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Abstract—We have studied the cellular uptake of edelfosine (1-O-octadecyl-2-O-methyl-rac-glycero-3-
phosphocholine; ET-18-OCHj;), a membrane active anticancer drug of the ether lipid family, by L1210
murine leukemia cells. Initial unidirectional linear uptake velocity was 1.1 nmol/min per 2 x 10° cells;
at about 30 min it reached a steady-state phase of accumulation of approximately 5 nmol/2 x 10° cells.
Concentration studies indicated no saturation kinetics from 0 to 40 uM. Studies with metabolic inhibitors
displayed no energy dependence. There was no effect of chloroquine, monensin or cytochalasin B,
which are known inhibitors of endocytosis. The inhibitory effect of lower temperature on uptake was
moderate in extent and compatible with passive diffusion. There was no effiux of drug from preloaded
cells which indicates intense binding of incorporated drug to cells. In human serum, edelfosine bound
to several protein components, primarily high density lipoprotein and albumin, and this may explain
why cellular uptake was slowed considerably by the presence of serum or albumin in the incubation
medium. We conclude that the lipophilic ether lipid derivative edelfosine is taken up by passive diffusion
by the L1210 cell. It is tightly bound to cellular structures, probably by insertion into the membrane
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lipid bilayer.

The ether lipids, analogs of lysophosphatidylcholine,
are an interesting new class of antineoplastic agents.
They localize in cellular membranes [1, 2] and have
no known direct interaction with DNA. The
characteristics of the cellular accumulation of the
drug have been studied by Bazill and Dexter [3],
and they concluded that one component of uptake
is endocytosis. In their studies, uptake of tritiated
edelfosine by drug-sensitive WEHI-3B leukemia
cells was reduced by inhibitors of endocytosis
(chloroquine, monensin, and vinblastine) and by
sodium fluoride. However, uptake was nonsaturable
at high concentrations, and it was not affected by
sodium azide. Storch and Munder [4] reported that
edelfosine uptake by MethA fibrosarcoma and
other drug-sensitive cell lines is nonsaturable and
unaffected by metabolic inhibitors, but slowed by
cytochalasin B and dipyridamole. However, both
studies were performed using experimental time
points at hourly intervals; therefore, the results
measured gradual drug accumulation, but not initial
unidirectional uptake. In addition, those studies
were carried out in the presence of 10% fetal bovine
serum. The characteristics of initial uptake at early
time points have not been reported. We carried out
our studies at early and short time intervals so that
unidirectional drug uptake was not complicated by
drug efflux, metabolism or intracellular binding. The
use of a serum-free transport medium allowed us to
eliminate the confounding effect of binding to serum
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components. Since ether lipids are lipid-soluble
agents and phospholipid derivatives, we anticipated
that they might be incorporated directly into the
plasma membrane by passive diffusion. As analogs
of membrane phospholipids, they represent a new
approach to cytotoxicity of neoplasticcells; therefore,
the kinetic features of their cellular uptake and of
binding to human serum are of particular interest.

MATERIALS AND METHODS

L1210 murine leukemia cells were grown in
suspension culture at 37° in medium consisting of
RPMI 1640 (Grand Island Biological Co., Grand
Island, NY) and heat-inactivated 10% fetal bovine
serum (Sigma Chemical Co., St Louis, MO) in a
humid atmosphere of 5% CO,:95% air. Cells were
harvested during the exponential growth phase and
resuspended in balanced salt solution (BSST,
132 mM NaCl, 16 mM Na,HPO,, 5 mM KCl, 1 mM
MgSO,, 5.6 mM glucose, pH 7.4) for all uptake
studies.

Unlabeled edelfosine (1-O-octadecyl-2-0-
methyl - rac - glycero - 3 - phosphocholine;  ET-18-
OCHj;) was provided by Medmark Pharma GmbH
(Dr. R. Nordstrom, Munich, Germany). [9,10-
3H,(N)]-1-O-octadecyl-2-O-methyl-rac-glycero-3-
phosphocholine ([*H]edelfosine; sp. act. 56 Ci/mmol;
purity >98% by TLC) was provided by Dr. Steven
Wyrick, University of North Carolina, Chapel Hill,
NC [5]. It was stored in absolute ethanol until
immediately before use, mixed with unlabeled
edelfosine (some experiments) and added to BSS to
a final ethanol concentration of =<0.4%. This
concentration of ethanol had no effect on cell
viability.
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Fig. 1. Time course of edelfosine uptake at 37°. L1210 cells
were incubated with 5 uM [*H]edelfosine in BSS. At the
conclusion of the time intervals, the cells were rapidly
separated by centrifugation, and the radioactivity of the
cell pellet was determined. Each value is the mean = SEM
of three separate experiments. The equation of the
linear regression analysis for the first minute was Y =
1.0896X + 0.5882, r = 0.991. There was no appreciable
cell death even after 2 hr at this concentration. The inset
shows the effect of concentration of drug on uptake at
60 sec during the initial linear phase. Uptake is expressed
in nmol/2 x 10° cells. Values are means + SEM of three
separate experiments.

Uptake studies were performed by a modification
of techniques previously described from our
laboratory [6-10]. Briefly, uptake studies were
carried out in 15-mL conical centrifuge tubes
containing 4 X 10°%/mL L1210 cells in 4mL BSS.
[*H]Edelfosine was added after temperature equi-
libration, and experiments were terminated after
incubation by quickly transferring an aliquot of the
samples to 1.5-mL Eppendorf centrifuge tubes
containing 0.3 mL r-butyl phthalate:corn oil (3:1,
v/v) layered beneath 0.5mL BSS at 0°. Rapid
separation of the cells from the incubation medium
was accomplished by immediate centrifugation at
16,000 g for 2 min in an Eppendorf 5412 centrifuge.
The supernatant containing the unincorporated ether
lipid was immediately aspirated, and the tip of the
1.5-mL. tapered microfuge tube containing the pellet
was severed and placed in a scintillation vial
containing 0.5mL Tissue Solubilizer (Research
Products International Corp., Mount Prospect, IL).
After 2 hr, 5.0 mL Budget Solve scintillation fluid
(Research Products International Corp.) was added,
the samples were vortexed, and radioactivity was
determined using a Beckman LS3133T scintillation
counter.

Efflux studies were performed using L1210 cells
preloaded for 45 min at 37° with S uM [*H]edelfosine.
The cells were then rapidly chilled, washed at 0°,
and resuspended in BSS at 37° to initiate efflux.
Aliquots removed at specified times were filtered
through Whatman GC/C glass microfiber filters,
washed five times with BSS, dried, and counted for
radioactivity.

The effects of metabolic inhibitors on drug uptake
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Fig. 2. Effect of temperature on edelfosine uptake. Cells
were incubated with 5 uM drug at the three temperatures
shown. Uptake is expressed in nmol/2 x 10° cells. Values
are means = SEM of three separate experiments.

were studied by preincubating the cells with the
inhibitor in BSS for the specified times prior to a 1-
min incubation with 5 uM [*H]edelfosine. The effects
of human serum and human albumin were ascertained
by placing various concentrations of human serum
or fatty acid-free albumin with cells and incubating
for 1 min in medium containing 5 uM [*H]edelfosine.

To study binding to serum components, freshly
obtained human serum was incubated for 1 min with
1.9 uM [*H]edelfosine, and then a 2-mL aliquot was
placed on top of a 7-step KBr discontinuous gradient
(d = 1.0117 to 1.215 g/mL) using a modification of
a published method [11]. After centrifugation at
121,000 g for 48 hr, the layers were separated, and
the amount of radioactivity in each was determined.

Data were evaluated for statistical significance
using the unpaired Student’s t-test, and standard
regression analysis was performed on software of
the Prophet system, General Clinical Research
Centers Program, NIH.

RESULTS

Time course of edelfosine uptake. The kinetics of
uptake of 5 uM [*H]edelfosine is shown in Fig. 1.
The initial rate of influx during the first 60 sec,
measured as the slope of the regression analysis
during the linear phase, was 1.1 nmol/min per2 x 10°
cells. Uptake leveled off at approximately 30 min
and entered a near steady-state phase of total
accumulation of approximately 5 nmol/2 X 10° cells,
and this persisted for at least 60 min. After early
rapid binding, the initial unidirectional uptake
was approximately linear for 1 min. Accordingly,
subsequent kinetic experiments were conducted
using a time interval of 1 min to ensure that only
unidirectional drug influx was measured.

Rapid association of the drug to the cell membrane
occurred. Extrapolation of the time—course curve to
the y-axis yielded a value of 0.59 nmol/2 x 10 cells.
This temperature-independent nonspecific binding
can also be estimated by observing uptake at 0° at
as short a time point as technically possible. This
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Fig. 3. Efflux of edelfosine in L1210 cells. Cells were
incubated with 5 uM drug for 45 min at 37° for maximum
preloading, and then were chilled to 0° during washing.
Efflux at 37° was measured by determining residual
radioactivity at the times shown. The 100% value at time
zero was 1.21 = 0.06 nmol. Values are means = SEM of
three separate experiments.

observation yielded a value of 0.54 nmol/2 X 10°
cells, which is similar to the value calculated above.

Effect of concentration on uptake. The uni-
directional influx of edelfosine at 60 sec was measured
at various concentrations up to 20 uM (the maximal
sublethal concentration at 60sec determined by
trypan blue dye exclusion) (Fig. 1 inset). From 0 to
20 uM there was approximate linearity (r = 0.99).
Observations were also made at 40 uM and linearity
was maintained; however, cell viability was only 4%
at this high concentration. No saturable uptake was
observed. The line passed through the origin,
suggesting that there was no undetected high-affinity
system that was saturated at the lowest experimental
concentration.

Temperature sensitivity of edelfosine influx. The
rates of influx and accumulation of the drug were
different at the three temperatures studied (Fig. 2).
At 37° uptake of the drug increased rapidly during
the first 10 min and then slowed to a plateau of
about 5 nmol/2 x 10° cells. Uptake was reduced at
23° as compared to 37°, reaching a steady-state level
of approximately 50% of the values for 37°. Uptake
was still lower at 0°, reaching a plateau about 50%
lower than 23°, From these data, the Q, can be
estimated to be less than 2, which is compatible
with, if not suggestive of, a diffusion process [12].
Early, unidirectional initial influx was explored at
time points of less than 1 min, and the difference in
unidirectional influx for the three temperatures,
including the estimated maximum Qj, value, was
consistent with passive diffusion.

Efflux of edelfosine. We examined the rate of
efflux of edelfosine from L1210 cells that had been
preloaded with drug (Fig. 3). The lack of appreciable
efflux indicates tight irreversible association of drug
with cellular structures.

Effects of metabolic inhibitors. The effects on
initial uptake of prior incubation at 37° of L1210
cells with eight metabolic inhibitors are shown in
Table 1. There was little or no effect of any inhibitor.
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In additional studies, three of these compounds were
incubated with the cells for 1hr prior to uptake
studies. This longer incubation time failed to identify
an inhibitory effect (chloroquine 500 uM, 80 = 6%
of control; monensin 10 uM, 93 *= 2%; sodium azide
10 mM, 90 + 4%). Further testing was done with
chloroquine, a known inhibitor of endocytosis. Six
concentrations between 50 yM and 100 mM were
studied and a 10-min preincubation was used. All
failed to inhibit initial unidirectional uptake at 50 uM
(86 = 6% of control), 100 uM (92 + 3%), 500 uM
(99 =2%), 1 mM (100 = 2%), 50 mM (109 = 3%)
and 100 mM (106 * 4%).

Effects of serum on uptake and serum binding.
The effects of both human albumin and human
serum in BSS on edelfosine uptake are shown
in Fig. 4. Human serum reduced uptake by
approximately 50% at levels as low 0.5% serum.
When human albumin was used in place of serum,
uptake was inhibited in a manner similar, but not
identical, to that of serum.

These results led us to explore the nature of the
protein binding of edelfosine in serum. We incubated
radiolabeled drug with freshly obtained human
serum, and then carried out a serum lipoprotein
separation by preparative ultracentrifugation (Fig.
5). Of total drug recovered (84%), the majority was
associated with high density lipoprotein (HDL) or
albumin.

DISCUSSION

Our data indicate that the initial unidirectional
influx of the membrane active ether lipid edelfosine
by L1210 cells is nonsaturable, energy independent
and only moderately temperature sensitive. These
are characteristics of passive diffusion. Edelfosine is
a lipophilic drug of medium size (molecular weight =
524); molecules of this size are usually not taken up
by endocytosis. Since the major determinants of
diffusion are lipophilicity and molecular weight [12],
it is not surprising that this compound associates with
cell membranes by passive diffusion. Furthermore
passive diffusion is a feasible mechanism to explain
the fact that this compound localizes in the plasma
membrane [1, 2]. Bazill and Dexter [3] reported that
uptake of edelfosine by WEHI-3B and HL-60
leukemia cells is at least in part by endocytosis. They
reported that edelfosine is taken up by both energy-
independent and energy-dependent components.
We found no evidence for energy dependence. There
is a suitable explanation for the differences in their
conclusions and those of our study. They studied
drug uptake in the presence of serum; thus, the
characteristics described could have been those of
drug-protein complex uptake. Furthermore, the
study of initial drug uptake to determine the
mechanism requires early time points prior to
the effects of intracellular drug accumulation,
intracellular binding, metabolism and efflux. We
carried out all experiments during a time within the
linear phase of the time course to ensure that initial
uptake velocity was measured. Bazill and Dexter
did their studies at 1-3 hr, so they studied gradual
drug accumulation rather than initial unidirectional
uptake.
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Table 1. Effects of metabolic inhibitors on [*H]edelfosine influx by L1210
cells
Inhibitor concentration
Inhibitor (mM) % of Control
NaF 10 99.4 + 6.8
20 97.6
KCN 0.1 91.8 £ 5.2
NaN;, 10 97.6 = 4.0
2,4-Dinitrophenol 2 104.9 * 8.6
Antimycin A 0.01 103.9 = 9.7
Chloroquine 0.05 86.4 = 6.0
0.10 91.9 + 32
Monensin 0.01 93.0 = 1.7
Cytochalasin B 0.06 84.0 =03
Cells were preincubated with the inhibitor for 10 min (except for cytochalasin
B, 60 min) at 37° prior to the influx study. A 5uM concentration of [*H]-
edelfosine was added, and the 60-sec uptake was determined. Values are
expressed as a percentage of influx in the absence of inhibitor and are the
means + SEM of determinations from three separate experiments. The
inhibitor concentrations used had no effect on cell viability. The control
values (each as cpm/2 X 10° cells) were: 10 mM, NaF 3410; 20 mM NaF, 3070;
KCN, 3410; NaN,, 3410; 2,4-dinitrophenol, 3190; antimycin A, 3190; 0.05 mM
chloroquine, 3410; 0.1 mM chloroquine, 3410; monensin, 3370; and
cytochalasin B, 4880.
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Fig. 4. Effect of human serum or human albumin on
edelfosine uptake. L1210 cells were incubated with 5 uM
drug for 1 min in the presence of freshly obtained human
serum or fatty acid-free human albumin. Values, expressed
as means * SEM of three separate experiments, are the
percentages of cells incubated in the absence of albumin
and serum. The 100% control values were 4990 = 120 cpm
(albumin) and 5640 + 280 cpm (serum).

We have shown that edelfosine is bound to serum
proteins, primarily HDL and albumin. Kétting ef al.
[13] also found substantial amounts of edelfosine
bound to serum proteins other than albumin, but
they reported that a majority of the drug (71%) was
bound to albumin and only 6% to HDL. This
difference from our study is likely due to the fact
that they incubated human serum with high
concentrations (100 uM) of edelfosine that cannot
be attained in the bodies of rodents or humans. It
seems likely to us that the HDL binding sites were
overwhelmed, and excess drug then became

[*H]Edelfosine (1.9 uM) was incubated for 1 min in freshly
obtained human serum. An aliquot was placed on top of
a 7-step KBr discontinuous gradient and centrifuged at
121,000 g for 48 hr. The layers were separated and the
radioactivity in each was counted. Shown is radioactivity
in each fraction as a percentage of total recovery. Values
are means * SEM of three separate experiments.
Abbreviations: LDL, low density lipoprotein; and IDL/
VLDL, intermediate density lipoprotein/very low density
lipoprotein.

bound to the more plentiful albumin. We used
pharmacologic concentrations of 1.9 uM. Our studies
are consistent with the binding of the structurally
similar lysophosphatidylcholine, which was more
avidly bound to the HDL than to albumin of monkey
plasma [14]. From our data it can be concluded
that protein binding reduces the extracellular
concentration of free drug and cellular uptake of
edelfosine. In this regard, previous work in our
laboratory has shown that the addition of serum to
the incubation medium will reduce the cytotoxicity
of ilmofosine, a related ether lipid drug, in a
concentration-dependent manner as measured in a
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clonogenic assay [15], and this is likely related to
reduced uptake. Serum protein binding of this drug
impedes passive diffusion and reduces cytotoxicity
in a manner similar to the binding of other
hydrophobic compounds such as lysophospholipids
and free fatty acids [16, 17].

Studies on endothelial and liver cells have shown
that albumin binds reversibly to specific saturable
sites on the cell surface and releases selected ligands
without being internalized [18, 19]. It is also likely
that HDL binds reversibly to high-affinity sites on
extrahepaticcells such as fibroblasts and macrophages
without being taken up [20]. HDL or albumin may
anchor on the cell surface and deliver bound ether
lipid gradually. This could explain, in part, the
experiments done in the presence of 10% serum,
which suggested uptake of ether lipids by endocytosis
{3, 41.
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