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Summary

Background. Glioblastoma multiforme (WHO Grade IV, GBM) is the

most malignant brain tumour with a mean survival time of less than one

year. Betulinic acid, ceramide and TRAIL (TNF-related apoptosis indu-

cing ligand) represent novel therapeutic agents for potential use in GBM.

Method. Primary GBM cells of 21 patients with macroscopically

complete tumour resection were tested in vitro for cell death induction

by betulinic acid, ceramide, TRAIL and established therapeutics

(BCNU, cisplatin, doxorubicin, vincristin and �-irradiation).

Findings. At peak plasma concentrations (PPC), Betulinic acid,

ceramide and TRAIL induced cell death in primary GBM cells at

higher rates than established cytotoxic drugs. Specific cell death �75%

was observed in 43% (9=21), 38% (8=21), and 19% (4=21) for

betulinic acid, ceramide, and TRAIL respectively, while this was only

found in 5% (1=21) of �-irradiated and cisplatin-treated cells, and in

none of the GBM cultures, where BCNU or vincristin were applied

in PPC.

Conclusion. Due to a markedly improved cell death of GBM cells

as compared with established therapeutics, Betulinic acid, ceramide

and TRAIL might represent potent substances for future treatment of

GBM.

Keywords: Glioblastoma multiforme WHO IV; betulinic acid;

ceramide; TRAIL.

Introduction

Malignant neoplasm of the brain represents the sec-

ond leading cause of cancer-related mortality in children

under the age of 15 and the fourth leading cause in

adults between the age of 15 and 34. The most malig-

nant form, glioblastoma multiforme (WHO Grade IV,

GBM), occurs in 2–3 new cases per 100 000 population

per year. Even after careful surgical excision and despite

multimodal treatment including radio- and chemother-

apy, prognosis of patients with GBM is poor, with a

median survival time of only 1 year and survival rates

of 15% and 2% after 2 and 3 years, respectively [19].

Prognostic factors include age, physical condition

(‘‘Karnofsky Index’’) and macroscopically complete

resectability of the tumour [17, 21]. The diffuse infiltra-

tive growth pattern of single tumour cells leads to post-

operative local regrowth in all patients. Until today,

GBM remains a rapidly progressive, lethal tumour and

improved treatment is desirable.

Potential new therapeutic substances for future GBM

treatment include betulinic acid (BA), ceramide and

TNF-related apoptosis inducing ligand (TRAIL, also

called Apo-2L). BA is prepared from birch trees and

was shown to induce cell death independently from

ligand-receptor interaction by directly activating

mitochondria [4] thus directly activating the intrinsic

apoptosis signalling pathway. Ceramide is part of the

sphingolipid metabolism and found as second messenger

in various apoptosis pathways [10]. TRAIL is a member

of the TNF-family together with, TNF� (Tumor necrosis

factor �) and CD95-L (CD95-Ligand, also called Apo-1

Ligand or Fas-Ligand). TRAIL mediates cell death via

its specific receptors TRAIL-R1 (TRAIL-receptor 1) and

TRAIL-R2 [1, 15, 16], e.g. in GBM [5]. Intracellularly

upon activation, FADD (Fas-associated polypeptide with



death domain) is recruited to the TRAIL-receptors and

activates caspases. Activation of caspases is either direct

or mediated by mitochondria and the apoptosome. All

three substances show little toxicity when tested in

animal models [20, 23] and are considered as potential

future cytotoxic drugs.

In the present study, we were interested in investigat-

ing new compounds with promising characteristics and

potential anti-tumour activity for GBM. We choose BA,

ceramide and TRAIL as these substances are untoxic in

animal trials and a systematic comparison to established

therapeutics is still lacking. We tested BA, ceramide and

TRAIL on primary GBM tumour cultures and compared

cell death efficiency with those of conventional cyto-

toxic drugs and �-irradiation.

Methods

Study design

In a retrospective study, patient data were obtained from clinical data

sheets. Primary cells were cultured from fresh tumour material, frozen,

thawed, and treated with various stimuli in vitro. Cell death was mea-

sured in a blinded fashion and its correlation with clinical data was

analysed.

Patients

Patients were operated on in the Neurosurgery Department of the

University Hospital in Heidelberg during a 2.5 year period and informed

consent was obtained for this study. Diagnosis of GBM was based on the

histochemical evaluation by the neuropathologist.

Inclusion criteria for this study were:

– glioblastoma multiforme following WHO-criteria diagnosed by the

neuropathologist

– single tumour site, no metastasis

– tumour resection directly after diagnosis without prior adjuvant

therapy

– macroscopically complete tumour resection estimated by the surgeon

– macroscopically complete tumour resection estimated by MRI on day

1 after surgery

– routine MRI scan every 3 month after surgery

– fractionated radiotherapy of 60 Gy (3 Gy 3 times weekly)

– complete clinical follow up

Materials

Doxorubicin, BCNU, BA and cisplatin were purchased by Sigma

(Deisenhofen, FRG), vincristin from USPC Inc (Rockville, MD), TNF�

from Calbiochem (San Diego, CA), Ceramide from Biochrom (Berlin,

FRG). The TRAIL protein was produced in a recombinant expression

system using the yeast Pichia Pastoris [8]. In brief, Pichia Pastoris was

transformed by cloned His-tagged TRAIL-DNA under the AOX-1

promoter. Induction of protein expression was achieved by addition of

methanol. Thereafter, cells were lysed and TRAIL protein was purified

using Nickel-Histidine interaction [8]. All further agents were obtained

from Sigma (Deisenhofen, FRG). Apart from TNF�, APO-1 and

TRAIL, all agents were dissolved directly prior to each experiment.

Culture of primary GBM cells

Primary GBM cells were cultured as described elsewhere [6] by

dissecting tissue in small pieces of about 1 mm3 and transferring in

75 cm2 plastic culture flasks (Falcon, Becton Dickinson, Heidelberg,

Germany). Cells were cultured routinely in RPMI 1640 (Life Technol-

ogies, Eggenstein, Germany) supplemented by 10% heat-inactivated

fetal calf serum (Conco, Wiesbaden, Germany), 2 mM L-glutamine

(Biochrom, Berlin, Germany) and antibiotics at 37 �C, 5% CO2 and

95% air in a humidified incubator with medium changes twice a week.

After reaching confluency, cells were harvested by a brief incubation

with trypsin=EDTA solution (Viralex, PAA, Linz, Austria) and seeded

into a fresh 75 cm2 plastic tissue culture flask. Doubling time varied

between 2 to 5 days. Tumour cells were characterised for their astrocytic

origin by immunohistochemical detection of the tissue specific marker

GFAP. Only cell cultures showing a homogenous staining for GFAP

marker were used in this study. Tumour cell cultures were free of

endothelial cell contamination as determined by staining with endothe-

lial cell specific antibodies against both factor VIII and PECAM-1. Cells

were frozen after a mean of 5 passages and were kept at �190 �C. For

this study, cells were thawed and stimulation was performed after 3

passages of culture as described above.

In vitro stimulation

105 cells=well were seeded on 24 well-plates in 500ml medium for 24

hours. Stimulants were added for the complete incubation time in the

following concentrations: BCNU 0.1, 1, 10, 100mg=ml, doxorubicin 0.1,

0.3, 1mg=ml, cisplatin 1, 10, 100mg=ml, vincristin 0.1, 1, 10mg=ml,

APO-1 1mg=ml in the presence of Protein A 5 ng=ml, TRAIL 0.06, 0.2,

0.6mg=ml, TNF-� 0.1mg=ml, BA 3, 10, 30, 100mg=ml and ceramide 20,

60, 200, 600 nM in medium. Apo-1 and TNF� were used with and

without the presence of CHX (cycloheximide) 0.5mg=ml. �-irradiation

(60 Gy) was performed by exposure of cells for different time periods to

caesium 137 using the Gamma-cell-count by Atomic Energy of Canada

Limited. The substances tested activate the cell death pathway at differ-

ent steps, namely membrane bound receptors (DILs) or directly (BA) or

indirectly (rest) at the mitochondria. Unstimulated control cells were

treated in exactly the same way as stimulated cells, except that PBS was

added instead of the various stimuli. Incubation period was 24 hours for

Apo-1, TRAIL, TNF�, BA and ceramide. For BCNU and doxorubicin

incubation time was prolonged to 48 hours, for �-irradiation to 72 hours

given the kinetic of cell death induction by these stimuli. Cells were

removed at the end of the experiment using Trypsin digestion and

stained with Trypan blue directly before cell counting. At least 250 cells

were counted for each test and evaluated for Trypan blue exclusion.

Percentage of viable cells was calculated as [Trypan blue excluding cells

divided by all cells times 100], cell death was calculated as [100 minus

percentage of viable cells]. Propidium iodide staining was performed as

described [11]. Data are the mean of at least duplicates of at least two

independent experiments. Specific cell death was calculated as [(percent-

age of cell death of treated cells minus percentage of cell death of

untreated cells) divided by (100 minus percentage of cell death of

untreated cells) times 100]. Positive values show specific cell death,

and if observed cell death is less than or equal to cell death of untreated

cells then this number is less than or equal 0. The maximum value is

100, the minimum value depends on the cell death of untreated cells.

Statistical analysis

As a summary measure of specific cell death measured for different

concentrations of in vitro stimulants, we used the area under the dose-

response curve (AUC). We used the trapezoidal rule to compute the

AUC. Spearman’s rank correlation coefficient was computed to estimate

pairwise correlations of in vitro and in vivo variables. All correlations

722 I. Jeremias et al.
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were calculated for patient data only. To identify possible prognostic in

vitro variables regression analysis of survival data was performed by

Cox’s proportional hazards model [2] including the patients age as the

only additional risk factor. Due to the small sample size of the study this

was done for each in vitro variable individually.

Results

Patients

A total of 59 patients with GBM were operated on

between March 1995 and October 1997 in the Neuro-

surgical department of the University of Heidelberg and

were considered for this study. No anti-tumour therapy

was applied before surgery. In 26 patients, tumour resec-

tion was macroscopically complete as confirmed both

by the surgeon and by postoperative MRI scan. In 2

patients, clinical follow up data were incomplete. Cell

culture of primary GBM cells was successful in 86.3%

of samples during the study period so that complete

in vivo and in vitro data were obtained from 21 patients

who were included in the study. Postoperatively, patients

received fractionated radiotherapy of 60 Gy and were

monitored by MRI scan every 3 months. In the case of

tumour regrowth, surgical resection was performed fol-

lowed by chemotherapy using BCNU.

Patients had a median age of 48 years and gender

distribution was female:male¼ 9:12 (Table 1). After

12, 24 and 36 months, 18, 7 and 2 out of 21 patients

were alive, respectively. Corresponding survival esti-

mates at 12, 24, and 36 months are 85.7%, 33.3%, and

9.5%, respectively. In line with published results, time of

tumour regrowth was positively correlated with survival

time (Spearman’s �¼ 0.69; p<0.001). Age was a

statistically significant prognostic factor for survival

(p¼ 0.001) and time of tumour regrowth (p¼ 0.01).

Age was further negatively correlated with the

Karnofsky index (Spearman’s �¼�0.50; p¼ 0.02).

Cell death induction in vitro

Cell viability was measured using Trypan blue stain-

ing throughout the study and cell death was calculated

thereof. Propidium Iodide staining of DNA length [11]

1

Fig. 1. Cell death induction in vitro. 21 primary GBM cell cultures and

three established cell lines (U87MG open circle, A172 open square,

U373MG open triangle) were stimulated as indicated for 24 hrs

(betulinic acid, ceramide and TRAIL), 48 hrs (BCNU, cisplatin,

doxorubicin and vincristin) or 72 hrs (�-irradiation) hours, cell death

was measured using Trypan blue exclusion and specific cell death was

calculated as described in Methods. Grey bar¼ concentration used for

comparison (plasma peak concentration for cytotoxic drugs)

724 I. Jeremias et al.



Fig. 1 (continued)

Cell death induction by betulinic acid 725



was performed in parallel for 5 primary GBM cultures

and 2 established cell lines. For all stimuli and all con-

centrations used in the study, results obtained by both

techniques were similar (data not shown). The fre-

quently used MTT assay was not reliable in our hands

due to high intra- and inter-assay-variances (data not

shown).

For all substances tested, primary GBM cells showed

a wide range of sensitivity and resistance towards cell

death induction in vitro (Fig. 1). The three established

cell lines used performed within the average of the pri-

mary GBM cells. For TRAIL, a dichotomy was found

between primary samples highly sensitive (>50% spe-

cific cell death) and poorly sensitive (<25% specific cell

death) for cell death induction. BA was found both a

highly and widely active cell death inducing substance

with more than 50% specific cell death in 90% (19=21)

of samples. Sensitivity of primary tumour cells towards

cell death induction by all agents tested differed broadly

among patients (Table 1) according to the known hetero-

geneity of GBM [19]. Some primary GBM cells showed

sensitivity (>25% specific cell death) towards most sub-

stances tested, e.g. NCH47, while in other samples, BA,

ceramide and=or TRAIL were able to induce cell death

in primary GBM cells completely resistant towards cyto-

toxic drugs and �-irradiation (e.g. NCH90, NCH 141,

NCH 160).

Correlation of cell death induction in vitro

The area under the ‘‘dose-response’’ curve (AUC) was

calculated to represent cell death induction depending

Fig. 2. Betulinic acid and ceramide induce cell death more

effectively than cytotoxic drugs and �-irradiation. Primary

GBM cell cultures were stimulated as described in Meth-

ods. Shown is the median specific cell death (a) and

number of primary GBM cultures undergoing �75% spe-

cific cell death (b) after stimulation with cytotoxic drugs at

plasma peak concentration (2mg=ml for BCNU and cispla-

tin, 0.3mg=ml for doxorubicin and 0.1mg=ml for vincristin),

�-irradiation 60 Gy, betulinic acid 10mg=ml, ceramide

60 nM, TRAIL 60 ng=ml, Apo-1 1mg=ml in the presence

of Protein A 5 ng=ml and TNF� 0.1mg=ml

726 I. Jeremias et al.



on the various concentrations tested. TNF� in the

presence of CHX correlated to cell death induction by

Apo-1 (�¼ 0.71, p<0.001) and TRAIL (�¼ 0.47, p¼
0.03). Cell death induction by Apo-1 correlated to cell

death induction by doxorubicin (�¼ 0.50, p¼ 0.02).

When AUCs of different drugs were compared, a cor-

relation was found between cell death induction by

BCNU and vincristin (�¼ 0.68, p<0.001), cisplatin and

doxorubicin (�¼ 0.74, p<0.001) and cisplatin and vin-

cristin (�¼ 0.55, p¼ 0.01) suggesting common intracel-

lular apoptosis signalling molecules. In vitro sensitivity of

primary GBM cells to BA or ceramide did not show cor-

relation with sensitivity for any further substance tested.

Betulinic acid and ceramide induce cell death

more effectively than cytotoxic drugs

and �-irradiation

For comparison of cell death efficiency between the

different substances tested, �-irradiation was used at

60 Gy which resembles the therapeutic dose given to all

patients. Cytotoxic drugs were evaluated at plasma peak

concentration (PPC) to approximate the clinical situation

(2mg=ml for BCNU and cisplatin, 0.3mg=ml for doxo-

rubicin and 0.1mg=ml for vincristin) [12–14, 18]. BA was

nontoxic in animal studies in concentrations up to

100 mg=kg body weight [23] equal to at least 100mg=ml

ml PPC so that 10mg=ml were chosen for comparison.

For TRAIL, peak plasma concentrations directly after

intravenous injection was 10mg=ml in mouse, rat and

chimpanzee and 100mg=ml in Cynomolgus monkey,

decreasing to 60 ng=ml within 4 hours [9] so that

60 ng=ml were chosen for comparison, while ceramide

was evaluated at 60 nM. At PPC, all clinically established

therapeutics including BCNU and �-irradiation were

found poor inducers of cell death in vitro except doxoru-

bicin, which significantly induced cell death. In contrast,

both betulinic and ceramide were found more potent for

inducing cell death in primary GBM cells in vitro than the

cytotoxic drugs tested in parallel (Fig. 2A). On average,

BA induced more than 60% specific cell death, while

most drugs did so only in about 20%. Including TRAIL,

all three new agents were able to induce high cell death

rates of 75–100% primary tumour cell cultures, e.g. betu-

linic acid in 9 (43%) samples, while drugs did so only in 0

to 4 (19%) samples (Fig. 2B).

Discussion

Death inducing ligands (TRAIL, TNF� and APO-

1=CD95=Fas) and death receptor-independent sub-

stances (BA, ceramide) have stimulated interest as new

antineoplastic agents. BA is nontoxic in animal trials in

high concentrations and especially active against neuro-

ectodermal tumours [23]. Ceramide can induce cell

death in otherwise apoptosis-resistant tumours as it acts

as second messenger in various apoptosis pathways [10].

TRAIL represents a promising future anti-cancer drug as

it effectively induces cell death in tumour cells, but not

in normal cells such as neurons [20] without toxicity in

animal trials including monkeys [1]. TRAIL is active

against GBM in vivo especially in the context of poly-

chemotherapy [5]. BA, ceramide and TRAIL induced

cell death in GBM cell lines in vitro and phase I clinical

trails are under way or in preparation. As all three sub-

stances represent putative future cytotoxic drugs to treat

GBM, we tested the in vitro efficacy of these substances

on primary GBM tumour cultures in comparison with

established therapeutics such as BCNU, vincristin and

�-irradiation.

We studied the tumour cells of 21 patients suffering

GBM who received macroscopically complete tumour

resection followed by radiotherapy and 3-monthly

MRI-diagnostics. Although representing a small collec-

tion, the clinical data of our patients reflect the well

known dependence on age, time until tumour regrowth

and time of survival. The analysis of this representative

panel of GBM cultures revealed BA and ceramide as

most effective substances in vitro compared with all

conventional treatment strategies analysed. This is sup-

ported by the observation that the application of fre-

quently used therapeutics in GBM therapy such as

BCNU, vincristin, and �-irradiation leads only in at most

5% of the cases analysed a specific cell death �75%,

while this was seen in 43%, 38%, and 19% for BA,

ceramide, and TRAIL respectively. This is particularly

interesting since we have chosen concentrations well

below the plasma peak concentration found in animal

trials, e.g. factor 1000 for TRAIL [9] as no plasma peak

concentration in humans is yet known for the new

substances tested.

For practical reasons, thawed primary GBM cells

were tested although in vitro testing directly after estab-

lishing the primary cell culture might prevent potential

freezing- and rethawing-induced changes of cell charac-

teristics. In the majority of studies testing tumour cells

for cell death induction in vitro, the clonogenic assay or

the metabolic MTT assay was used. In our hands, the

latter was not reliable due to high intra- and interassay

variances. While cell viability measurement by Trypan

blue exclusion was used in the study, similar results
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obtained by Propidium iodide staining indicated that

GMB cells died by apoptosis.

In line with the observations of others [22] among the

established anti-tumour drugs, doxorubicin was most

potent and significantly more effective in cell death

induction than BCNU, vincristin, and �-irradiation

(Fig. 2). However, doxorubicin was shown to induce

the multi-drug-resistance proteins in vivo [3] and BCNU

and �-irradiation, but not doxorubicin were shown to

augment patients survival in clinical studies. Lack of

doxorubicin-induced cell death in vivo is most probably

due to the blood-brain-barrier thus suggesting for doxo-

rubicin application methods bypassing the blood-brain

barrier like Rickham-reservoirs helping to direct drugs

to the tumour site. Whether BA, ceramide, and TRAIL

can be applied systemically or would also need local

application methods to increase their bio-availability

has yet to be tested.

In various, but not all tumour cells, the CD95 system

mediates cell death of cytotoxic drugs like doxorubicin.

As cell death by CD95 correlated to cell death induction

by doxorubicin in our samples, our data underline that

common mechanisms for apoptosis resistance might

exist for both stimuli thus supporting that the CD95

system might mediate doxorubicin-induced cell death

in GBM cells. Only few primary samples showed sensi-

tivity for TRAIL-induced cell death. Resistance of the

remaining samples might be caused by apoptosis signal-

ling defects present in GBM cells [7].

Since various decades, in vitro testing of primary

tumour cells is performed not only to predict effec-

tiveness but also with the aim of predicting clinical

outcome and to individualise chemotherapy protocols.

Although in the present study, we were not able to find

a statistically significant correlation of anti-tumour re-

sponse of death inducing ligands in vitro and the clin-

ical outcome of the respective patient, we observed a

remarkable effectiveness of all three substances with a

clear-cut gap to all cytotoxic drugs tested. As GBM is

a highly radio- and chemoresistant, still lethal tumour,

further studies are needed to validate these promising

results in vivo by analysing the therapeutic potential of

BA, ceramide and TRAIL for the treatment of GBM

including bio-availability, toxicity, and effectiveness

in vivo.
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Comment

The effectiveness of chemotherapy as a treatment for glioblastoma

multiforme is under continuous debate. One reason for the low response

to anti-cancer drugs might be the inherent or acquired multi drug resis-

tance of the tumour, which can differ substantially between the patho-

logically same tumours taken from taken different patients. Therefore,

testing various anti-cancer drugs on primary tumour cell cultures reveals

an important picture of the individual tumour characteristics of each

patient offering the possibility of an individualized chemotherapy

regimen.

Tests with betulinic acid, ceramide and TRAIL have shown promising

results in studies on cell death of glioma cell lines and paediatric tumour

cultures. The present study on primary glioblastoma samples from adult

patients is an important continuation of these studies on the way to a

possible clinical application.
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