTT.
The adjusted density value of cytochrome c was quantified by Quantity One software (Density Ctrl = 1; n = 3). C = cytosol.

doi:10.1371/journal.pone.0133892.g002
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synergistic effect of viscumTT ex vivo (�Fp>1). In addition, the measurement of active cas-

pase-8 and -9 verified our in vitro data after VAE treatment.

Therapeutic efficacy of viscumTT in AML/ NOD/SCID/IL2rg in vivo

To analyse whether VAE administration is able to inhibit growth of HL-60 in vivo, we designed

a xenograft animal experiment. After administration, the tumour weight was compared with

that in the control group. The results, shown in Fig 6, demonstrate that viscumTT-treatment

reduced the tumour weight in a significant manner. Moreover, the tolerability of the adminis-

tered VAE concentrations was very good. There was no evidence of toxicity measured by

weight and autopsy including histology of liver, spleen and bone marrow. Just a minimal atro-

phy of the spleen was detected in one animal of the cytarabine group. Interestingly, viscumTT

was able to reduce tumour weight in a similar manner to cytarabine. The combination of cytar-

abine and viscumTT showed the most significant effect with regard to tumour growth inhibi-

tion (p< 0.0053).

Discussion

The data presented in our study indicate that all three VAEs exert anti-proliferative and apo-

ptosis-inducing effects in a concentration-dependent manner in vitro and ex vivo. For

Fig 3. Caspase activity of HL-60 cells after VAE treatment. A. HL-60 cells were incubated for 18 h with VAE. Caspase-8 and-9 activity was measured by
FITC-LEHD and FITC-IETD and flow cytometry, ±SD, n = 3. VAEs show a dose-dependent activation of caspase-8 and -9, viscumTT activates the caspases
in a synergistic manner. * Fp>1, displays the synergistic effect.B. The cells were treated with TT, viscum or viscumTT for 18 h in the presence or absence of
100 μM z-VAD-fmk, z-IETD-fmk or z-LEHD-fmk. Effects of caspase inhibitors were analyzed by Annexin V/ propidium iodide staining and flow cytometry,
±SD, n = 3. Inhibition of caspase-8 reduces VAE-induced apoptosis by up to 55%, treatment with pan-caspase inhibitor shows an inhibition of apoptosis by
up to 75%.

doi:10.1371/journal.pone.0133892.g003
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viscumTT-treated cells we were able to demonstrate a synergistic effect on cell death induction.

Moreover, in comparison to cytarabine-treated HL-60/NSG mice, viscumTT-treatment

reduced the tumour weight in the same manner as cytarabine in vivo.

The in vitro results of this study show induction of apoptosis induced through the intrinsic

and extrinsic signalling pathway. The involvement of the intrinsic signalling pathway for all

tested extracts was evidenced by a significant loss of mitochondrial transmembrane potential,

cytochrome c release from mitochondria and activation of caspase-9. The role of the intrinsic

apoptosis pathway in mistletoe lectin I or triterpene acid-mediated apoptosis has also been

shown by other authors [21, 25, 59].

However, it is known that triterpenes are able to induce apoptosis caspase-dependently or

independently depending on the cell line [21, 37, 60, 61]. The results of the present study show

activation of caspase-8, -9 and -3 in TT-treated cells, in line with our results in acute lympho-

blastic leukaemia (ALL) cells [47]. In combination with the caspase inhibitor assay, where pre-

treatment with z-VAD-fmk and z-IETD-fmk results in significant inhibition of apoptosis, the

data indicate a caspase-dependent apoptosis for TT-treated HL-60 cells. Interestingly, beside

the caspase-8 and broad-range z-VAD-fmk inhibitor, z-LEHD-fmk is also able to reduce the

apoptosis rate in viscum and viscumTT- treated cells. Since the caspase-9 inhibitor only partly

reduced induction of apoptosis by TT and viscum, we suggest that caspase-8 activation might

be the major apoptotic signalling pathway. However, there is evidence that the extrinsic and

Fig 4. Expression of apoptosis associated proteins in HL-60 cells after VAE treatment. A. HL-60 cells were treated with depicted VAE concentrations
(~IC50) for 18 h. Cell lysates were incubated with a human apoptosis array detecting the relative expression of apoptosis-related proteins per sample. Each
experiment was carried out in duplicate (n = 2). VAE treatment changes the expression of apoptosis associated proteins resulting in an increase of TRAIL-R1
and a decrease in several proteins including XIAP, survivin, claspin and p53.B. The down-regulation of survivin, XIAP, p53 and claspin was confirmed by
Western blot.C. Activity of TRAIL-receptor-1 and -2 was measured by FITC-labelled monoclonal antibody and flow cytometry after treatment of HL-60 cells
with distinct VAE concentrations for 18 h.

doi:10.1371/journal.pone.0133892.g004
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Fig 5. Mistletoe extracts induce apoptosis in acute myeloid leukaemia cells ex vivo.Mononuclear cells
obtained from bone marrow aspirates of two patients with acute myeloid leukaemia (patient 1 (m; 17 years);
patient 2 (m, 10 years)) were incubated with the depicted VAEs for 18 h. Induction of apoptosis (n = 2),
mitochondrial transmembrane potential (n = 1) and activation of caspase-8 / -9 (n = 1) were measured by flow
cytometry. VAEs induce apoptosis with involvement of mitochondria and activation of caspases in AML
patients ex vivo, viscumTT shows synergistic apoptosis induction.

doi:10.1371/journal.pone.0133892.g005
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intrinsic pathways are linked and that molecules in one pathway can influence the other. Acti-

vated caspase-8, for example, may directly cleave the pro-apoptotic Bcl-2 family member Bid

for cross-talking with the intrinsic pathway [62]. This is in line with our results indicating an

involvement of intrinsic and extrinsic apoptotic pathways.

In order to examine the mechanism of VAE-induced apoptosis, apoptosis relevant proteins

were analysed by a human apoptosis array and Western blot analyses. Consistent with our flow

cytometry results, the proteome profiler apoptosis array revealed up-regulation of DR4 and

DR5 supporting involvement of the extrinsic apoptosis pathway. 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 [63–65]. To our knowledge, for viscum no impact on DR4 and

DR5 surface receptor expression has been published to date [25].

Moreover, the proteome profiler apoptosis array displayed down-regulation of the pro-

apoptotic Bcl-2 family proteins Bax and Bad and the apoptotic factors Htra2/ Omi and Smac/

Diablo. These proteins are involved in intrinsic apoptotic signalling and are released from

mitochondria after apoptotic stimuli [66, 67]. The down-regulation may be the result of

“usage” by binding IAP family members or anti-apoptotic proteins. Furthermore, our results

indicate that several IAP family members (c-IAP1, XIAP, livin and survivin) are down-

regulated by all three VAEs. IAPs are a family of proteins that are involved in cell death, immu-

nity, inflammation, cell cycle and migration [68]. XIAP is a direct inhibitor of caspases, which

binds caspase-9, -3 and -7. Cellular IAPs, e.g. survivin or c-IAP, by contrast, block the assembly

of pro-apoptotic protein signalling complexes and mediate the expression of anti-apoptotic

molecules [69]. Smac/ Diablo and Htra2/ Omi have been shown to block IAPs by binding [70].

For OA it was already shown in human non-small cell lung cancer cell lines and for the

combination of OA and 5-FU in prostate cancer cells that OA-induced apoptosis was accom-

panied by a decreased protein level of survivin [71, 72]. For the triterpenoid CDDO-Me it was

demonstrated that it is able to suppress NF-κB and NF-κB-dependent gene products that

Fig 6. In vivo efficacy of Viscum album L. extracts.NOD/SCID/IL2rg mice carrying systemic human promyelotic leukaemia cells (HL-60) were treated with
a dose-escalation regimen of 20/40/60/ mg/kg oleanolic acid (TT), 0.3/0.4/0.5 μg/kg lectin (viscum) or a combination thereof (viscumTT), three times per
week for two weeks post-transplantation of cells. Each concentration were given twice (i.v.), starting on day three after tumor cell injection. One group was
treated with cytarabine and one with cytarabine plus viscumTT. Control mice received equal amounts of cyclodextrins. The treatment with viscumTT had a
significant therapeutic advantage compared to the single extracts TT and viscum.

doi:10.1371/journal.pone.0133892.g006
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mediate cell survival, including survivin, Bcl-2 and cIAP2 in human leukaemia and ovarian

cancer cells [73, 74]. Furthermore, treatment with CDDO-Me inhibited the Stat3 pathway with

decreased levels of Bcl-xL, survivin and Mcl-1 proteins in multi-drug resistant osteosarcoma

cell lines [75].

The activation of NF-κB can affect the TRAIL receptors DR4/DR5 and DR6, the death

receptor Fas and the death-inducing ligands FasL, TRAIL, p53, Bax and the pro-apoptotic

spliced form of Bcl-xL [76]. Further studies are needed to evaluate whether NF-κB is one of the

major signalling pathways for TT or viscumTT-induced apoptosis in acute leukaemia cells.

However, to our knowledge this is the first time that the status of survivin has been analysed in

mistletoe lectin I treated cells. The role of these proteins will need to be further characterized in

VAE-treated cells.

Furthermore, we detected a decrease in claspin in all three extracts. Claspin is an essential

upstream regulator of checkpoint kinase 1 and initiates a checkpoint arrest of the cell cycle in

response to replicative stress or DNA damage. It has been shown that claspin positively affects

the survival of cancer cells [77]. The decrease in this protein may play a role in the VAE-

induced inhibition of proliferation.

Additionally, p53, p21 and p27 were reduced in TT, viscum and viscumTT-treated HL-60

cells. HL-60 cells have a mutated p53 which leads to loss of function, yet truncated forms of

p53 can still exist in the cells. The tumour suppressor protein p53 responds to diverse cellular

stresses and regulates the expression of target genes, thereby inducing cell cycle arrest, apopto-

sis, senescence, DNA repair, or changes in metabolism. P21 and p27 are cyclin-dependent

kinase inhibitors both of which function as regulators of cell cycle progression in a

p53-dependent or independent way [78]; [79, 80]. Short chain fatty acids (SCFA) have been

shown to induce p21 and p27-mediated cell growth arrest with down-regulation of p53 and

induction of apoptosis by activation of stress mediated JNK signalling in colon cells [81]. Inter-

estingly, Büssing et al. reported a reduction in p53 expression after ML-III treatment [82]. The

activation of the JNK pathway by VAE and the role of p53 have not yet been investigated.

The potent in vitro activities of viscumTT prompted analysis of the anti-cancer effect in

vivo. For mistletoe lectin I, oleanolic acid and its derivatives an anti-metastatic effect has been

already described in vivo [23, 26, 71, 83–85]. Furthermore, an anti-cancer effect of the combi-

nation viscumTT has been reported by our group in an ALL model and by Strueh et al. in a

melanoma mouse model [47, 48]. In the present study viscumTT-treatment reduced the

tumour weight in a significant manner in vivo. More interestingly, the viscumTT-treatment

reduced the tumour weight in a similar manner to cytarabine-treatment. These findings con-

firm data published earlier and, moreover, show the effectiveness of viscumTT compared to

cytarabine. Combining this with the in vitro results, we suggest that the overall therapeutic

effect and induction of apoptosis by viscumTT derived from several compounds acting

tog8ether synergistically. Treatment with TT or viscum alone reduced tumour weight in HL-

60/NSG, though we could not show significance in tumour reduction. It is noteworthy that our

results suggest that a substance combination occurring in the mistletoe plant represents a kind

of phytotherapeutic polychemotherapy.

Furthermore, the additional use of viscumTT strongly potentiates the anti-tumour effect of

cytarabine. A similar result has also been reported for the Japanese apricot extract (containing

triterpenes), which amplified the antineoplastic activity of 5-FU [86]. To our knowledge, no in

vivo data about the efficacy of an aqueous mistletoe extract with a similar therapeutic effect to a

classical cytostatic have been published to date.

In summary, we were able to show that the combinatory extract viscumTT combining aque-

ous mistletoe compounds and triterpene acids induces apoptosis in HL-60 cells via the intrinsic

and extrinsic signalling pathways.
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The in vivo study displayed a strong therapeutic effect for viscumTT comparable to that of

cytarabine. The potentiating effect of viscumTT and cytarabine provides strong evidence for

combination with classical chemotherapy agents to achieve a high synergism of effectiveness in

cancer treatment.

Supporting Information

S1 Dataset. Minimal data set underlying the findings of Figs 1–6.

(XLS)

Author Contributions

Conceived and designed the experiments: GS CD. Performed the experiments: CDMT SK FH

KM JR SJ. Analyzed the data: CDMT AE GS. Contributed reagents/materials/analysis tools: SJ

KM. Wrote the paper: CDMT SK SJ GS.

References
1. Society AC. American Cancer Society: Cancer Facts and Figures 2014. American Cancer Society,

available online. 2014.

2. Ahmad R, Liu S, Weisberg E, Nelson E, Galinsky I, Meyer C, et al. Combining the FLT3 inhibitor
PKC412 and the triterpenoid CDDO-Me synergistically induces apoptosis in acute myeloid leukemia
with the internal tandem duplication mutation. Molecular cancer research: MCR. 2010; 8(7):986–93.
Epub 2010/06/24. doi: 10.1158/1541-7786.MCR-10-0154 PMID: 20571062; PubMed Central PMCID:
PMC2905481.

3. Li W, Ding Y, Sun YN, Yan XT, Yang SY, Choi CW, et al. Oleanane-type triterpenoid saponins from the
roots of Pulsatilla koreana and their apoptosis-inducing effects on HL-60 human promyelocytic leuke-
mia cells. Archives of pharmacal research. 2013; 36(6):768–74. Epub 2013/03/05. doi: 10.1007/
s12272-013-0042-5 PMID: 23456692.

4. Huang Y, Li Y, Li XZ, Liu S, Lei P, Xiao J. [Study on the release of oleanolic acid loaded nanocapsules
in vitro]. Zhong yao cai = Zhongyaocai = Journal of Chinese medicinal materials. 2008; 31(2):283–5.
Epub 2008/07/16. PMID: 18619279.

5. Xiao YJ, Chen YZ, Chen BH, Chen JH, Lin ZX, Fan YL. [Study on cytotoxic activities on human leuke-
mia cell line HL-60 by flavonoids extracts of Scurrula parasitica from four different host trees]. Zhong-
guo Zhong yao za zhi = Zhongguo zhongyao zazhi = China journal of Chinese materia medica. 2008;
33(4):427–32. Epub 2008/06/07. PMID: 18533504.

6. Schad F, Atxner J, Buchwald D, Happe A, Popp S, Kroz M, et al. Intratumoral Mistletoe (Viscum album
L) Therapy in Patients With Unresectable Pancreas Carcinoma: A Retrospective Analysis. Integrative
cancer therapies. 2013; 13(4):332–40. Epub 2013/12/24. doi: 10.1177/1534735413513637 PMID:
24363283.

7. Marvibaigi M, Supriyanto E, Amini N, Abdul Majid FA, Jaganathan SK. Preclinical and Clinical Effects
of Mistletoe against Breast Cancer. BioMed research international. 2014; 2014:785479. Epub 2014/08/
20. doi: 10.1155/2014/785479 PMID: 25136622; PubMed Central PMCID: PMC4127267.

8. Franz H, Ziska P, Kindt A. Isolation and properties of three lectins frommistletoe (Viscum album L.).
BiochemJ. 1981; 195(2):481–4.

9. Orhan DD, Kupeli E, Yesilada E, Ergun F. Anti-inflammatory and antinociceptive activity of flavonoids
isolated from Viscum album ssp. album. ZNaturforschC. 2006; 61(1–2):26–30.

10. Amer B, Juvik OJ, Francis GW, Fossen T. Novel GHB-derived natural products from European mistle-
toe (Viscum album). Pharmaceutical biology. 2013; 51(8):981–6. Epub 2013/06/06. doi: 10.3109/
13880209.2013.773520 PMID: 23734579.

11. Nhiem NX, Kiem PV, Minh CV, Kim N, Park S, Lee HY, et al. Diarylheptanoids and flavonoids from vis-
cum album inhibit LPS-stimulated production of pro-inflammatory cytokines in bone marrow-derived
dendritic cells. Journal of natural products. 2013; 76(4):495–502. Epub 2013/03/15. doi: 10.1021/
np300490v PMID: 23484668.

12. Jung ML, Baudino S, Ribereau-Gayon G, Beck JP. Characterization of cytotoxic proteins frommistletoe
(Viscum album L.). Cancer Lett. 1990; 51(2):103–8. PMID: 2344587

13. Bussing A. Biological and pharmacological properties of Viscum album L. Mistletoe-The Genus Viscum
2000. p. 123–82.

A Combination Extract Containing Both Triterpene Acids and Lectins

PLOS ONE | DOI:10.1371/journal.pone.0133892 August 5, 2015 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133892.s001
http://dx.doi.org/10.1158/1541-7786.MCR-10-0154
http://www.ncbi.nlm.nih.gov/pubmed/20571062
http://dx.doi.org/10.1007/s12272-013-0042-5
http://dx.doi.org/10.1007/s12272-013-0042-5
http://www.ncbi.nlm.nih.gov/pubmed/23456692
http://www.ncbi.nlm.nih.gov/pubmed/18619279
http://www.ncbi.nlm.nih.gov/pubmed/18533504
http://dx.doi.org/10.1177/1534735413513637
http://www.ncbi.nlm.nih.gov/pubmed/24363283
http://dx.doi.org/10.1155/2014/785479
http://www.ncbi.nlm.nih.gov/pubmed/25136622
http://dx.doi.org/10.3109/13880209.2013.773520
http://dx.doi.org/10.3109/13880209.2013.773520
http://www.ncbi.nlm.nih.gov/pubmed/23734579
http://dx.doi.org/10.1021/np300490v
http://dx.doi.org/10.1021/np300490v
http://www.ncbi.nlm.nih.gov/pubmed/23484668
http://www.ncbi.nlm.nih.gov/pubmed/2344587


14. Schaller G, Urech K, Grazi G, Giannattasio M. Viscotoxin composition of the three European subspe-
cies of Viscum album. Planta Med. 1998; 64(7):677–8. PMID: 17253311

15. Urech K, Schaller G, Jaggy C. Viscotoxins, mistletoe lectins and their isoforms in mistletoe (Viscum
album L.) extracts Iscador. Arzneimittelforschung. 2006; 56(6A):428–34. PMID: 16927522

16. Hajto T, Fodor K, Perjesi P, Nemeth P. Difficulties and Perspectives of Immunomodulatory Therapy
with Mistletoe Lectins and Standardized Mistletoe Extracts in Evidence-based Medicine. EvidBased-
Complement AlternatMed. 2009.

17. Tabiasco J, Pont F, Fournie JJ, Vercellone A. Mistletoe viscotoxins increase natural killer cell-mediated
cytotoxicity. EurJBiochem. 2002; 269(10):2591–600.

18. Simon MM, Simard JC, Girard D. Viscum album agglutinin-I (VAA-I) increases cell surface expression
of cytoskeletal proteins in apoptotic human neutrophils: moesin and ezrin are two novel targets of VAA-
I. Human & experimental toxicology. 2013; 32(10):1097–106. Epub 2012/12/25. doi: 10.1177/
0960327112468910 PMID: 23263853.

19. Bussing A, VerveckenW, Wagner M, Wagner B, Pfuller U, Schietzel M. Expression of mitochondrial
Apo2.7 molecules and caspase-3 activation in human lymphocytes treated with the ribosome-inhibiting
mistletoe lectins and the cell membrane permeabilizing viscotoxins. Cytometry. 1999; 37(2):133–9.
PMID: 10486525

20. Bussing A, Suzart K, Bergmann J, Pfuller U, Schietzel M, Schweizer K. Induction of apoptosis in human
lymphocytes treated with Viscum album L. is mediated by the mistletoe lectins. Cancer Lett. 1996; 99-
(1):59–72. PMID: 8564930

21. Bantel H, Engels IH, Voelter W, Schulze-Osthoff K, Wesselborg S. Mistletoe lectin activates caspase-
8/FLICE independently of death receptor signaling and enhances anticancer drug-induced apoptosis.
Cancer Res. 1999; 59(9):2083–90. PMID: 10232592

22. Park HJ, Hong JH, Kwon HJ, Kim Y, Lee KH, Kim JB, et al. TLR4-mediated activation of mouse macro-
phages by Korean mistletoe lectin-C (KML-C). Biochemical and biophysical research communications.
2010; 396(3):721–5. Epub 2010/05/11. doi: 10.1016/j.bbrc.2010.04.169 PMID: 20450885.

23. Duong Van Huyen JP, Delignat S, Bayry J, Kazatchkine MD, Bruneval P, Nicoletti A, et al. Interleukin-
12 is associated with the in vivo anti-tumor effect of mistletoe extracts in B16 mouse melanoma. Cancer
Lett. 2006; 243(1):32–7. PMID: 16412563

24. Klingbeil MF, Xavier FC, Sardinha LR, Severino P, Mathor MB, Rodrigues RV, et al. Cytotoxic effects of
mistletoe (Viscum album L.) in head and neck squamous cell carcinoma cell lines. Oncology reports.
2013; 30(5):2316–22. Epub 2013/09/13. doi: 10.3892/or.2013.2732 PMID: 24026291.

25. Park YK, Do YR, Jang BC. Apoptosis of K562 leukemia cells by Abnobaviscum F(R), a European mis-
tletoe extract. Oncology reports. 2012; 28(6):2227–32. Epub 2012/09/14. doi: 10.3892/or.2012.2026
PMID: 22972372.

26. Seifert G, Jesse P, Laengler A, Reindl T, Luth M, Lobitz S, et al. Molecular mechanisms of mistletoe
plant extract-induced apoptosis in acute lymphoblastic leukemia in vivo and in vitro. Cancer Lett. 2008;
264(2):218–28. doi: 10.1016/j.canlet.2008.01.036 PMID: 18314258

27. Fulda S, Jeremias I, Steiner HH, Pietsch T, Debatin KM. Betulinic acid: a new cytotoxic agent against
malignant brain-tumor cells. IntJCancer. 1999; 82(3):435–41.

28. Laszczyk MN. Pentacyclic triterpenes of the lupane, oleanane and ursane group as tools in cancer ther-
apy. Planta Med. 2009; 75(15):1549–60. doi: 10.1055/s-0029-1186102 PMID: 19742422

29. ZhangW, Men X, Lei P. Review on anti-tumor effect of triterpene acid compounds. Journal of cancer
research and therapeutics. 2014; 10 Suppl:C14–9. Epub 2014/09/11. doi: 10.4103/0973-1482.139746
PMID: 25207885.

30. Jager S, Winkler K, Pfuller U, Scheffler A. Solubility studies of oleanolic acid and betulinic acid in aque-
ous solutions and plant extracts of Viscum album L. Planta Med. 2007; 73(2):157–62. PMID: 17415876

31. Ovesna Z, Vachalkova A, Horvathova K, Tothova D. Pentacyclic triterpenoic acids: new chemoprotec-
tive compounds. Minireview. Neoplasma. 2004; 51(5):327–33. PMID: 15640935

32. Fulda S, Debatin KM. Betulinic acid induces apoptosis through a direct effect on mitochondria in neu-
roectodermal tumors. MedPediatrOncol. 2000; 35(6):616–8.

33. Safayhi H, Sailer ER. Anti-inflammatory actions of pentacyclic triterpenes. Planta Med. 1997; 63-
(6):487–93. PMID: 9434597

34. Assefa H, Nimrod A, Walker L, Sindelar R. Synthesis and evaluation of potential complement inhibitory
semisynthetic analogs of oleanolic acid. BioorgMedChemLett. 1999; 9(14):1889–94.

35. Deeb D, Gao X, Jiang H, Dulchavsky SA, Gautam SC. Oleanane triterpenoid CDDO-Me inhibits growth
and induces apoptosis in prostate cancer cells by independently targeting pro-survival Akt and mTOR.
Prostate. 2009; 69(8):851–60. doi: 10.1002/pros.20937 PMID: 19189297

A Combination Extract Containing Both Triterpene Acids and Lectins

PLOS ONE | DOI:10.1371/journal.pone.0133892 August 5, 2015 17 / 20

http://www.ncbi.nlm.nih.gov/pubmed/17253311
http://www.ncbi.nlm.nih.gov/pubmed/16927522
http://dx.doi.org/10.1177/0960327112468910
http://dx.doi.org/10.1177/0960327112468910
http://www.ncbi.nlm.nih.gov/pubmed/23263853
http://www.ncbi.nlm.nih.gov/pubmed/10486525
http://www.ncbi.nlm.nih.gov/pubmed/8564930
http://www.ncbi.nlm.nih.gov/pubmed/10232592
http://dx.doi.org/10.1016/j.bbrc.2010.04.169
http://www.ncbi.nlm.nih.gov/pubmed/20450885
http://www.ncbi.nlm.nih.gov/pubmed/16412563
http://dx.doi.org/10.3892/or.2013.2732
http://www.ncbi.nlm.nih.gov/pubmed/24026291
http://dx.doi.org/10.3892/or.2012.2026
http://www.ncbi.nlm.nih.gov/pubmed/22972372
http://dx.doi.org/10.1016/j.canlet.2008.01.036
http://www.ncbi.nlm.nih.gov/pubmed/18314258
http://dx.doi.org/10.1055/s-0029-1186102
http://www.ncbi.nlm.nih.gov/pubmed/19742422
http://dx.doi.org/10.4103/0973-1482.139746
http://www.ncbi.nlm.nih.gov/pubmed/25207885
http://www.ncbi.nlm.nih.gov/pubmed/17415876
http://www.ncbi.nlm.nih.gov/pubmed/15640935
http://www.ncbi.nlm.nih.gov/pubmed/9434597
http://dx.doi.org/10.1002/pros.20937
http://www.ncbi.nlm.nih.gov/pubmed/19189297


36. Deeb D, Gao X, Liu Y, Varma NR, Arbab AS, Gautam SC. Inhibition of telomerase activity by oleanane
triterpenoid CDDO-Me in pancreatic cancer cells is ROS-dependent. Molecules. 2013; 18(3):3250–65.
Epub 2013/03/15. doi: 10.3390/molecules18033250 PMID: 23486104; PubMed Central PMCID:
PMC3632053.

37. Schaeffer P, Bernat A, Arnone M, Manara L, Gallas JF, Dol-Gleizes F, et al. Effect of SR58611A, a
potent beta-3 adrenoceptor agonist, on cutaneous wound healing in diabetic and obese mice. Euro-
pean journal of pharmacology. 2006; 529(1–3):172–8. Epub 2005/12/06. doi: 10.1016/j.ejphar.2005.
11.005 PMID: 16325798.

38. Guo G, YaoW, Zhang Q, Bo Y. Oleanolic acid suppresses migration and invasion of malignant glioma
cells by inactivating MAPK/ERK signaling pathway. PloS one. 2013; 8(8):e72079. Epub 2013/08/31.
doi: 10.1371/journal.pone.0072079 PMID: 23991044; PubMed Central PMCID: PMC3749117.

39. Wang J, Yuan L, Xiao H, Xiao C, Wang Y, Liu X. Momordin Ic induces HepG2 cell apoptosis through
MAPK and PI3K/Akt-mediated mitochondrial pathways. Apoptosis: an international journal on pro-
grammed cell death. 2013; 18(6):751–65. Epub 2013/02/19. doi: 10.1007/s10495-013-0820-z PMID:
23417763.

40. Baracchini C, Meneghetti G, Manara R, Ermani M, Ballotta E. Cerebral hemodynamics after contralat-
eral carotid endarterectomy in patients with symptomatic and asymptomatic carotid occlusion: a 10-
year follow-up. Journal of cerebral blood flow and metabolism: official journal of the International Soci-
ety of Cerebral Blood Flow and Metabolism. 2006; 26(7):899–905. Epub 2006/01/06. doi: 10.1038/sj.
jcbfm.9600260 PMID: 16395290.

41. Konopleva M, Contractor R, Kurinna SM, ChenW, Andreeff M, Ruvolo PP. The novel triterpenoid
CDDO-Me suppresses MAPK pathways and promotes p38 activation in acute myeloid leukemia cells.
Leukemia. 2005; 19(8):1350–4. PMID: 15931262

42. Urech K, Scher JM, Hostanska K, Becker H. Apoptosis inducing activity of viscin, a lipophilic extract
from Viscum album L. JPharmPharmacol. 2005; 57(1):101–9.

43. Pan S, Hu J, Zheng T, Liu X, Ju Y, Xu C. Oleanolic acid derivatives induce apoptosis in human leuke-
mia K562 cell involved in inhibition of both Akt1 translocation and pAkt1 expression. Cytotechnology.
2014. Epub 2014/04/15. doi: 10.1007/s10616-014-9722-3 PMID: 24728886.

44. Gheorgheosu D, Duicu O, Dehelean C, Soica C, Muntean D. Betulinic acid as a potent and complex
antitumor phytochemical: a minireview. Anti-cancer agents in medicinal chemistry. 2014; 14
(7):936–45. Epub 2014/02/27. PMID: 24568161.

45. Soica C, Danciu C, Savoiu-Balint G, Borcan F, Ambrus R, Zupko I, et al. Betulinic acid in complex with
a gamma-cyclodextrin derivative decreases proliferation and in vivo tumor development of non-
metastatic and metastatic B164A5 cells. International journal of molecular sciences. 2014; 15-
(5):8235–55. Epub 2014/05/14. doi: 10.3390/ijms15058235 PMID: 24821543; PubMed Central
PMCID: PMC4057729.

46. Soica C, Oprean C, Borcan F, Danciu C, Trandafirescu C, Coricovac D, et al. The synergistic biologic
activity of oleanolic and ursolic acids in complex with hydroxypropyl-gamma-cyclodextrin. Molecules.
2014; 19(4):4924–40. Epub 2014/04/22. doi: 10.3390/molecules19044924 PMID: 24747649.

47. Delebinski CI, Jaeger S, Kemnitz-Hassanin K, Henze G, Lode HN, Seifert GJ. A new development of
triterpene acid-containing extracts from Viscum album L. displays synergistic induction of apoptosis in
acute lymphoblastic leukaemia. Cell Prolif. 2012.

48. Struh CM, Jager S, Kersten A, Schempp CM, Scheffler A, Martin SF. Triterpenoids amplify anti-tumoral
effects of mistletoe extracts onmurine B16.f10 melanoma in vivo. PloS one. 2013; 8(4):e62168. Epub
2013/04/25. doi: 10.1371/journal.pone.0062168 PMID: 23614029; PubMed Central PMCID:
PMC3629099.

49. Li R, Quan P, Liu DF, Wei FD, Zhang Q, Xu QW. The influence of cosolvent on the complexation of HP-
beta-cyclodextrins with oleanolic acid and ursolic acid. AAPSPharmSciTech. 2009; 10(4):1137–44.

50. Guo M, Zhang S, Song F, Wang D, Liu Z, Liu S. Studies on the non-covalent complexes between olea-
nolic acid and cyclodextrins using electrospray ionization tandemmass spectrometry. JMass Spec-
trom. 2003; 38(7):723–31.

51. Struh CM, Jager S, Schempp CM, Scheffler A, Martin SF. A Novel Triterpene Extract fromMistletoe
Induces Rapid Apoptosis in Murine B16.F10 Melanoma Cells. PhytotherRes. 2012.

52. Jäger S, Trojan H, Kopp T, Laszczyk MN, Scheffler A. Pentacyclic Triterpene Distribution in Various
Plants—Rich Sources for a New Group of Multi-Potent Plant Extracts. Molecules. 2009; 14:2016–31.
doi: 10.3390/molecules14062016

53. Jaggy C, Musielski H, Urech K, Schaller G. Quantitative determination of lectins in mistletoe prepara-
tions. Arzneimittel-Forschung. 1995; 45(8):905–9. Epub 1995/08/01. PMID: 7575759.

54. GassmannM, Grenacher B, Rohde B, Vogel J. QuantifyingWestern blots: pitfalls of densitometry. Electro-
phoresis. 2009; 30(11):1845–55. Epub 2009/06/12. doi: 10.1002/elps.200800720 PMID: 19517440.

A Combination Extract Containing Both Triterpene Acids and Lectins

PLOS ONE | DOI:10.1371/journal.pone.0133892 August 5, 2015 18 / 20

http://dx.doi.org/10.3390/molecules18033250
http://www.ncbi.nlm.nih.gov/pubmed/23486104
http://dx.doi.org/10.1016/j.ejphar.2005.11.005
http://dx.doi.org/10.1016/j.ejphar.2005.11.005
http://www.ncbi.nlm.nih.gov/pubmed/16325798
http://dx.doi.org/10.1371/journal.pone.0072079
http://www.ncbi.nlm.nih.gov/pubmed/23991044
http://dx.doi.org/10.1007/s10495-013-0820-z
http://www.ncbi.nlm.nih.gov/pubmed/23417763
http://dx.doi.org/10.1038/sj.jcbfm.9600260
http://dx.doi.org/10.1038/sj.jcbfm.9600260
http://www.ncbi.nlm.nih.gov/pubmed/16395290
http://www.ncbi.nlm.nih.gov/pubmed/15931262
http://dx.doi.org/10.1007/s10616-014-9722-3
http://www.ncbi.nlm.nih.gov/pubmed/24728886
http://www.ncbi.nlm.nih.gov/pubmed/24568161
http://dx.doi.org/10.3390/ijms15058235
http://www.ncbi.nlm.nih.gov/pubmed/24821543
http://dx.doi.org/10.3390/molecules19044924
http://www.ncbi.nlm.nih.gov/pubmed/24747649
http://dx.doi.org/10.1371/journal.pone.0062168
http://www.ncbi.nlm.nih.gov/pubmed/23614029
http://dx.doi.org/10.3390/molecules14062016
http://www.ncbi.nlm.nih.gov/pubmed/7575759
http://dx.doi.org/10.1002/elps.200800720
http://www.ncbi.nlm.nih.gov/pubmed/19517440


55. Kim MS, So HS, Lee KM, Park JS, Lee JH, Moon SK, et al. Activation of caspase cascades in Korean
mistletoe (Viscum album var. coloratum) lectin-II-induced apoptosis of human myeloleukemic U937
cells. GenPharmacol. 2000; 34(5):349–55.

56. Montgomery C. Oncological and toxicological research: Alleviation and control of pain and distress in
laboratory animals. Cancer Bulletin. 1990; 42:230–7.

57. BeneMC, Castoldi G, KnappW, LudwigWD, Matutes E, Orfao A, et al. Proposals for the immunological
classification of acute leukemias. European Group for the Immunological Characterization of Leuke-
mias (EGIL). Leukemia. 1995; 9(10):1783–6. Epub 1995/10/01. PMID: 7564526.

58. Webb RJ. Effect of more than one inhibitor. Enzyme and Metabolic Inhibitors. Academic Press, New
York. 1963; 1:66–79-488–512.

59. MacEwen EG, Pastor J, Kutzke J, Tsan R, Kurzman ID, ThammDH, et al. IGF-1 receptor contributes to
the malignant phenotype in human and canine osteosarcoma. Journal of cellular biochemistry. 2004;
92(1):77–91. Epub 2004/04/20. doi: 10.1002/jcb.20046 PMID: 15095405.

60. Samudio I, Kurinna S, Ruvolo P, Korchin B, Kantarjian H, Beran M, et al. Inhibition of mitochondrial
metabolism by methyl-2-cyano-3,12-dioxooleana-1,9-diene-28-oate induces apoptotic or autophagic
cell death in chronic myeloid leukemia cells. MolCancer Ther. 2008; 7(5):1130–9.

61. Konopleva M, Elstner E, McQueen TJ, Tsao T, Sudarikov A, HuW, et al. Peroxisome proliferator-
activated receptor gamma and retinoid X receptor ligands are potent inducers of differentiation and apo-
ptosis in leukemias. MolCancer Ther. 2004; 3(10):1249–62.

62. Yates MS, Kwak MK, Egner PA, Groopman JD, Bodreddigari S, Sutter TR, et al. Potent protection
against aflatoxin-induced tumorigenesis through induction of Nrf2-regulated pathways by the triterpe-
noid 1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole. Cancer research. 2006; 66
(4):2488–94. Epub 2006/02/21. doi: 10.1158/0008-5472.CAN-05-3823 PMID: 16489057.

63. Yue P, Zhou Z, Khuri FR, Sun SY. Depletion of intracellular glutathione contributes to JNK-mediated
death receptor 5 upregulation and apoptosis induction by the novel synthetic triterpenoid methyl-2-
cyano-3, 12-dioxooleana-1, 9-dien-28-oate (CDDO-Me). Cancer BiolTher. 2006; 5(5):492–7.

64. Petronelli A, Saulle E, Pasquini L, Petrucci E, Mariani G, Biffoni M, et al. High sensitivity of ovarian can-
cer cells to the synthetic triterpenoid CDDO-Imidazolide. Cancer Lett. 2009; 282(2):214–28. doi: 10.
1016/j.canlet.2009.03.018 PMID: 19364626

65. ZouW, Chen S, Liu X, Yue P, Sporn MB, Khuri FR, et al. c-FLIP downregulation contributes to apopto-
sis induction by the novel synthetic triterpenoid methyl-2-cyano-3, 12-dioxooleana-1, 9-dien-28-oate
(CDDO-Me) in human lung cancer cells. Cancer BiolTher. 2007; 6(10):1614–20.

66. Kluck RM, Martin SJ, Hoffman BM, Zhou JS, Green DR, Newmeyer DD. Cytochrome c activation of
CPP32-like proteolysis plays a critical role in a Xenopus cell-free apoptosis system. The EMBO journal.
1997; 16(15):4639–49. Epub 1997/08/01. doi: 10.1093/emboj/16.15.4639 PMID: 9303308; PubMed
Central PMCID: PMC1170090.

67. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities that mediate cell death. Nature reviews
Molecular cell biology. 2008; 9(1):47–59. Epub 2007/12/22. doi: 10.1038/nrm2308 PMID: 18097445.

68. Kim HK, Kim JE, Chung J, Park KH, Han KS, Cho HI. Lithium down-regulates the expression of CXCR4
in human neutrophils. J Trace ElemMed Biol. 2007; 21(3):204–9. Epub 2007/08/19. doi: 10.1016/j.
jtemb.2007.03.001 PMID: 17697959.

69. Eckelman BP, Salvesen GS, Scott FL. Human inhibitor of apoptosis proteins: why XIAP is the black
sheep of the family. EMBO reports. 2006; 7(10):988–94. Epub 2006/10/04. doi: 10.1038/sj.embor.
7400795 PMID: 17016456; PubMed Central PMCID: PMC1618369.

70. Bi Y, Xu J, Sun F, Wu X, YeW, Sun Y, et al. Synthesis and biological activity of 28-amide derivatives of
23-hydroxy betulinic Acid as antitumor agent candidates. Med Chem. 2013; 9(7):920–5. Epub 2012/10/
23. PMID: 23083117.

71. Lucio KA, Rocha Gda G, Moncao-Ribeiro LC, Fernandes J, Takiya CM, Gattass CR. Oleanolic acid ini-
tiates apoptosis in non-small cell lung cancer cell lines and reduces metastasis of a B16F10 melanoma
model in vivo. PloS one. 2011; 6(12):e28596. Epub 2011/12/17. doi: 10.1371/journal.pone.0028596
PMID: 22174843; PubMed Central PMCID: PMC3235133.

72. Wei J, Liu H, Liu M, Wu N, Zhao J, Xiao L, et al. Oleanolic acid potentiates the antitumor activity of 5-
fluorouracil in pancreatic cancer cells. Oncology reports. 2012; 28(4):1339–45. Epub 2012/07/25. doi:
10.3892/or.2012.1921 PMID: 22825128.

73. Shishodia S, Sethi G, Konopleva M, Andreeff M, Aggarwal BB. A synthetic triterpenoid, CDDO-Me,
inhibits IkappaBalpha kinase and enhances apoptosis induced by TNF and chemotherapeutic agents
through down-regulation of expression of nuclear factor kappaB-regulated gene products in human leu-
kemic cells. ClinCancer Res. 2006; 12(6):1828–38.

A Combination Extract Containing Both Triterpene Acids and Lectins

PLOS ONE | DOI:10.1371/journal.pone.0133892 August 5, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/7564526
http://dx.doi.org/10.1002/jcb.20046
http://www.ncbi.nlm.nih.gov/pubmed/15095405
http://dx.doi.org/10.1158/0008-5472.CAN-05-3823
http://www.ncbi.nlm.nih.gov/pubmed/16489057
http://dx.doi.org/10.1016/j.canlet.2009.03.018
http://dx.doi.org/10.1016/j.canlet.2009.03.018
http://www.ncbi.nlm.nih.gov/pubmed/19364626
http://dx.doi.org/10.1093/emboj/16.15.4639
http://www.ncbi.nlm.nih.gov/pubmed/9303308
http://dx.doi.org/10.1038/nrm2308
http://www.ncbi.nlm.nih.gov/pubmed/18097445
http://dx.doi.org/10.1016/j.jtemb.2007.03.001
http://dx.doi.org/10.1016/j.jtemb.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17697959
http://dx.doi.org/10.1038/sj.embor.7400795
http://dx.doi.org/10.1038/sj.embor.7400795
http://www.ncbi.nlm.nih.gov/pubmed/17016456
http://www.ncbi.nlm.nih.gov/pubmed/23083117
http://dx.doi.org/10.1371/journal.pone.0028596
http://www.ncbi.nlm.nih.gov/pubmed/22174843
http://dx.doi.org/10.3892/or.2012.1921
http://www.ncbi.nlm.nih.gov/pubmed/22825128


74. Gao X, Liu Y, Deeb D, Liu P, Liu A, Arbab AS, et al. ROSmediate proapoptotic and antisurvival activity
of oleanane triterpenoid CDDO-Me in ovarian cancer cells. Anticancer research. 2013; 33(1):215–21.
Epub 2012/12/26. PMID: 23267148; PubMed Central PMCID: PMC3711076.

75. Ryu K, Susa M, Choy E, Yang C, Hornicek FJ, Mankin HJ, et al. Oleanane triterpenoid CDDO-Me
induces apoptosis in multidrug resistant osteosarcoma cells through inhibition of Stat3 pathway. BMC
cancer. 2010; 10:187. Epub 2010/05/13. doi: 10.1186/1471-2407-10-187 PMID: 20459702; PubMed
Central PMCID: PMC2874784.

76. Dutta J, Fan Y, Gupta N, Fan G, Gelinas C. Current insights into the regulation of programmed cell
death by NF-kappaB. Oncogene. 2006; 25(51):6800–16. Epub 2006/10/31. doi: 10.1038/sj.onc.
1209938 PMID: 17072329.

77. Cho HJ, Na KJ, Kim doW, Choi YE, Ma JS, Jeong IS. Chemical pleurodesis using a Viscum album
extract in infants with congenital chylothorax. European journal of pediatrics. 2014; 173(6):823–6. Epub
2014/02/28. doi: 10.1007/s00431-014-2283-9 PMID: 24573572.

78. Hengst L, Reed SI. Translational control of p27Kip1 accumulation during the cell cycle. Science. 1996;
271(5257):1861–4. Epub 1996/03/29. PMID: 8596954.

79. Brugarolas J, Chandrasekaran C, Gordon JI, Beach D, Jacks T, Hannon GJ. Radiation-induced cell
cycle arrest compromised by p21 deficiency. Nature. 1995; 377(6549):552–7. Epub 1995/10/12. doi:
10.1038/377552a0 PMID: 7566157.

80. Yu Q, Liu Y, Wang C, Sun D, Yang X, Liu J. Chiral ruthenium(II) polypyridyl complexes: stabilization of
g-quadruplex DNA, inhibition of telomerase activity and cellular uptake. PloS one. 2012; 7(12):e50902.
Epub 2012/12/14. doi: 10.1371/journal.pone.0050902 PMID: 23236402; PubMed Central PMCID:
PMC3517606.

81. Ma H, Li J, Yang JJ, Tian WC, Liu H, Zhou YZ, et al. [Di-2-ethylhexyl phthalate and its metabolite sin-
gle-ethylhexyl phthalate affect TGF-beta 1 expression and telomerase activity in the testis of young
male rats]. Zhonghua nan ke xue = National journal of andrology. 2012; 18(9):783–8. Epub 2012/12/01.
PMID: 23193663.

82. Bussing A, Multani AS, Pathak S, Pfuller U, Schietzel M. Induction of apoptosis by the N-acetyl-
galactosamine-specific toxic lectin from Viscum album L. is associated with a decrease of nuclear p53
and Bcl-2 proteins and induction of telomeric associations. Cancer Lett. 1998; 130(1–2):57–68. PMID:
9751257

83. Braun JM, Ko HL, Schierholz JM, Beuth J. Standardized mistletoe extract augments immune response
and down-regulates local and metastatic tumor growth in murine models. Anticancer Res. 2002; 22-
(6C):4187–90. PMID: 12553054

84. Hua Y, Zhang Z, Li J, Li Q, Hu S, Sun M, et al. Oleanolic acid derivative Dex-OA has potent anti-tumor
and anti-metastatic activity on osteosarcoma cells in vitro and in vivo. Investigational new drugs. 2009.

85. Liby K, Risingsong R, Royce DB, Williams CR, Ma T, Yore MM, et al. Triterpenoids CDDO-methyl ester
or CDDO-ethyl amide and rexinoids LG100268 or NRX194204 for prevention and treatment of lung
cancer in mice. Cancer PrevRes(Phila). 2009; 2(12):1050–8.

86. Yamai H, Sawada N, Yoshida T, Seike J, Takizawa H, Kenzaki K, et al. Triterpenes augment the inhibi-
tory effects of anticancer drugs on growth of human esophageal carcinoma cells in vitro and suppress
experimental metastasis in vivo. IntJCancer. 2009; 125(4):952–60.

A Combination Extract Containing Both Triterpene Acids and Lectins

PLOS ONE | DOI:10.1371/journal.pone.0133892 August 5, 2015 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/23267148
http://dx.doi.org/10.1186/1471-2407-10-187
http://www.ncbi.nlm.nih.gov/pubmed/20459702
http://dx.doi.org/10.1038/sj.onc.1209938
http://dx.doi.org/10.1038/sj.onc.1209938
http://www.ncbi.nlm.nih.gov/pubmed/17072329
http://dx.doi.org/10.1007/s00431-014-2283-9
http://www.ncbi.nlm.nih.gov/pubmed/24573572
http://www.ncbi.nlm.nih.gov/pubmed/8596954
http://dx.doi.org/10.1038/377552a0
http://www.ncbi.nlm.nih.gov/pubmed/7566157
http://dx.doi.org/10.1371/journal.pone.0050902
http://www.ncbi.nlm.nih.gov/pubmed/23236402
http://www.ncbi.nlm.nih.gov/pubmed/23193663
http://www.ncbi.nlm.nih.gov/pubmed/9751257
http://www.ncbi.nlm.nih.gov/pubmed/12553054

