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Regina Krügener Æ Hansjörg Eibl Æ Max Lakomek

Structure-activity relationships of alkylphosphocholine derivatives:
antineoplastic action on brain tumor cell lines in vitro

Received: 22 October 2001 / Accepted: 6 February 2002 / Published online: 5 June 2002
� Springer-Verlag 2002

Abstract Erucylphosphocholine (ErPC) is a promising
candidate for the treatment of human brain tumors. The
aim of the present study was to investigate whether
structural modifications of ErPC would improve its
antineoplastic activity in vitro. The novel alkylphosph-
ocholine (APC) derivatives docosenyl-(cis-10,11)-phos-
phocholine, tricosenyl-(cis-12,13)-phosphocholine,
heneicosenyl-(cis-12,13)-phosphocholine and erucyl-
N,N,N-trimethylpropanolaminophosphate all reduced
cell growth and viability of rat and human astrocytoma/
glioblastoma (AC/GBM) cell lines (C6, T98G, U87MG,
A172) and had improved antineoplastic activity when
compared to the prototypical APC hexadecylphosph-
ocholine (HePC). However, the four cell lines differed in
their sensitivity to the APC derivatives. A172 cells were
most sensitive to their cytostatic action and T98G cells
to their cytotoxic action. The LC50 values for T98G cells
after a 72-h exposure to the novel derivatives varied
between 25 and 54 lM compared to 45±8.1 lM for
ErPC. Complete killing of T98G cells was obtained with
all derivatives at 90 lM. Structural modifications of the
chain length of the alcohol moiety as well as changing
the position of the double bond within the alkyl chain
improved cytotoxicity of the APC in C6 and A172 cells
and to a lesser extent in T98G cells, whereas U87MG
cells showed almost similar sensitivities to the novel
drugs and ErPC. Increasing the distance between the

phosphorus and nitrogen atoms within the polar phos-
phocholine group did not alter antineoplastic activity
but modified physicochemical characteristics, e.g. in-
creased the solubility in water. In a similar manner to
ErPC, all derivatives induced growth arrest in the G2/M
phase of the cell cycle and apoptotic cell death. Impor-
tantly, none of the derivatives showed hemolytic activi-
ty. As there was no clear superiority of any of the novel
derivatives, ErPC remains the leading APC derivative
for future clinical trials in brain tumor chemotherapy.
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Introduction

Despite some progress in the treatment of several brain
tumors such as medulloblastoma or primitive neuroec-
todermal tumors, the overall prognosis of patients with
malignant gliomas has not been improved significantly
[7, 17]. Glioblastoma (GBM) is almost uniformly fatal
with only a few patients surviving longer than 2 years
[9]. Two major problems impair the success of chemo-
therapy. First, the delivery of sufficient amounts of most
antineoplastic drugs into the brain tissue is prevented by
the blood-brain barrier. Second, high-grade gliomas are
often characterized by high intrinsic chemoresistance.
Therefore, the use of lipophilic antineoplastic drugs with
efficient penetration across the blood-brain barrier, as
well as drugs with new mechanisms of action bypassing
chemoresistance, could basically improve the chemo-
therapy of malignant brain tumors.

Alkylphosphocholines (APC) represent a novel class of
lipophilic ether lipids with promising antitumor activity in
vitro and in vivo [8, 12, 18, 20, 21, 32]. They were derived
from the antineoplastic alkyllysophospholipids (ALP)
that are related to natural lysophospholipids. The ALP
derivative 1-O-octadecyl-2-O-methyl-rac-glycero-3-phos-
phocholine (Et-18-OCH3) shows high antineoplastic
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Universitätskinderklinik Göttingen,
Robert-Koch-Strasse 40, 37075 Göttingen, Germany

H. Eibl
Max-Planck-Institut für Biophysikalische Chemie,
Am Fassberg, 37075 Göttingen, Germany



activity against various tumor cell lines in vitro including
brain tumor cell lines [2, 28, 33]. However, due to their
rapid biotransformation in vivo, cytotoxic drug concen-
trations cannot be achieved in tissues and organs [1, 27].

Eibl and coworkers have identified the APC as the
minimal structural requirement for antineoplastic ac-
tivity of the ALP [31, 34]. APC are phosphocholine es-
ters of long-chain aliphatic alcohols of different chain
length. Due to the lack of the glycerol moiety, APC are
not metabolized by phospholipases and therefore accu-
mulate in organs and tissues in vivo [14, 24]. These
compounds, unlike conventional DNA-damaging
agents, are membrane-targeted drugs primarily modu-
lating membrane lipid composition and phospholipid
metabolism [5, 30, 36]. Inhibition of mitogenic signal
transduction and induction of apoptosis contribute to
the antineoplastic action of these compounds [4, 10, 16,
26, 28, 37]. In contrast to DNA-damaging drugs, APC
show no myelotoxicity and even stimulate growth of
hematopoietic progenitor cells [6, 15].

Erucylphosphocholine (ErPC) is the first APC de-
rivative which can be given intravenously [11, 14]. It
exerts antineoplastic effects in vivo against methylni-
trosurea-induced mammary carcinoma in the rat [3, 24]
and against brain tumor cell lines in vitro [13]. In these
studies, ErPC has turned out to be more active than the
prototypical APC derivative hexadecylphosphocholine
(HePC). It modulates specific intracellular signaling
pathways leading to growth arrest in the G2/M phase of
the cell cycle and the induction of programmed cell
death even in chemoresistant astrocytoma/glioblastoma
(AC/GBM) cell lines [18, 19]. Pharmacokinetic experi-
ments in healthy and tumor-bearing rats have revealed
that ErPC crosses the blood-brain barrier and accumu-
lates in the brain, reaching concentrations sufficient to
kill human GBM cell lines in vitro. Moreover, no severe
toxic side effects have been observed at these concen-
trations [14]. Thus, ErPC is the most promising ether
lipid for the treatment of malignant gliomas.

The aim of the present study was to identify the
structural requirements for efficient antineoplastic action
of APC against brain tumor cells in vitro. The structural
variations of the ErPC molecule included the position of
the double bond, the chain length of the alcohol moiety
and the hydrophilic phosphocholine group. The position
of the double bond and the chain length influenced the
cytotoxic effects of APC in C6, A172 and, to a lesser ex-
tent, T98G cells. In a similar manner to ErPC, all APC
derivatives induced growth arrest in the G2/M phase of
the cell cycle and apoptotic cell death. None of them
showed hemolytic activity. Based on their high antineo-
plastic activity or their favorable physicochemical prop-
erties, docosenyl-(cis-10,12)-phosphocholine (C22:1),
heneicosenyl-(cis-12,13)-phosphocholine (C21:1) and er-
ucyl-N,N,N-trimethylpropanolaminophosphate (ErPC3)
could be recommended for evaluation in animal experi-
ments. However, there was no clear superiority of any of
the novel APC derivatives regarding their antineoplastic
action in the AC/GBM cell lines tested. Therefore, ErPC

remains the APC derivative of choice for future clinical
trials in brain tumor chemotherapy.

Materials and methods

Chemicals and drugs

All APC derivatives were synthesized by H. Eibl, Max Planck-In-
stitute for Biophysical Chemistry, Göttingen, Germany. The chem-
ical modifications of the compounds consisted of (a) varying the
length of the alkyl chain by the addition or deletion of one CH2 group
in the alkyl chain (C23:1 and C21:1), (b) changing the position of the
double bond to cis-10,11 (C22:1) and (c) increasing the distance be-
tween the phosphorus and nitrogen atoms by one CH2 group in the
choline moiety (ErPC3) (Fig. 1; Table 1). In addition, HePC, the
prototypical APC without a double bond, was used as a reference.

The drugs were dissolved in 200 ll ethanol and diluted with
RPMI-1640 medium supplemented with 10% fetal calf serum to a
concentration of 10 or 20 mM (stock solution). The final ethanol
concentration in tissue culture experiments was below 0.1%. For
hemolysis experiments, APC derivatives were dissolved in 200 or
500 ll ethanol and diluted with PBS to a concentration of 20 or
50 mM.

The cell culture medium and supplements were purchased from
Seromed (Berlin, Germany). The WST-1 and 5-bromo-2¢-deoxy-
uridine (BrdU) test were from Roche Molecular Biochemicals
(Mannheim, Germany). All other chemicals were purchased from
Sigma-Aldrich (Deisenhofen, Germany).

Cell lines

The C6 rat glioma cell line as well as the human AC/GBM cell lines
A172, U87MG and T98G were obtained from ATCC (Rockville,
Md.). All tumor cell lines were adapted to RPMI-1640 medium
containing 2 mM glutamine and 2 g/l sodium bicarbonate (PAA,
Linz, Austria) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum and 100 U/ml penicillin and 100 lg/ml streptomycin
(Life Technologies, Karlsruhe, Germany). All cell lines were grown
as monolayers in tissue culture flasks in a humidified atmosphere of
5% CO2/95% air at 37�C.

Determination of cell viability and proliferation

Cells were seeded into 96-well plates (1·103 cells/well) and drugs
diluted in culture medium were added to the cells 24 h after plating.
Drug sensitivity was assessed with cells after continuous exposure
to the drug of interest for 24–72 h by the WST-1 test as described
elsewhere [18]. The LC50 represents the drug concentration causing
a reduction in the number of viable cells to 50% of the number of

Fig. 1. Chemical structures of APC derivatives
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untreated control cells. Additionally, viability was determined by
trypan blue exclusion. For this purpose, cells were harvested by
trypsinization, dissolved in PBS, and an aliquot was stained for
1 min in the presence of 0.1% (w/v) trypan blue in PBS.

Cell proliferation was determined measuring BrdU incorpora-
tion into the DNA of proliferating cells using a colorimetric cell
proliferation kit as described in the manufacturer’s protocol
(Roche Molecular Biochemicals, Mannheim, Germany). Absor-
bance at 370 nm (k reference 492 nm) was determined in a Dyna-
tech microplate reader MR600 (Dynatech Laboratories, Chantilly,
Va.). The IC50 values are the drug concentrations causing a 50%
reduction in BrdU incorporation when compared to that of
untreated control cells.

Cell morphology

Cells were cultured for different times in medium alone or in me-
dium supplemented with different concentrations of the APC. The
morphology of the cells was evaluated by polarization light mi-
croscopy of native cells and by light microscopy of cells fixed in
methanol and stained with Wright staining solution (0.3% w/v in
methanol, pH 6.8).

Cell cycle analysis and quantification of apoptosis

Cells were harvested by trypsinization and washed twice with PBS.
The cells (1·106/ml) were incubated in a hypotonic fluorochrome
solution (50 lg/ml propidium iodide (PI) in 0.1% sodium citrate
plus 0.1% Triton X-100) for 60 min at room temperature in the
dark and subsequently submitted to FACS analysis [29]. PI fluo-
rescence of individual cells after excitation by a 488 nm Argon laser
was analyzed (640 nm long-pass filter) using a FACScan flow cy-
tometer and CELLQuest and Modfit software (Becton Dickinson,
Mountain View, Calif.).

Quantification of hemolysis

Blood from healthy donors was incubated with 2 or 5 mM of the
APC derivatives. Blood incubated with the same concentrations of
the solvent (4% or 10% ethanol) as well as erythrocytes and serum
of untreated blood samples were used as controls. Aliquots were
taken after 1, 5, 10 or 30 min of incubation. The samples were
centrifuged to remove intact erythrocytes and the serum was used
for the quantification of hemoglobin released during incubation.
For this purpose, 20 ll of the serum was incubated with 5 ml of a
solution for hemoglobin determination (Merck, Darmstadt, Ger-
many) and the amount of hemoglobin was quantified by photo-
metric detection at 546 nm.

Statistical evaluation

Experiments were performed in triplicate and the results are ex-
pressed as means±SD except as indicated otherwise. The

significance of differences in the data was analyzed using Student’s
t-test.

Results

AC/GBM cell lines differ in their sensitivity to APC
derivatives

All APC derivatives exerted concentration-dependent
cytostatic and cytotoxic effects on rat glioma C6 cells and
the human AC/GBM cell lines A172, T98G and U87MG
(Tables 2 and 3). The cytostatic and cytotoxic effects of
the APC were maximal after 48 to 72 h (Fig. 2A, B). The
cell lines differed in their sensitivity to the ether lipids
with U87MG cells showing the lowest sensitivity to all of
the derivatives tested (Tables 2 and 3; Fig. 2A, B). None

Table 1. Structural character-
istics and short names of
ErPC derivatives

Name Short
name

Number of cis
double bonds

Location of
double bond

Alkyl chain
(C-atoms)

Polar head

Docosenyl-(cis-10,11)-
phosphocholine

C22:1 1 Cis-10,11 22 Phosphocholine

Tricosenyl-(cis-12,13)-
phosphocholine

C23:1 1 Cis-12,13 23 Phosphocholine

Heneicosenyl-(cis-12,13)-
phosphocholine

C21:1 1 Cis-12, 13 21 Phosphocholine

Erucyl-N,N,N-trimethyl-
propanolaminophosphate

ErPC3 1 Cis-13,14 22 N,N,N-Trimeth-
ylpropanolami-
nophosphate

Erucylphosphocholine ErPC 1 Cis-13,14 22 Phosphocholine

Hexadecylphosphocholine HePC 0 – 16 Phosphocholine

Table 2. IC50 values (lM) in AC/GBM cell lines after 72 h of
treatment. IC50 values are the drug concentrations that caused a
reduction in the number of proliferating cells to 50% of the number
of control cells as determined by BrdU incorporation. The values
shown are means±SD of three independent experiments. For the
chemical structure of the derivatives refer to Table 1 and Fig. 1

Derivative C6 U87MG A172 T98G

C21:1 29±2.3 103±6.0 18±5.0 31±6.6
C23:1 48±3.2 98±6.4 24±2.8 58±15.7
C22:1 40±8.7 104±7.5 19±0.6 44±16.2
ErPC 76±2.6 89±4.6 36±2.1 37±1.0
ErPC3 78±3.8 79±4.0 29±2.3 35±0.7
HePC >150 >150 40±0.8 71±11.0

Table 3. LC50 values (lM) in AC/GBM cell lines after 72 h of
treatment. LC50 values are the drug concentrations that caused a
reduction in the number of viable cells to 50% of the number of
control cells as determined by the WST-1 test. The values shown
are means±SD of three independent experiments. For the chemical
structure of the derivatives refer to Table 1 and Fig. 1

Derivative C6 U87MG A172 T98G

C21:1 27±1.5 96±1.5 29±5.5 25±1.0
C23:1 39±1.4 77±11.0 46±2.9 43±4.0
C22:1 32±5.7 70±2.5 36±4.9 29±3.2
ErPC 71±6.9 89±2.1 67±3.2 45±8.1
ErPC3 83±2.6 69±2.1 66±3.5 58±8.0
HePC 145±7.1 >150 91±2.1 89±16.2
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of the drugs inhibited proliferation of U87MG cells at
concentrations below 55 lM and complete inhibition
required 100–120 lM (Fig. 2C). Cytotoxicity was only

observed at drug concentrations of ‡55 lM, and drug
concentrations ‡120 lM were required for complete cell
death (Fig. 2D). In contrast, T98G and A172 cells
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turned out to be very sensitive to all APC derivatives
(Tables 2 and 3; Fig. 2A, B). Antiproliferative and
cytotoxic effects against these cells were observed at
concentrations as low as 20–40 lM and were maximal at
80–100 lM, as shown for T98G cells in Fig. 2E, F.

C6 rat glioma cells differed in their sensitivity to the
APC derivatives and turned out to be more sensitive to
C21:1, C22:1 and C23:1 than to ErPC (Tables 2 and 3;
Fig. 2G). Since the derivatives differed in the slope of
their inhibition curves, the LC90 values were more sim-
ilar than the LC50 values (Fig. 2G).

An increase in WST-1 reduction after treatment
of U87MG and C6 cells with subtoxic concentrations of
ErPC or C21:1 (10–20%) as well as after treatment of
T98G or A172 cells with low concentrations of all APC
derivatives tested (20–80%) was observed when com-
pared to untreated control cells (Fig. 2D, F). This might
be indicative of increased viability of the cells at low
APC concentrations. In contrast, we were not able to
detect a mitogenic effect of low APC concentrations on
AC/GBM cells since the numbers of BrdU-incorporat-
ing cells was not increased at the same time (Fig. 2C, E,
and data not shown).

Influence of structural variations on antineoplastic
effects of APC derivatives

Structural modifications of the chain length of the al-
cohol moiety as well as changing the position of the
double bond within the alkyl chain influenced the an-
tineoplastic effects of the novel drugs in C6 and A172
cells and to a lesser extent in T98G cells, whereas the
cytostatic and cytotoxic effects of the novel derivatives
were almost similar in U87MG cells when compared to
ErPC (Fig. 2C, D).

Comparing the derivatives with different chain
lengths, derivatives with an alkyl chain length of 21, 22
or 23 carbon atoms were more effective than HePC, the
C16:0 derivative. In C6, A172 and T98G cells the IC50

values were about twofold higher for HePC than for

ErPC (Table 2). C21:1 and C23:1 exerted 2.3- to 2.6-fold
stronger antiproliferative and cytotoxic effects than
ErPC in C6 and A172 cells (Tables 2and 3, Fig. 3A and
B). In addition, C21:1 turned out to be more cytotoxic
than ErPC to T98G cells (Table 3, Fig. 2G).

The position of the double bond also strongly influ-
enced the antineoplastic activity of the compounds.
Comparing the LC50 values of C22:1 (cis-10,11) and
ErPC (cis-13,14), C22:1 was significantly more cytotoxic
to all four cell lines than ErPC (Table 3). Evaluation of
cell viability after 48 h of treatment by the WST-1 test
and by trypan blue exclusion gave similar results
(Fig. 3C, D). Comparing C22:1 with ErPC, the LC50

values were decreased by factors of 1.6, 1.9 and 2.2 for
T98G, A172 and C6 cells, respectively (Table 3). In
addition, C6 and A172 cells were more sensitive to the
antiproliferative action of C22:1 (Table 2).

However, modification of the polar phosphocholine
group did not significantly alter the antineoplastic ac-
tivity of the drug. All cell lines tested showed similar
sensitivities to both ErPC and ErPC3. No significant
differences in the LC50 and IC50 values were observed
(Tables 2 and 3). A putative advantage of ErPC3 might
be its altered physical properties with increased solubil-
ity in aqueous solutions (data not shown).

Toxicity and mechanism of action
of the novel APC derivatives

Since the use of HePC was restricted by hemolytic ef-
fects, the release of hemoglobin from the blood of
healthy donors was analyzed in an in vitro assay
(Table 4). ErPC and its structural derivatives did not
induce significant hemolysis at a concentration of 2 mM.
The increased hemolysis at the higher concentration of
5 mM was due to the high concentration of the solvent
(EtOH). No significant differences in the extent of
hemolysis were observed between ErPC and the novel
APC derivatives tested.

In previous work, we have shown that ErPC induces
growth arrest of cells in the G2/M phase of the cell cycle,
bi- and multinuclear cell formation and apoptotic cell
death [18]. Therefore, we sought to determine whether
the novel derivatives share this mechanism of action with
ErPC. The morphological evaluation of C6 cells by light
microscopy showed a normal bipolar cell body with one
nucleus in untreated cells (Fig. 4A). As under ErPC,
treatment of C6 cells with 10–30 lM of the novel APC
derivatives induced bi- and multinuclear cell formation
after 24 and 48 h (Fig. 4B). At higher drug concentra-
tions (30–100 lM) the APC derivatives uniformly
induced cell rounding, membrane blebbing and the for-
mation of apoptotic bodies indicative of the induction of
apoptosis (Fig. 4C). To get further evidence for the
induction of apoptosis we performed FACS analyses on
C6 cells stained with PI in a hypotonic sodium citrate
solution. Depending on the concentration, the novel
APC derivatives also induced growth arrest of C6 cells in

Fig. 2A–G. AC/GBM cell lines vary in their sensitivity to
treatment with APC. A, B C6, A172, T98G and U87MG cells
were grown in the presence of increasing concentrations of C22:1
for 48 and 72 h. A Cell proliferation was determined in terms of
BrdU incorporation. IC50 values represent the drug concentrations
that caused a 50% reduction in the number of proliferating cells
(means±SD, n=3). B Cell viability was determined by the WST-1
test. The LC50 values represent the drug concentrations that caused
a 50% reduction in the number of viable cells (means±SD, n=3).
C–F Inhibition curves for the different APC derivatives (means,
n=3; SD omitted for clarity). U87MG cells (C, D) and T98G cells
(E, F) were cultured for 72 h in the presence of increasing
concentrations of the indicated drugs. Cell proliferation (C, E)
and cell viability (D, F) were determined in terms of BrdU
incorporation and the WST-1 test, respectively. G C6 cells were
grown for 72 h in the presence of the indicated drugs. Cell viability
was determined by the WST-1 test. LC50 and LC90 values represent
the drug concentrations needed for a 50% or 90% reduction in the
number of viable cells (means±SD, n=3)

b
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the G2/M phase of the cell cycle as well as apoptotic cell
death (Fig. 4D–F). In cells treated with medium alone,
only 11–15% of the cells were found in the G2/M phase
of the cell cycle (region M4) in contrast to 30% after 48 h
of treatment with 30 lM C23:1 (Fig. 4D, E). At 100 lM
C23:1 about 50% of the cells were detected in the subG1

peak (region M1) representing apoptotic cells (Fig. 4F).
The sensitivity of the cells to treatment with APC was

dependent on their sensitivity to APC-induced apoptosis.
In U87MG cells, which were rather insensitive to APC
treatment, drug concentrations of 100 lM were needed
to induce 10–30% apoptosis within 48 h (data not
shown). In contrast, 20 lM of the APC was sufficient to
induce significant apoptosis in the most sensitive T98G
cells within 48 h of treatment. Again, T98G cells turned
out to be most sensitive to C22:1 and C21:1, whereas
increased concentrations of C23:1 and ErPC were needed
to induce the same apoptotic response (Fig. 4G).

Discussion

ErPC is a promising APC derivative with a substantial
antineoplastic action in brain tumor cell lines in vitro.
Here, the antineoplastic activity of novel structural APC
derivatives on brain tumor cell lines in vitro is described
for the first time. The extent of the cytostatic and cyto-
toxic effects of these derivatives depended on the tumor
cell line investigated. The human AC/GBM cell lines
T98G and A172 were more sensitive to all APC deriv-
atives tested than human U87MG cells and the rat gli-
oma cell line C6. This is consistent with earlier
observations on the action of ErPC [18]. These
differences in the sensitivities might have been due to
differences in drug uptake, the activity of phospholipid-
metabolizing enzymes or the constitutive activity of key
signaling molecules such as protein kinase C [35].

Analysis of the structural requirements for a strong
antineoplastic effect in AC/GBM cells showed both the
chain length of the alcohol moiety and the double bond
to be important for the activity of the APC. HePC, the
APC derivative with a 16 carbon atom alcohol moiety
without a double bond (C16:0) was less effective than
ErPC, whereas the C21:1, C22:1 and C23:1 derivatives
turned out to be even more effective than ErPC in some
of the cell lines. In A172 and C6 cells, LC50 and IC50

values of C21:1 and C22:1 were decreased by factors of

Fig. 3A–D. Structural variations influence antineoplastic activity
of APC in AC/GBM cell lines. C6 cells were cultured for 72 h (A,
B) or 48 h (C, D) in the presence of increasing concentrations of the
indicated drugs. Cell proliferation (A) and cell viability (B–D) were
determined in terms of BrdU incorporation (A), the WST-1 test (B,
C) and trypan blue exclusion (D), respectively. A–C Inhibition
curves for the different APC derivatives (means n=3; SD omitted
for clarity); D percentage of viable cells of one representative of
three experiments giving similar results. Cells cultured in medium
had viabilities of 94–99%
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1.9–2.6 when compared to ErPC. Since in C21:1 and
C23:1 the structural modification of the chain length of
the alcohol moiety was combined with a switch of the

Table 4. Hemolytic activities of ErPC derivatives. Blood from
healthy volunteers was treated with the indicated concentrations of
the APC or the solvent (ethanol). After 30 min, the hemoglobin
content of the serum was determined by an in vitro assay. Whole
blood and serum of untreated blood samples were used as positive
control (100% hemolysis) and negative control (0% hemolysis),
respectively. Values shown are means of three independent exper-
iments (SD <5%)

Drug Hemolysis (% of complete hemolysis)

At 2 mM of the drug At 5 mM of the drug

Solvent 1.3 35.0
ErPC 1.6 34.0
ErPC3 1.1 36.5
C22:1 1.1 39.7
C21:1 1.3 41.8
C23:1 3.2 31.4

Fig. 4A–G. APC derivatives induce bi- and multinucleation, G2/M
arrest and apoptotic cell death. C6 cells were cultured in medium or
in the presence of the indicated concentrations of C21:1 or C23:1.
A–C Morphology was determined by Wright staining of fixed C6
cells after 48 h of treatment with (A) medium, (B) 30 lM C21:1 and
(C) 50 lM C21:1. D–F FACS analyses of PI-stained C6 cells after
48 h of treatment with (D) medium, (E) 30 lM C23:1 and (F)
100 lM C23:1. M1 and M4 indicate the sub-G1 peak (apoptotic
cells) and the G2/M phase of the cell cycle, respectively. G T98G
cells were cultured for 48 h in medium with 20 (white bars) or
40 lM (black bars) C21:1, C22:1, C23:1, or ErPC. Apoptosis was
determined by FACS analysis of PI-stained cells. The data shown
are from one representative of two experiments giving similar
results
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double bond position (cis-12,13 instead of cis-13,14),
increased antineoplastic activity might be the sum of the
favorable effects of the two variations.

The strongest antineoplastic activity was obtained with
an alcohol moiety consisting of 21 to 23 carbon atoms and
a cis-double bond at position 10,11 or 12,13 or 13,14. Our
findings are consistent with earlier observations that the
antineoplastic activity of APC depends on the chain
length of the alkyl moiety [31]. Similarly, the antineo-
plastic activity against leukemic cells varies between dif-
ferent cell lines and the novel intravenously injectable
derivatives have increased antileukemic activity com-
pared to HePC [23]. In addition, the C22 derivatives ErPC
and ErPC3 are able to reduce the growth of human
bladder carcinoma cell lines to a higher extent than de-
rivatives with a shorter alkyl chain such as HePC [21]. It
has also to be taken into account that structural variations
influence the biodistribution of the drugs [24]. Therefore,
in vivo activity cannot be concluded from in vitro data
since tissue concentrations in brain tumors may not cor-
relate with antineoplastic activity. Moreover, increasing
the chain length of the hydrophilic phosphocholine group
did not alter the antineoplastic activity of ErPC but
modified its physical characteristics. The higher solubility
of ErPC3 in aqueous solutions compared to ErPC sim-
plifies intravenous administration in vivo.

At subtoxic concentrations C21:1 and ErPC in-
creased the viability of U87MG cells by 10–20%. This is
consistent with earlier reports of increased viable cell
counts in human tumor cell lines treated with low con-
centrations of HePC [34]. The authors assumed that at
subtoxic doses APC might have mitogenic effects, pre-
sumably mediated through activation of protein kinase
C and/or calcium mobilization from intracellular calci-
um stores [25, 35]. However, in the present study no
increase in AC/GBM cell proliferation could be detected
at subtoxic APC concentrations. On the other hand,
ErPC-induced apoptosis has been shown to involve
production of reactive oxygen species (ROS). These
radicals by themselves are able to reduce WST-1.
Therefore, in cell lines such as T98G that are highly
sensitive to APC-induced apoptosis, the strongly in-
creased WST-1 reduction at subtoxic APC doses could
be due at least in part to the onset of ROS production
during APC-induced apoptosis [19].

Hemolysis is a major toxic side effect of HePC. It has
been shown that ErPC, a derivative with a monounsat-
urated alcohol chain, can be administered intravenously
without hemolysis [14]. In accordance with this, none of
the novel APC derivatives with a double bond tested in
the present study induced hemolysis. Since these drugs
can be given intravenously they may show reduced
gastrointestinal toxicity and higher plasma concentra-
tions in vivo [23]. Therefore, the double bond not only
improved antineoplastic activity but in addition reduced
toxic effects compared to HePC.

Investigation of the mechanism of action showed
that, in a similar manner to ErPC, the novel APC
derivatives induced growth arrest in the G2/M phase of

the cell cycle, bi- and multinuclear cell formation and
apoptotic cell death in AC/GBM cells. The effects de-
pended on the drug concentration and corresponded to
the sensitivity of a given cell line to the respective de-
rivative. T98G and A172 which were highly sensitive to
the cytotoxic action of the APC showed extensive
apoptotic cell death after APC treatment while the
insensitive U87MG cells turned out to be rather resis-
tant to APC-induced apoptosis. These results imply
that the cytotoxicity of the APC correlated with their
ability to induce apoptosis and that the sensitivity of a
given cell line to APC treatment was dependent on its
sensitivity to APC-induced apoptosis. Our results cor-
roborate earlier findings that induction of apoptosis
constitutes a common mechanism of the cytotoxic ac-
tion of APC [16, 18, 22] and the structurally related
ALP [10, 28].

In conclusion, the novel APC derivatives showed
improved antineoplastic activity in AC/GBM cell lines
and reduced toxicity when compared to the prototypical
APC HePC. Apoptosis contributes to the cytotoxic ac-
tion of these compounds. Structural requirements for
strong antineoplastic activity against AC/GBM cell lines
were a 21–23 carbon atom alkyl chain and a double
bond in cis-10,11, cis-12,13 or cis-13,14 of the alkyl
chain allowing intravenous administration. Based on the
strong antineoplastic activity of C22:1 and C21:1 and
the favorable physicochemical properties of ErPC3,
these derivatives could be recommended for evaluation
in animal experiments. However, given that (1) the
variations in the antineoplastic activity between different
AC/GBM cell lines were as important as between the
structural derivatives, (2) the overall antiproliferative
and cytotoxic effects of the novel drugs did not show
clear superiority compared to ErPC and (3) all phar-
macological investigations focused on ErPC, ErPC re-
mains the APC derivative of choice for future clinical
trials in brain tumor therapy.
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