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Alkylphospholipids inhibit capillary-like endothelial tube
formation in vitro: antiangiogenic properties of a new class
of antitumor agents
Shuraila F. Zerpa, Stefan R. Vinkb, Gerald A. Ruitera, Pieter Koolwijke,
Erna Peterse, Arnold H. van der Luita, Daphne de Jongc, Marianne Buddea,
Harry Bartelinkd, Wim J. van Blitterswijka and Marcel Verheija,d

Synthetic alkylphospholipids (APLs), such as edelfosine,

miltefosine and perifosine, constitute a new class

of antineoplastic compounds with various clinical

applications. Here we have evaluated the antiangiogenic

properties of APLs. The sensitivity of three types of

vascular endothelial cells (ECs) (bovine aortic ECs, human

umbilical vein ECs and human microvascular ECs) to

APL-induced apoptosis was dependent on the proliferative

status of these cells and correlated with the cellular drug

incorporation. Although confluent, nondividing ECs failed to

undergo apoptosis, proliferating ECs showed a 3–4-fold

higher uptake and significant levels of apoptosis after APL

treatment. These findings raised the question of whether

APLs interfere with new blood vessel formation. To test the

antiangiogenic properties in vitro, we studied the effect of

APLs using two different experimental models. The first

one tested the ability of human microvascular ECs to

invade a three-dimensional human fibrin matrix and form

capillary-like tubular networks. In the second model,

bovine aortic ECs were grown in a collagen gel sandwich

to allow tube formation. We found that all three

APLs interfered with endothelial tube formation in a

dose-dependent manner, with a more than 50%

reduction at 25 lmol/l. Interference with the angiogenic

process represents a novel mode of action of APLs

and might significantly contribute to the antitumor effect

of these compounds. Anti-Cancer Drugs 19:65–75 �c 2008
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Introduction
Synthetic alkylphospholipids (APLs) represent a group

of membrane-permeable compounds with antineoplastic

properties and a broad range of clinical applications.

For example, edelfosine (1-O-octadecyl-2-O-methyl-

rac-glycero-3-phosphocholine) has been used as a purging

agent in autologous bone marrow transplantation [1].

Topical application of miltefosine (hexadecylphosphocho-

line) was shown to be an effective therapy for skin

metastases of breast cancer [2] and cutaneous lymphomas

[3]. Oral administration of miltefosine is successfully

used in the treatment of visceral leishmaniasis, a systemic

protozoal infection [4]. The most recent derivative,

perifosine (octadecyl-(1,1-dimethyl-piperidinio-4-yl)-

phosphate), has been evaluated as an oral anticancer

drug in clinical phase I [5,6] and II [7,8] studies, and as a

potential radiosensitizer in a clinical phase I study that

we recently concluded [9].

APLs differ from most of the currently used cytotoxic

drugs with respect to their cellular targets. APLs

primarily act on cell membranes where they accumulate

in sphingolipid-enriched or cholesterol-enriched micro-

domains, known as lipid rafts [10]. Following raft-

dependent internalization, these compounds interfere

with the rapid and continuous phospholipid turnover that

is essential for cell survival [11,12]. This interference

occurs at different levels: edelfosine and miltefosine

inhibit phosphoinositide-specific phospholipase C and

the consequent formation of the second messengers,

diacylglycerol and inositol 1,4,5-trisphosphate [13,14].

In addition, both APLs inhibit phosphatidylcholine (PC)

turnover at the level of both PC degradation and PC

resynthesis [11,15,16]. The latter inhibition occurs at

the level of phosphocholine cytidylyltransferase [17,18],

the rate-determining enzymatic step in PC biosynthesis.

Signaling events, which occur downstream of these

disturbing effects of APLs on lipid metabolism and

signaling, include inhibition of the mitogen-activated

protein kinase/extracellular signal-regulated kinase

(MAPK/ERK) pathway [19,20], activation of proapoptotic

stress-activated protein kinase/c-Jun N-terminal kinase
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signaling [21,22] and, as we and others reported more

recently, inhibition of the Akt/protein kinase B (PKB)

survival pathway [23,24]. These effects most likely

contribute to a change in the balance between proapop-

totic and antiapoptotic signaling. Indeed, APLs are

potent inducers of apoptosis in a variety of tumor cell

lines [25–27]. In addition, APLs enhance radiation-

induced and chemotherapy-induced cytotoxicity, both

in vitro [22,28–32] and in vivo [32].

Angiogenesis is the outgrowth of new blood vessels from

preexisting ones and occurs during development, but

normally stops at maturity. In the healthy adult, it is

only found in the endometrium and ovaries during the

menstrual cycle and in conditions associated with tissue

repair and inflammation. Angiogenesis is increased in a

number of diseases including rheumatoid arthritis,

diabetic retinopathy and cancer. This increase is accom-

panied by changes in the behavior of endothelial cells

(ECs), which are reflected as a large increase in their

proliferation rate, increased migration and invasion into

the extracellular matrix and the formation of new tubular

structures. The increased vascular bed nourishes the

malignant tissue and accelerates the growth of many

tumors. In the last two decades, not only have the

mechanisms and factors that underlie the angiogenic

process become better known, but insight into its

possibilities has also increased: the potential implication

that inhibition of the angiogenic process can contribute to

the treatment of solid tumors [33–38]. In this context,

the recombinant humanized anti-vascular endothelial

growth factor (VEGF) monoclonal antibody bevacizumab

represents an apposite example of an antiangiogenic

approach that increases the effectiveness of chemother-

apy and radiotherapy [33].

In the current studies, we used three well characterized

and clinically relevant APLs (edelfosine, miltefosine and

perifosine) to evaluate their effects on endothelial

integrity. We found that each compound induced

apoptosis in ECs of both human and bovine origin,

depending on the proliferative status of the cells.

Confluent, quiescent ECs were relatively resistant,

whereas proliferating ECs were highly sensitive to APL-

induced apoptosis. In addition, we investigated whether

APLs were capable of interfering with angiogenesis

in vitro. For these studies, two experimental models were

selected. In the first, human microvascular ECs were

cultured on top of a three-dimensional fibrin matrix and

allowed to migrate and form an invasive capillary-like

tubular network [39,40]. In the second model, bovine

aortic ECs were grown in a collagen gel sandwich to

reorganize and form sustained tubular structures [41]. In

both models, APLs inhibited the formation of endothelial

tube-like structures. We therefore conclude that, besides

the preferential apoptotic effect on malignant cells,

interference with angiogenesis might contribute to the

antitumor effect of these compounds.

Materials and methods
Reagents

Miltefosine was purchased from Sigma Chemical Co.

(Zwijndrecht, The Netherlands). Edelfosine was from

Biomol (Plymouth Meeting, Pennsylvania, USA) and

platelet-activating factor-18 (PAF-18) from ICN Biome-

dical Inc. (Aurora, Ohio, USA). [3H]Edelfosine (specific

activity 58 mCi/mmol) was synthesized by Moravek

Biochemicals (Brea, California, USA). [14C]Miltefosine

(specific activity 42 mCi/mmol), perifosine and

[14C]perifosine (specific activity 31 mCi/mmol) were

kindly provided by Zentaris GmbH (Frankfurt,

Germany). These compounds were diluted in serum-free

culture medium. Thrombin was purchased from Leo

Pharmaceutic Products (Weesp, The Netherlands) and

human fibrinogen from Chromogenix AB (Mölndal,

Sweden). Factor XIII was generously provided by

Dr H. Metzner and Dr G. Seemann (Aventis Behring,

Marburg, Germany); basic fibroblast growth factor

(bFGF) was obtained from PeproTech Inc. (London,

UK); human recombinant tumor necrosis factor (TNF)-a
was obtained from Biogent (Gent, Belgium) and human

recombinant VEGF-A165 from ReliaTech (Braunschweig,

Germany). A crude preparation of EC growth factor

(ECGF) was prepared from bovine hypothalamus as

described [42]. Collagen was purchased from Vitrogen

100 (Cohesion, Palo Alto, California, USA).

Cell culture

The human squamous carcinoma cell lines, A431 and

HeLa, and human fibroblasts were cultured in Dulbecco’s

modified Eagle’s medium (DMEM; GIBCO-BRL, Paisley,

UK) supplemented with 10% heat-inactivated fetal

calf serum, penicillin (50 units/ml) and streptomycin

(50 mg/ml). Human monoblastic leukemia U937 cells and

human T lymphoid leukemic Jurkat cells (J16; kindly

provided by Professor J. Borst, The Netherlands Cancer

Institute, Amsterdam, The Netherlands) were grown at a

density between 0.1�106 and 1�106 cells/ml in Iscove’s

modified Dulbecco’s medium (GIBCO-BRL), supple-

mented with 10% heat-inactivated fetal calf serum,

penicillin (50 U/ml) and streptomycin (50 mg/ml). Before

APL treatment, cells were resuspended in serum-free

medium (RPMI-1640 or DMEM) and kept overnight.

ECs from human umbilical vein ECs (HUVECs; kindly

provided by Dr J.A. van Mourik, Sanquin, Amsterdam,

The Netherlands) were cultured in plastic six-well

plates, precoated with human fibronectin (2 mg/ml).

The medium consisted of an equal mixture of RPMI-

1640 and M199 (GIBCO-BRL), 20% (v/v) heat-inacti-

vated pooled human serum, 2 mmol/l glutamine (Merck,

Darmstadt, Germany), penicillin (100 U/ml), streptomy-

cin (100 U/ml) and fungizone (2.5 mg/ml; GIBCO-BRL).

When human serum had to be omitted from the medium,
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0.5% human serum albumin (Sanquin, Amsterdam,

The Netherlands) and human transferrin (20 mg/ml;

Sigma) were added. Confluent monolayers were har-

vested by trypsinization, resuspended in medium and

subcultured. Subcultured cells from passages 1 and 2

were used. The medium was replaced every 3 days. ECs

of bovine aortic origin (BAECs; kindly provided by

Dr Haimovitz-Friedman, Memorial Sloan-Kettering Cancer

Center, New York, USA) were grown to confluence in

low-glucose (1 g/l) DMEM (GIBCO-BRL), supplemen-

ted with 10% bovine calf serum, penicillin (50 U/ml)

and streptomycin (50 mg/ml). For serum-free conditions,

medium containing 0.5% bovine calf serum (BCS) was

used. Confluent monolayers were either used for experi-

ments or were further subcultured at a plating density of

0.75�105 cells/cm2. Confluence (cell density of 6�105/cm2

and > 90% of cells in G0–G1) was reached 4–5 days after

plating. Human foreskin microvascular ECs (HMVECs)

were isolated, cultured and characterized as previously

described [43]. HMVECs were cultured on gelatin-

coated dishes in M199 supplemented with 20 mmol/l

HEPES (pH 7.3), 10% heat-inactivated pooled human

serum, 10% heat-inactivated newborn bovine calf serum

(NBCS), 150mg/ml crude ECGF, 2 mmol/l glutamin, 5 U/ml

heparin, 100 U/ml penicillin and 100 U/ml streptomycin.

Cells were used after they had reached confluence and

had been cultured without growth factor for at least 24 h.

In some experiments proliferating ECs were used. For

these studies, cultures were harvested at 1–2 days after

plating, that is, during the exponential phase of cell

growth (cell density 1.5� 105/cm2).

Apoptosis assay

Apoptosis was determined by either staining with the

DNA-binding fluorochome bisbenzimide (Hoechst

33258; Sigma) [44], to detect morphological nuclear

changes, or by propidium iodide staining and fluores-

cence-activated cell-sorting analysis [45], to determine

the percentage of subdiploid apoptotic nuclei.

For the bisbenzimide staining, APL-treated cells were

harvested at the indicated time points, washed once with

phosphate-buffered saline (PBS) and resuspended in

3.7% (v/v) paraformaldehyde/PBS solution. After 10 min

at room temperature, the fixative was removed and the

cells were resuspended in 15 ml of PBS containing 16 mg/

ml bisbenzimide. Following a 15-min incubation at room

temperature, a 10-ml aliquot was placed on a glass slide,

and 400 cells/slide were scored in duplicate for the

incidence of apoptotic nuclear changes under an Olympus

AH2-RFL fluorescence microscope using a BH2-

DMU2UV exciter filter (Olympus Nederland BV,

Zoeterwoude, The Netherlands).

For the propidium iodide staining, cells were seeded

at 2�105 cells/ml, 100 ml/well in round-bottomed, 96-well

microtiter plates in serum-free RPMI medium. Cells

were lysed overnight in 200 ml of Nicoletti Buffer (0.1%

sodium citrate, 0.1% Triton X-100 and 50 mg/ml propi-

dium iodide) and the percentage apoptotic nuclei,

recognized by their subdiploid DNA content, was

determined on a FACScan (Becton Dickinson, San Jose,

California, USA) using Lysys II software (Becton

Dickinson).

Incorporation of alkylphospholipids

Cultures of confluent or proliferating BAECs were

incubated in low-serum (0.5%) culture medium contain-

ing 15 mmol/l APL, traced with 0.05 mCi/ml radiolabeled

compound. At various time intervals up to 2 h, the

medium was removed and cells were washed three times

with ice-cold PBS and subsequently lysed in 0.1 N

NaOH. The incorporated radioactivity was quantified

by liquid scintillation counting and normalized for total

cell number.

In-vitro angiogenesis models

Two in-vitro angiogenesis models were used for studying

the formation of tubular structures, as previously

described [39–41]. For the first model, human fibrin

matrices were prepared by addition of 0.1 U/ml thrombin

to a mixture of 2.5 U/ml factor XIII (final concentrations),

2 mg/ml fibrinogen, 2 mg/ml sodium citrate, 0.8 mg/ml

NaCl and 3 mg/ml plasminogen in M199 without indica-

tor; 300-ml aliquots of this mixture were added to 48-well

plates. After clotting at room temperature, the fibrin

matrices were soaked with 0.5 ml M199 supplemented

with 10% heat-inactivated pooled human serum and 10%

heat-inactivated NBCS for 2 h at 371C to inactivate the

thrombin. Highly confluent HMVECs (0.7� 105 cells/

cm2) were seeded in a 1.25 : 1 split ratio on the fibrin

matrices and cultured for 24 h in M199 without indicator,

supplemented with 10% heat-inactivated pooled human

serum, 10% heat-inactivated NBCS and penicillin/strep-

tomycin. Confluent monolayers of HMVECs were then

stimulated with the indicated mediators (2.5 ng/ml TNF-a
and 10 ng/ml bFGF or 25 ng/ml VEGF) for 8 to 10 days in

the absence or presence of APL. Every second day

the culture medium was removed, and fresh medium

containing appropriate mediators and test compounds

was added. An important feature of this model is that it

does not allow ECs to proliferate. Instead, cells migrate

and invade the underlying matrix. The formation of

capillarylike tubular structures of ECs in the three-

dimensional fibrin matrix was analyzed by phase-contrast

and dark-field microscopy. The total length of capillary-

like tubular structures of six randomly chosen micro-

scopic fields (7.3 mm2/field) was measured using a Nikon

FXA (Nikon, Tokyo, Japan) microscope equipped with a

monochrome CCD camera (MX5; Nikon) connected to a

computer with Optimas image analysis software (Tokyo,

Japan), and expressed as mm/cm2.
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For the second model, 0.25 ml of collagen solution (5 ml

of collagen, 1 ml of 10� DMEM, 1 ml of 0.1 M NaOH,

1 ml of 0.1 mol/l Na2CO3 and 2 ml of 1� DMEM) was

placed in a 24-well plate. After polymerization,

350 000 cells/0.5 ml of DMEM supplemented with 0.5%

BCS were evenly distributed in the wells. After the cells

were attached, the medium was aspirated, and the top

layer of collagen was added. After polymerization,

medium with APL, was added and incubated for

24–48 h at 371C. After incubation, the cells were fixed

with 3% paraformaldehyde. In this model, ECs re-

organize themselves, mimicking the resolution phase of angio-

genesis; the readout used is the total additive sprout

length [41].

Statistical analyses

Statistical analyses of the data were performed by

standard procedures, using Student’s t-tests. Differences

were considered significant when P values were smaller

than 0.05.

Results
Alkylphospholipid-induced apoptosis in malignant

versus normal cells

Three clinically relevant APLs (edelfosine, miltefosine

and perifosine) were assayed for their capacity to induce

apoptosis in a panel of cancer cell lines and a variety of

normal cell types. As illustrated in Fig. 1, edelfosine

induced apoptosis in all the human tumor cell lines

tested, both of solid (A431 and HeLa) and leukemic

origin (U937 and Jurkat T). In contrast, three types of

confluent normal vascular ECs (BAECs, HUVECs and

HMVECs) failed to undergo apoptosis after APL treat-

ment. This resistance was observed in all three com-

pounds, even after doses as high as 30 mmol/l (not shown).

Table 1 shows the ED50 values in the different tumor cell

lines for the three APLs used. The most potent APL was

edelfosine, which is considered as the prototype for

this group of compounds.

Alkylphospholipid-induced apoptosis in confluent

versus proliferating endothelial cells

We observed a striking difference in the propensity to

undergo APL-induced apoptosis between confluent and

proliferating ECs (Fig. 2). As discussed above and

consistent with our previous observations [22], APLs

did not induce significant levels of apoptosis in confluent

cultures of BAECs, HUVECs and HMVECs. Up to

concentrations of 25 mmol/l for 48 h, APLs exerted no

significant effect on EC viability in confluent culture

(not shown). As shown in Fig. 2a, exponentially

proliferating ECs, however, showed a dose-dependent

increase in apoptosis after edelfosine treatment. Similar

differences in apoptosis sensitivity between confluent

and proliferating cells were observed in HUVECs and

HMVECs (Fig. 2b), after treatment with the two other

APLs (not shown).

Incorporation of alkylphospholipids in confluent

versus proliferating endothelial cells

As it has been shown that the cytotoxic effect of APLs

correlates with its cellular uptake [25,46], we measured

the incorporation of [3H]edelfosine, [14C]miltefosine and

[14C]perifosine in cultures of confluent and proliferating

ECs. We found that proliferating BAECs incorporated

much larger amounts of APLs than confluent BAECs,

namely by a factor of approximately 3–4 at 2 h (Fig. 3a).

The kinetics of APL uptake was also different, with a

more rapid and prolonged uptake in proliferating BAECs.

Figure 3b shows the uptake of edelfosine over a period of

2 h. The kinetics observed for miltefosine and perifosine

was similar (not shown). In confluent BAECs, the uptake

reached its maximum at about 30 min after addition. It

should be noted that the incorporation of APLs in

Fig. 1
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Alkylphospholipid-induced apoptosis in tumor cells (A431, HeLa, U937
and Jurkat T) and normal confluent endothelial cells [ECs; bovine aortic
origin ECs (BAECs), human umbilical vein ECs (HUVECs) and human
foreskin microvascular ECs (HMVECs)]. Apoptosis was determined
at 16 h after treatment with 10mmol/l edelfosine by FACScan analysis
after propidium iodide staining. Data are expressed as mean ± SD from
three independent experiments.

Table 1 Alkylphospholipid-induced apoptosis in a panel of human
carcinoma and leukemic cell lines

ED50 (mmol/l)

Cell type Edelfosine Miltefosine Perifosine

A431 15.4 ± 2.9 17.2 ± 3.0 23.1 ± 2.7
HeLa 5.1 ± 1.6 8.1 ± 0.4 9.2 ± 1.8
U937 6.2 ± 0.3 7.9 ± 2.3 10.3 ± 1.2
Jurkat T 5.0 ± 1.3 8.0 ± 1.9 8.2 ± 0.6

ED50 values were calculated from full dose–response curves at t = 16 h.
Apoptosis was quantified by bis benzimide staining. Data are expressed as
mean ± SD from three independent experiments.
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proliferating BAECs preceded the appearance of apoptotic

morphology that was detected after 4–6 h (not shown).

Effect of alkylphospholipids on endothelial tube

formation in vitro

As endothelial proliferation and apoptosis are both major

determining factors in angiogenesis, we reasoned that

APLs might interfere with new vessel formation. To test

this hypothesis, we employed two in-vitro angiogenesis

models. It is important to note that both models do not

allow endothelial proliferation, thereby excluding an

antiproliferative effect of APLs as the main cause of

their antiangiogenic properties. In the first model,

described by Koolwijk et al. [39,40], HMVECs are seeded

on a three-dimensional human fibrin matrix to form a

confluent monolayer. In the continuous presence of the

combination of an angiogenic factor (VEGF or bFGF) and

TNF-a, outgrowth of capillarylike tubular structures in

the fibrin matrix is observed over a period of 8–10 days.

The total length of these tubular networks is quantified

by computer-assisted image analysis [39]. Figure 4 shows

a set of phase-contrast microscopy images of a represen-

tative experiment. In the unstimulated cultures, the

confluent monolayer of HMVECs remained on top of the

three-dimensional fibrin matrix. Invading ECs and

tubular structures could not be observed (Fig. 4a). The

addition of bFGF or TNF-a alone was not sufficient to

induce tube formation (not shown).The simultaneous

addition of bFGF and TNF-a, however, resulted in the

outgrowth of tubular structures invading the fibrin matrix

and forming a capillary network (Fig. 4b). The number of

ECs on top of the fibrin matrix was not significantly

changed compared with unstimulated cultures (95% of

control; not shown). In the presence of APL, a significant

inhibition in the formation of tubular structures was

observed. Figure 4c shows the effect of 100 mmol/l

edelfosine. The morphology of the endothelial mono-

layer covering the fibrin matrix was slightly altered, but

no significant detachment of cells was observed. The

specificity of APL-induced interference with tube

formation was demonstrated by the use of PAF-18, a

structurally related but ineffective counterpart of edelfo-

sine [25]. The addition of PAF-18 up to 100 mmol/l did

not significantly affect the outgrowth of tubular struc-

tures (Figs. 4d and 5).

Fig. 2
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Alkylphospholipids induce apoptosis in proliferating but not in confluent
endothelial cells (ECs). (a) Dose–effect relationship of edelfosine-
induced apoptosis at 24 h, in proliferating and confluent bovine aortic
origin ECs (BAECs). (b) Apoptosis induced by edelfosine (10 mmol/l)
in proliferating and confluent BAECs, human umbilical vein ECs
(HUVECs) and human foreskin microvascular ECs (HMVECs) at 24 h.
For (a) and (b), apoptosis was determined by FACScan analysis after
propidium iodide staining. Data are expressed as mean ± range from
two independent experiments.
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and normalized for total cell number. (a) APL uptake at 2 h. Data are
expressed as mean ± range from two independent experiments.
(b) Time course of [3H]edelfosine uptake. Data shown are
representative of three experiments performed.
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The inhibitory effect of edelfosine on bFGF/TNF-a-

induced tube formation was dose-dependent, as shown in

Fig. 5. At 25 mmol/l, this inhibition was 54% of controls

and reached statistical significance. At 100 mmol/l, the

inhibition was complete. We note that the final

concentration of APL in the angiogenesis studies was

kept higher than in the apoptosis assays, as the higher

serum concentration in the former type of experiments

sequesters APLs and thus diminishes the effective

concentration by a factor of 2–3. To assure that the cell

membrane integrity was not impaired under these

conditions, we performed a separate set of standard

Fig. 4

(a) (b)

(d)(c)

Capillary-like tube formation is inhibited by alkylphospholipids. Human foreskin microvascular endothelial cells cultured on top of a three-dimensional
fibrin matrix were either not stimulated (a), or stimulated with 10 ng/ml basic fibroblast growth factor (bFGF) and 2.5 ng/ml tumor necrosis factor
(TNF)-a (b), or with bFGF and TNF-a in the presence of 100mmol/l edelfosine (c) or with bFGF and TNF-a in the presence of 100mmol/l platelet-
activating factor-18 (d). After 8 days of culture, representative phase-contrast photographs were taken (bar: 300 mm). Similar results were obtained
in three independent experiments.
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culture experiments in which endothelial lactate dehy-

drogenase release and Trypan blue exclusion were

measured after APL treatment. No significant changes

in either parameter was found in APL-treated EC

cultures compared with controls, confirming the viability

of the cells (data not shown).

Next, we introduced another angiogenic factor into this

system and investigated the effect of other APLs on

tube formation. Just as we had observed in the case of

bFGF (Fig. 6a), VEGF added along with TNF-a to the

endothelial monolayers induced the formation of tubular

structures (Fig. 6d). Furthermore, similar to edelfosine,

miltefosine (Fig. 6b and e) and perifosine (Fig. 6c and f)

interfered with the outgrowth of endothelial tubes by

both bFGF/TNF-a and VEGF/TNF-a.

To confirm these inhibitory effects of APLs on tube

formation, we employed a second model [41] using ECs

of bovine origin. In this model, BAECs are seeded

between a collagen sandwich and allowed to reorganize

and rapidly form tubular structures within 48 h (Fig. 7a

and e). Similar to its action on tube formation by the

HMVECs grown on a fibrin matrix, APL inhibited the

tube formation by BAECs in a collagen sandwich as well.

Figure 7b–d shows the dose-dependent interference with

tube formation by edelfosine. At 20 mmol/l and higher,

no tubular structures could be discerned; quantification

of the total sprout length was therefore not possible.

Miltefosine (Fig. 7f) and perifosine (Fig. 7g) inhibited

this process in a comparable fashion.

Discussion
This study was undertaken to investigate the effect of

three clinically relevant APLs on normal vascular ECs, in

comparison with a panel of tumor cell lines, and to study

the antiangiogenic properties of these compounds in vitro.

Edelfosine, miltefosine and perifosine induced a time-

dependent and dose-dependent increase in apoptosis in a

variety of human leukemic and solid tumor cell lines.

Importantly, the ED50 values we found here fall within

the same micromolar range as those obtained in plasma

from APL-treated patients [5,6,9]. In our phase I study,

we measured a dose-dependent steady-state plasma

concentration of perifosine between 4 and 23 mmol/l,

which was maintained throughout the 4-week treatment

period [9]. In contrast to the effect on tumor cells, three

types of normal quiescent ECs were insensitive to APL-

induced apoptosis. This differential cytotoxic effect of

APLs is consistent with data obtained from other cell

systems [25,27,47], and offers a solid basis for further

clinical evaluation of these compounds as selective

anticancer drugs. Another attractive biological property

of APLs is their capacity to strongly enhance radiation-

induced apoptosis of tumor cells in vitro and in vivo, as

we described recently [22,28,32]. In these studies we

observed a remarkable difference in APL-induced apop-

tosis between confluent, resting versus actively prolifer-

ating ECs. These findings are consistent with those of

Araki et al. [48], who reported on apoptosis induced by

the structurally related compound Et-16-OCH3 (edelfo-

sine = Et-18-OCH3) in subconfluent cultures of HU-

VECs. We found that APL-induced endothelial apoptosis

correlated with the cellular uptake of the compound.

Proliferating ECs incorporated large amounts of APL,

resulting in significant levels of apoptosis. In contrast, in

quiescent ECs, the uptake of APL was only one third of

that of the proliferating cells, and was insufficient to

induce significant apoptotic cell death. The relationship

Fig. 5
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Dose-dependent inhibition by alkylphospholipids of capillary-like tube
formation. Human foreskin microvascular endothelial cells seeded on
top of a three-dimensional fibrin matrix were either not stimulated
(control) or stimulated with 10 ng/nl basic fibroblast growth factor and
2.5 ng/ml tumor necrosis factor-a in the presence of increasing
amounts of edelfosine or 100mmol/l platelet-activating factor-18 (PAF-18).
After 8 days of culturing, total tube length/cm2 ± SD of triplicate wells
was measured (*P < 0.005 compared with 0mmol/l edelfosine). Similar
results were obtained in three independent experiments.
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between APL uptake and apoptosis sensitivity is emer-

ging as a more general phenomenon. Mollinedo et al. [25]

demonstrated that upon transformation with SV40, 3T3

fibroblasts became sensitive to edelfosine and incorpo-

rated high amounts of the lipid. Similarly, apoptosis

sensitivity was restored in human T lymphocytes after

activation with mitogens [49]. The amount of APL

incorporated by the EC, most likely in combination with

the enhanced metabolic activity of the cell, thus

apparently dictates the biological effect. As endothelial

apoptosis has been identified as an important determi-

nant in tumor angiogenesis [50–52], these observations

prompted us to study the antiangiogenic properties of

APLs in vitro.

Angiogenesis is a complex and tightly regulated process of

new blood vessel formation from preexisting vasculature.

Its role in tumor growth and metastases has now clearly

been established, and several strategies of antiangio-

genic therapy have been developed and tested clinically

[33–35]. During angiogenesis, several phases can be distin-

guished: (i) degradation of the basement membrane,

(ii) endothelial migration and invasion in the extracellular

matrix, (iii) endothelial proliferation and (iv) the forma-

tion of capillary-like tubes [36]. A large number of

angiogenic factors have been identified in recent years,

including VEGF and bFGF [37,38]. The formation of

capillary-like structures can be studied in vitro, using

different model systems. For our experiments, we

employed two well characterized models. The first

consists of a three-dimensional human fibrin matrix

covered by human microvascular ECs [39,40]. This

model mimics the in-vivo situation in which fibrin is a

common component of the matrix that is present at sites

of chronic inflammation and tumor stroma [53]. Both an

angiogenic factor (bFGF or VEGF) and a factor to induce

urokinase-type plasminogen activation (e.g. TNF-a) are

required in this in-vitro model, to induce endothelial

migration and the formation of capillary-like tubular

structures without endothelial proliferation [39,40].

Fig. 6

(a) (b) (c)

(f)(e)(d)

Different alkylphospholipids (APLs) inhibit basic fibroblast growth factor (bFGF)/tumor necrosis factor (TNF)-a-mediated and vascular endothelial
growth factor (VEGF)/TNF-a-mediated tube formation. Human foreskin microvascular endothelial cells cultured on top of a three-dimensional fibrin
matrix were stimulated either with 10 ng/nl bFGF and 2.5 ng/ml TNF-a (a–c) or with 25 ng/ml VEGF and 2.5 ng/ml TNF-a (d–f). No APL was added
(a,d); 50 mmol/l miltefosine was added (b,e) and 50 mmol/l perifosine was added (c,f). After 8 days of culture, representative phase-contrast
photographs were taken (bar: 300 mm). Similar results were obtained in three independent experiments.
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These studies demonstrate that APLs are efficient

inhibitors of both VEGF/TNF-a-induced and bFGF/

TNF-a-induced tube formation from preexisting mono-

layers of confluent HMVECs. Moreover, the structurally

related but ineffective compound PAF-18 failed to

interfere with this process. In addition, in a second

reorganization model using a collagen sandwich and ECs

of bovine origin, APLs interfered with tube formation

(Fig. 7). The antiangiogenic action of APLs cannot be

explained by an antiproliferative effect, as both models do

not allow endothelial proliferation. Instead, these models

study endothelial migration and reorganization. It is also

unlikely that extensive cytotoxic effects can account for

the inhibition of angiogenesis, as the endothelial mono-

layer remains intact throughout the observation period

(Figs. 4 and 6).

It remains to be established which of the signal-

transduction pathway(s) are important for the apoptotic

and antiangiogenic effects of APLs. In this context, we

have previously shown that APLs activate the proapop-

totic stress-activated protein kinase/c-Jun N-terminal

kinase pathway. In addition, APLs efficiently prevent

MAPK/ERK signaling induced by serum and growth

factors, both in tumor cells and ECs [19,20,22,54]. More

recently, we found that APLs also inhibit the Akt/PKB

survival pathway [23]. These signaling systems are not

only important for cell death and survival, but have been

implicated in angiogenesis as well [55–58]. In different

in-vitro and in-vivo angiogenesis models, it has been

shown that the blockade of the MAPK/ERK or Akt/PKB

pathway by pharmacological or molecular approaches

induces apoptosis and inhibits angiogenesis [55,56,59].

Our current line of research is focused on the identifi-

cation of additional, critical (intra)cellular targets of

APLs [10].

In conclusion, our data show that not only tumor cells,

but also normal ECs can be targets for APLs. The

cytotoxic effect, however, depends on the proliferative

status, with actively dividing cells incorporating more

APL and thus being apoptosis sensitive. Furthermore,

we demonstrated that APLs are effective inhibitors of

endothelial capillary-like tube formation in vitro. Taken

together, these results support the concept that APLs

exert their antitumor effect both directly through

apoptosis and indirectly, through interference with the

angiogenic process.

Acknowledgement
This work was supported by the Dutch Cancer Society

(to M.V.) and TNO-PG (to P.K.)

References
1 Vogler WR. Bone marrow purging in acute leukemia with alkyl-lyso-

phospholipids: a new family of anticancer drugs. Leuk Lymphoma 1994;
13:53–60.

2 Terwogt JM, Mandjes IA, Sindermann H, Beijnen JH, Bokkel Huinink WW.
Phase II trial of topically applied miltefosine solution in patients with skin-
metastasized breast cancer. Br J Cancer 1999; 79:1158–1161.

3 Dummer R, Roger J, Vogt T, Becker J, Hefner H, Sindermann H, et al. Topical
application of hexadecylphosphocholine in patients with cutaneous
lymphomas. Prog Exp Tumor Res 1992; 34:160–169.

4 Sundar S, Rosenkaimer F, Makharia MK, Goyal AK, Mandal AK, Voss A, et al.
Trial of oral miltefosine for visceral leishmaniasis. Lancet 1998; 352:
1821–1823.

5 Crul M, Rosing H, de Klerk GJ, Dubbelman R, Traiser M, Reichert S, et al.
Phase I and pharmacological study of daily oral administration of perifosine

Fig. 7

(a) (b) (c) (d)

(e) (f) (g)

Alkylphospholipid (APL)-induced interference with endothelial tube formation. Bovine aortic origin endothelial cells were seeded between a collagen
sandwich and allowed to rapidly reorganize and form capillary-like tubular structures within 48 h. No APL added (a,e); 10, 20 and 50 mmol/l
edelfosine added (b–d), 10mmol/l miltefosine added (f) and 10mmol/l perifosine added (g). Similar results were obtained in three independent
experiments. Magnification 100� .

Antiangiogenic effect of alkylphospholipids Zerp et al. 73

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



(D-21266) in patients with advanced solid tumours. Eur J Cancer 2002;
38:1615–1621.

6 Van Ummersen L, Binger K, Volkman J, Marnocha R, Tutsch K, Kolesar J, et al.
A phase I trial of perifosine (NSC 639966) on a loading/maintenance dose
schedule in patients with advanced cancer. Clin Cancer Res 2004;
10:7450–7456.

7 Posadas EM, Gulley J, Arlen PM, Trout A, Parnes HL, Wright J, et al. A phase
II study of perifosine in androgen independent prostate cancer. Cancer Biol
Ther 2005; 4:1133–1137.

8 Knowling M, Blackstein M, Tozer R, Bramwell V, Dancey J, Dore N, et al.
A phase II study of perifosine (D-21226) in patients with previously
untreated metastatic or locally advanced soft tissue sarcoma: a National
Cancer Institute of Canada Clinical Trials Group trial. Invest New Drugs
2006; 24:435–439.

9 Vink SR, Schellens JH, Beijnen JH, Sindermann H, Engel J, Dubbelman R,
et al. Phase I and pharmacokinetic study of combined treatment with
perifosine and radiation in patients with advanced solid tumours. Radiother
Oncol 2006; 80:207–213.

10 Van der Luit AH, Budde M, Ruurs P, Verheij M, van Blitterswijk WJ.
Alkyl-lysophospholipid accumulates in lipid rafts and induces apoptosis via
raft-dependent endocytosis and inhibition of phosphatidylcholine synthesis.
J Biol Chem 2002; 277:39541–39547.

11 Wieder T, Geilen CC, Reutter W. Antagonism of phorbol-ester-stimulated
phosphatidylcholine biosynthesis by the phospholipid analogue
hexadecylphosphocholine. Biochem J 1993; 291 (Pt 2):561–567.

12 Zhou X, Arthur G. Effect of 1-O-octadecyl-2-O-methyl-
glycerophosphocholine on phosphatidylcholine and
phosphatidylethanolamine synthesis in MCF-7 and A549 cells and its
relationship to inhibition of cell proliferation. Eur J Biochem 1995; 232:
881–888.

13 Powis G, Seewald MJ, Gratas C, Melder D, Riebow J, Modest EJ. Selective
inhibition of phosphatidylinositol phospholipase C by cytotoxic ether lipid
analogues. Cancer Res 1992; 52:2835–2840.

14 Uberall F, Oberhuber H, Maly K, Zaknun J, Demuth L, Grunicke HH.
Hexadecylphosphocholine inhibits inositol phosphate formation and protein
kinase C activity. Cancer Res 1991; 51:807–812.

15 Boggs KP, Rock CO, Jackowski S. Lysophosphatidylcholine attenuates
the cytotoxic effects of the antineoplastic phospholipid 1-O-octadecyl-2-
O-methyl-rac-glycero-3- phosphocholine. J Biol Chem 1995; 270:
11612–11618.

16 Posse de Chaves E, Vance DE, Campenot RB, Vance JE.
Alkylphosphocholines inhibit choline uptake and phosphatidylcholine
biosynthesis in rat sympathetic neurons and impair axonal extension.
Biochem J 1995; 312 (Pt 2):411–417.

17 Geilen CC, Wieder T, Reutter W. Hexadecylphosphocholine
inhibits translocation of CTP: choline-phosphate cytidylyltransferase
in Madin-Darby canine kidney cells. J Biol Chem 1992; 267:
6719–6724.

18 Baburina I, Jackowski S. Apoptosis triggered by 1-O-octadecyl-2-O-methyl-
rac-glycero-3-phosphocholine is prevented by increased expression
of CTP:phosphocholine cytidylyltransferase. J Biol Chem 1998; 273:
2169–2173.

19 Powis G. Anticancer drugs acting against signaling pathways. Curr Opin
Oncol 1995; 7:554–559.

20 Zhou X, Lu X, Richard C, Xiong W, Litchfield DW, Bittman R, et al.
1-O-octadecyl-2-O-methyl-glycerophosphocholine inhibits the transduction
of growth signals via the MAPK cascade in cultured MCF-7 cells. J Clin
Invest 1996; 98:937–944.

21 Mollinedo F, Gajate C, Modolell M. The ether lipid 1-octadecyl-2-methyl-rac-
glycero-3-phosphocholine induces expression of fos and jun proto-
oncogenes and activates AP-1 transcription factor in human leukaemic cells.
Biochem J 1994; 302 (Pt 2):325–329.

22 Ruiter GA, Zerp SF, Bartelink H, van Blitterswijk WJ, Verheij M. Alkyl-
lysophospholipids activate the SAPK/JNK pathway and enhance radiation-
induced apoptosis. Cancer Res 1999; 59:2457–2463.

23 Ruiter GA, Zerp SF, Bartelink H, van Blitterswijk WJ, Verheij M. Anti-cancer
alkyl-lysophospholipids inhibit the phosphatidylinositol 3-kinase-Akt/PKB
survival pathway. Anticancer Drugs 2003; 14:167–173.

24 Kondapaka SB, Singh SS, Dasmahapatra GP, Sausville EA, Roy KK.
Perifosine, a novel alkylphospholipid, inhibits protein kinase B activation.
Mol Cancer Ther 2003; 2:1093–1103.

25 Mollinedo F, Fernandez-Luna JL, Gajate C, Martin-Martin B, Benito A,
Martinez-Dalmau R, et al. Selective induction of apoptosis in cancer cells by
the ether lipid ET- 18-OCH3 (Edelfosine): molecular structure requirements,
cellular uptake, and protection by Bcl-2 and Bcl-XL. Cancer Res 1997;
57:1320–1328.

26 Diomede L, Piovani B, Re F, Principe P, Colotta F, Modest EJ, et al. The
induction of apoptosis is a common feature of the cytotoxic action of ether-
linked glycerophospholipids in human leukemic cells. Int J Cancer 1994;
57:645–649.

27 Konstantinov SM, Eibl H, Berger MR. Alkylphosphocholines induce
apoptosis in HL-60 and U-937 leukemic cells. Cancer Chemother
Pharmacol 1998; 41:210–216.

28 Ruiter GA, Verheij M, Zerp SF, van Blitterswijk WJ. Alkyl-lysophospholipids
as anticancer agents and enhancers of radiation- induced apoptosis.
Int J Radiat Oncol Biol Phys 2001; 49:415–419.

29 Stekar J, Hilgard P, Klenner T. Opposite effect of miltefosine on the
antineoplastic activity and haematological toxicity of cyclophosphamide.
Eur J Cancer 1995; 31A:372–374.

30 Pauig SB, Daniel LW. Protein kinase C inhibition by ET-18-OCH3 and
related analogs. A target for cancer chemotherapy. Adv Exp Med Biol 1996;
416:173–180.

31 Berkovic D, Grundel O, Berkovic K, Wildfang I, Hess CF, Schmoll HJ.
Synergistic cytotoxic effects of ether phospholipid analogues and ionizing
radiation in human carcinoma cells. Radiother Oncol 1997; 43:293–301.

32 Vink SR, Lagerwerf S, Mesman E, Schellens JH, Begg AC, van Blitterswijk
WJ, et al. Radiosensitization of squamous cell carcinoma by the
alkylphospholipid perifosine in cell culture and xenografts. Clin Cancer Res
2006; 12:1615–1622.

33 Zakarija A, Soff G. Update on angiogenesis inhibitors. Curr Opin Oncol
2005; 17:578–583.

34 Gradishar WJ. An overview of clinical trials involving inhibitors of
angiogenesis and their mechanism of action. Invest New Drugs 1997;
15:49–59.

35 Ferrara N, Alitalo K. Clinical applications of angiogenic growth factors and
their inhibitors. Nat Med 1999; 5:1359–1364.

36 Hanahan D. Signaling vascular morphogenesis and maintenance. Science
1997; 277:48–50.

37 Folkman J, Klagsbrun M. Angiogenic factors. Science 1987; 235:442–447.
38 Bicknell R, Harris AL. Novel growth regulatory factors and tumour

angiogenesis. Eur J Cancer 1991; 27:781–785.
39 Koolwijk P, van Erck MG, de Vree WJ, Vermeer MA, Weich HA,

Hanemaaijer R, et al. Cooperative effect of TNFalpha, bFGF, and VEGF
on the formation of tubular structures of human microvascular endothelial
cells in a fibrin matrix. Role of urokinase activity. J Cell Biol 1996; 132:
1177–1188.

40 Kroon ME, Koolwijk P, van Goor H, Weidle UH, Collen A, van der Pluijm G,
et al. Role and localization of urokinase receptor in the formation of new
microvascular structures in fibrin matrices. Am J Pathol 1999; 154:
1731–1742.

41 Buser R, Montesano R, Garcia I, Dupraz P, Pepper MS. Bovine
microvascular endothelial cells immortalized with human telomerase. J Cell
Biochem 2006; 98:267–286.

42 Maciag T, Cerundolo J, Ilsley S, Kelley PR, Forand R. An endothelial cell
growth factor from bovine hypothalamus: identification and partial
characterization. Proc Natl Acad Sci U S A 1979; 76:5674–5678.

43 Defilippi P, van Hinsbergh V, Bertolotto A, Rossino P, Silengo L, Tarone G.
Differential distribution and modulation of expression of alpha 1/beta 1
integrin on human endothelial cells. J Cell Biol 1991; 114:855–863.

44 Oberhammer FA, Pavelka M, Sharma S, Tiefenbacher R, Purchio AF, Bursch
W, et al. Induction of apoptosis in cultured hepatocytes and in regressing
liver by transforming growth factor beta 1. Proc Natl Acad Sci U S A 1992;
89:5408–5412.

45 Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C. A rapid and
simple method for measuring thymocyte apoptosis by propidium iodide
staining and flow cytometry. J Immunol Methods 1991; 139:271–279.

46 Vink SR, Schellens JH, van Blitterswijk WJ, Verheij M. Tumor and normal
tissue pharmacokinetics of perifosine, an oral anti-cancer alkylphospholipid.
Invest New Drugs 2005; 23:279–286.

47 Diomede L, Colotta F, Piovani B, Re F, Modest EJ, Salmona M. Induction of
apoptosis in human leukemic cells by the ether lipid 1-octadecyl-2-methyl-
rac-glycero-3-phosphocholine. A possible basis for its selective action.
Int J Cancer 1993; 53:124–130.

48 Araki S, Tsuna I, Kaji K, Hayashi H. Programmed cell death in response to
alkyllysophospholipids in endothelial cells. J Biochem (Tokyo) 1994;
115:245–247.

49 Cabaner C, Gajate C, Macho A, Munoz E, Modolell M, Mollinedo F. Induction
of apoptosis in human mitogen-activated peripheral blood T-lymphocytes by
the ether phospholipid ET-18-OCH3: involvement of the Fas receptor/ligand
system. Br J Pharmacol 1999; 127:813–825.

50 Brooks PC, Montgomery AM, Rosenfeld M, Reisfeld RA, Hu T, Klier G,
et al. Integrin alpha v beta 3 antagonists promote tumor regression

74 Anti-Cancer Drugs 2008, Vol 19 No 1

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



by inducing apoptosis of angiogenic blood vessels. Cell 1994; 79:
1157–1164.

51 Liu W, Ahmad SA, Reinmuth N, Shaheen RM, Jung YD, Fan F, et al.
Endothelial cell survival and apoptosis in the tumor vasculature. Apoptosis
2000; 5:323–328.

52 O’Connor DS, Schechner JS, Adida C, Mesri M, Rothermel AL, Li F, et al.
Control of apoptosis during angiogenesis by surviving expression in
endothelial cells. Am J Pathol 2000; 156:393–398.

53 Dvorak HF, Nagy JA, Berse B, Brown LF, Yeo KT, Yeo TK, et al. Vascular
permeability factor, fibrin, and the pathogenesis of tumor stroma formation.
Ann N Y Acad Sci 1992; 667:101–111.

54 Zerp SF, Ruiter GA, Bartelink H, van Blitterswijk WJ, Verheij M. Selective
tumor cell kill by alkyl-lysophospholipids. Eur J Cancer 1999; 35:S106.

55 D’Angelo G, Struman I, Martial J, Weiner RI. Activation of mitogen-activated
protein kinases by vascular endothelial growth factor and basic fibroblast
growth factor in capillary endothelial cells is inhibited by the antiangiogenic

factor 16-kDa N-terminal fragment of prolactin. Proc Natl Acad Sci U S A
1995; 92:6374–6378.

56 Eliceiri BP, Klemke R, Stromblad S, Cheresh DA. Integrin alphavbeta3
requirement for sustained mitogen-activated protein kinase activity during
angiogenesis. J Cell Biol 1998; 140:1255–1263.

57 Gupta K, Kshirsagar S, Li W, Gui L, Ramakrishnan S, Gupta P, et al. VEGF
prevents apoptosis of human microvascular endothelial cells via opposing
effects on MAPK/ERK and SAPK/JNK signaling. Exp Cell Res 1999;
247:495–504.

58 Yu Y, Sato JD. MAP kinases, phosphatidylinositol 3-kinase, and p70 S6
kinase mediate the mitogenic response of human endothelial cells to
vascular endothelial growth factor. J Cell Physiol 1999; 178:235–246.

59 Jiang BH, Zheng JZ, Aoki M, Vogt PK. Phosphatidylinositol 3-kinase
signaling mediates angiogenesis and expression of vascular endothelial
growth factor in endothelial cells. Proc Natl Acad Sci U S A 2000;
97:1749–1753.

Antiangiogenic effect of alkylphospholipids Zerp et al. 75

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


