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Abstract

Using the spin trap a-(4-pyridyl-l-oxide)-A'-fert-butylnitrone, we have

detected a lipid-derived carbon-centered free radical generated from in
tact 1,1210 lymphoblastic leukemia cells that were exposed to 1-O-octade-
cyl-2-O-methyl-rac-glycero-3-phosphocholine (edelfosine or I I- IK-()( II,)

and oxidative stress. The spectral characteristics, including hyperfine
splitting constants of Â¡IN= 15.61G and a" = 2.65G, were consistent with

the spin trapping of an alkyl radical. Radical detection required iron and
prior enrichment of cellular components with the polyunsaturated fatty
acid docosahexaenoic acid; unmodified cells failed to generate detectable
free radical. Ascorbate further enhanced radical generation. The detection
of lipid-derived free radicals when intact cells are exposed to edelfosine

provides further evidence that oxidative stress may play an important role
in the cytotoxic mechanism of this class of anticancer drug.

Introduction

The ether lipids are membrane-active anticancer drugs with a wide

spectrum of antineoplastic and biological activity. Their mechanism of
action remains unknown. We have recently reported that these agents
enhance iron-induced lipid peroxidation of neoplastic cells (1). We
have now detected a lipid-derived free radical from docosahexaenoic
acid-enriched leukemia cells during oxidative stress and shown that

edelfosine enhances the formation of this radical species.

Materials and Methods

Fatty Acid Modification. LI210 cells were grown for 48 h in RPMI 1640
containing 5% fetal bovine serum and 32 UM 22:62 (Nu Chek Prep, Inc.,

Elysian, MN) (2). We have shown previously that supplementation of growth
media with 22:6 results in cells that contain 23-37% of 22:6 in cellular

phospholipids (1,3, 4). For comparison, unmodified cells contain <l% 22:6
(1,5).

Ascorbate and Lipid-derived Radicals from Intact Cells. Fatty acid-

modified LI 210 cells were washed and placed in 0.9% NaCl. In initial studies,
10 HIMPOBN (Sigma Chemical Co.. St. Louis, MO), 20 UMFeSO4-7H,O

(Fisher Scientific Co., Fair Lawn, NJ). 100 UMascorbic acid (Mallinckrodt,
Inc., Paris. KY) and edelfosine (l-O-octadecyl-2-O-methyl-roc-glycero-3-
phosphocholine or ET-18-OCH,; Medmark Pharma GmbH. Griinwald, Ger
many; kindly supplied by Dr. R. NordstrÃ¶m) were added to the air-saturated

cell suspension, in that order, and placed into an EPR quartz flat cell at room
temperature and scanned by EPR. Time course studies were initiated by adding
to L1210 cell suspensions, 50 m.MPOBN, 100 UMascorbic acid, and then 20 UM
Fe2+. After monitoring by EPR for 190 s. edelfosine was added and scanning

was continued. For studies of the general cellular oxidative state, as estimated
by the ascorbate free radical signal intensity, no POBN was added. Quantita-
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tion of ascorbate radical signal intensities from EPR scans were determined as
described using 3-carboxyproxyl as a standard (6).

Electron Paramagnetic Resonance. Spectra were measured using a
Bruker ESP 300 spectrometer equipped with a TM,,,, cavity and operating at
9.77 GH/. microwave frequency and 100 kHz modulation frequency.

Results

Spin Trapping of Lipid-derived POBN-Spin Adducts from

Cells. When LI210 cells enriched with 22:6 were incubated in the
presence of 10 HIMPOBN, no spin adducts were detected (Fig. 1/4).
Likewise, neither 22:6-enriched LI210 cells treated with 40 UMedel

fosine and 10 HIMPOBN without any oxidant cofactors (Fig. IÃŸ)nor
unmodified L1210 cells treated with edelfosine and cofactors (not
shown) produced detectable POBN spin adducts or other EPR detect
able radical species. Repeated experiments with higher concentrations
of edelfosine failed to produce any detectable POBN spin adducts.
Therefore, edelfosine does not produce EPR-detectable free radicals

in the absence of oxidative cofactors or in cells with low polyunsat
urated fatty acid content.

22:6-enriched cells incubated with 100 UMascorbic acid produced

a weak ascorbate radical signal (Fig. 1C), which dissipated with time.
When 20 UMFe2^ was added to POBN-treated cells, a carbon-cen

tered spin adduci was detected (Fig. ID). This adduci spectrum was
stable in intensity for at least 30 min (data not shown). Cells treated
with iron and ascorbic acid (Fig. IE) produced a carbon-centered

POBN spin adduci similar to the one found in cells irealed wilh iron
alone (Fig. ID), which is superimposed on an ascorbale radical signal.
This POBN-spin adduci EPR signal was more intense than ihose from

cells irealed wilh iron alone. The ascorbale radical spectrum, which
was high in intensily al ine early lime poinls of 2-5 min, dissipaled

wilh lime, and became undeleclable al 30 min (data noi shown). In
general Â¡herewas a inverse relationship over lime belween Ihe inten
sity of the POBN-spin adduci and lhal of Ihe ascorbale radical.

The addition of 40 UMedelfosine to 22:6-enriched cells with iron
and ascorbic acid also caused the appearance of both the carbon-
centered spin adduci and Ihe ascorbale radical (Fig. IF). The carbon-

ceniered spin adduci and speclral characlerislics of the ascorbale
radical were similar in configuration lo ihose observed in cells irealed
with iron and ascorbic acid; however, in all experiments, cells trealed
with edelfosine appeared lo have higher carbon-cenlered radical in

tensities than those treated with FeSO4 and ascorbic acid, alone or in
combination.

Kinetics of Lipid-derived Radical Formation in Whole Cells:

Augmentation by Edelfosine. In internally controlled EPR experi
ments, 22:6-enriched L1210 cells were incubated with 50 ITIMPOBN
spin irap, 20 UMFe2+, and 100 UMascorbale and monilored by EPR

(Fig. 2). Al 190 s after Ihe inilialion of the experiment, varying
concentralions of edelfosine were added lo Ihe cell suspension. The
addilion of edelfosine resulted in intensification of the POBN-adduct
formation in a concentraiion-dependenl manner beginning 20-60 s

after addition of the drug. Analysis of covariance comparing controls
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fosine there appeared to be a delay in the peak ascorbate radical
intensity until 110-130 s after the introduction of the drug.

Discussion

Our unique EPR techniques allow real-time detection of free radical

generation from live cells, permitting us to monitor the effects of
therapeutic maneuvers on oxidative events. Enhanced radical gener
ation in cells in the presence of ether lipid was particularly unexpected
since the metabolism of this class of drug is not known to involve the
generation of free radicals. The spin-trapped radical detected from
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Fig. 2. Effect of edelfosine concentration on POBN spin adduci formation from whole
cell incubations during oxidative stress. 22:6-enriched L12KÃ•cells (5.0 lO'Yml) were
incubated at room temperature in air-saturated 0.9% NaCI in water with 20 UMFe2* and

KX) UMascorbic acid in the presence of 50 tt>MPOBN for a brief monitoring period by
EPR. Then, edelfosine (ED at various concentrations was added (arrowhead) and mon
itored by EPR. The curves were significantly different from controls containing iron and
ascorbic acid alone at P < 0.05 by analysis of covariance. EPR settings were: receiver
gain 5 X 10^; modulation amplitude 0.63 G; scan rale 50 G/21 s; time constan! 20.5 ms;

microwave power. 40 mW at a frequency of 9.78 GHz.
Fig. I. EPR spectra of POBN-spin adducts from whole cell incubations during perox-

idation. 22:6-enriched LI210cells (I X I07/mll were subjected to iron-induced oxidative
stress at room temperature in air-saturated 0.9% NaCI (4-8 mini and then analyzed by
EPR. All incubations were done in the presence of IO imi POBN. A ', ascorbate radical;

POBN/RCH2. POBN adduci of an alkyl radical such as ethyl, pentyl, or alkyl; MNP/H .
2-methyl-2-nitroso-propane/hydrogen atom spin adduci. A. 22:6-enriched LI210 cells. B,
22:6-enriched LI2IO cells with 40 MMedelfosine. C. 22:6-enriched LI210 cells with 100
UMascorbic acid. Only the ascorbate radical is detected, a" = 1.81G. D, 22:6-enriched
cells with 20 UM FeSO4, aN = I5.58G, a" = 2.73G. Also present is an additional
POBN-derived radical signal. This artifactual signal. 2-methyl-2-nitrosopropane/H . is

likely derived from decomposition of the POBN spin trap (7). since this spectral pattern
of four peaks ( 1:2;2:1 intensity ratio) is not characteristic of POBN spin adducts. Â£.
22:6-enriched LI210 cells with 20 MMFeSOj and 100 MMascorbic acid. aN = I5.52G.
aH = 2.75G. The ascorbate radical doublet is also present. F. 22:6-enriched LI210 cells
with 40 MMedelfosine. 20 MMFeSOj, and 100 MMascorbic acid, aN = I5.6IG, a" = 2.65G.
The EPR spectrometer settings were; receiver gain 5.0 X IO5; modulation amplitude LOG;

scan rate 60 G/168 s; time constant 164 ms; microwave power 40 mW at a frequency of
9.77 GHz.

without edelfosine to experimentÃ¡is (5-80 (Ã•Medelfosine) were sig

nificantly different at P < 0.05.
Effect of Edelfosine on Ascorbate Radical Formation during

Peroxidation in Whole Cells. Ascorbate radical EPR signal intensity
can be used as a measure of oxidative flux (6). The introduction of
edelfosine to 22:6-enriched cell samples, previously incubated with

iron and ascorbic acid to initiate peroxidation, caused increased ascor
bate radical intensity in an edelfosine concentration-dependent man

ner at concentrations above 20 UM(Fig. 3). Ascorbate radical intensity
peaked 40-60 s after the addition of ET-18-OCH,. With 30 UMedel-
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Fig. 3. Effect of edelfosine concentration on ascorbate radical formation from whole
cell incubations during peroxidation. Experiments were carried out as described in the
legend of Fig. 2 but without the presence of spin trap. The iron and ascorbic acid were
added to the incubation and the edelfosine was added just after the 190-s scan. Times
correspond to those of spin trap experiments in Fig. 2 in order to allow comparison of the
kinetics of the generation of the two types of radicals. The peak ascorbate radical intensity
corresponds to 82 nM. EPR settings were: receiver gain 6.3 X IO5; modulation amplitude

0.63 G; scan rate 6 G/21 s; time constant 328 ms; microwave power 40 mW at a frequency
of 9.79 GHz.
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intact cells has the spectral characteristics of an alkyl radical adduci of
POBN, probably ethyl, pentyl, or pentenyl radical adduci. This is the
same radical observed from iron-induced oxidative stress in intact

cells as recently reported by North et al. (8). This alkyl radical results
from ÃŸ-scissionof lipid alkoxyl radicals formed by the reaction of

ferrous iron and lipid hydroperoxides (9). Radical production depends
upon the presence of iron; ether lipid appears to augmeni iron-induced

free radical generalion. This could occur by an effecl of ihe anticancer
drug on oxidant enlry inlo the lipid bilayer, translocation of key
enzymes or cofactors of the oxidative process, or changes in mem
brane physical properties that increase oxidative susceptibility of
cells.

Lipid peroxidation has ihree components, initiation, propagation,
and termination. The association of ether lipid with ihe membranes of
cells could affect any of these. For example, it could increase the rate
of extraction of a hydrogen atom from an unsaturated falty acid,
thereby enhancing initiation. Alternatively, the drug could decrease
Ihe rale of lermination, thereby increasing the propagation chain
length resulting in an overall amplification in lipid peroxidation. In
either case, peroxyl, alkoxyl, and alkyl radicals are formed, and per
oxidation of cell membranes can be detecled as measured by other
techniques ( 1). Our observations on the enhanced generation of ascor-

baie free radical, which reflecls a heighlened cellular oxidalive slale
(1, 6), do noi allow differenlialion of Ihese possibililies but are con-

sislenl wilh a role of oxidalive slress in the action of this drug. The
cytoloxicity of edelfosine could resull entirely from oxidative events
involving lipid peroxidation.

The generation of a lipid radical as a result of ihe ether lipid drug
is a rapid process occurring in minules; in contrast, cytoloxicily is
delayed. This lag time could result from a series of inlermediate sleps
such as propagalion of peroxidalion or others which are not yet
identified. A similar delay occurs with radiation cytotoxicity in that
the inilial free radical generalion evenl and survival kinelics are
staggered.

These observalions are important because they provide a possible
explanation for the cytoloxicily of Ihe ether lipids. Other hypotheses
have been suggested, such as an effect of these drugs on protein kinase
C (10), inhibition of phospholipase C ( 11), inhibition of growth faclor-
dependenl inosilol phosphale Ca2+ signaling (12), and induclion of

cellular differenlialion (13). It seems likely that iron-induced lipid

peroxidation and free radical generalion plays some role since il is an
inlense, easily delecled process lhal occurs in ihe presence of physi

ological amounls of iron and is enhanced by physiological amounts of
ascorbate. Concurreni free radical or peroxidative damage to nuclear
DNA or cellular proteins may also play a part. We have recently
reported that 22:6-enriched cells are more sensitive to an elher lipid

drug (14). The possibility of increasing anlicancer efficacy by prior
enrichment of tumor cells wilh polyunsaluraled fally acids could be of
use in ihe Irealment of experimental or clinical cancer wilh this class
of drug.

References

1. Wagner. B. A.. Buettner. G. R.. and Burns. C. P. Membrane peroxidative damage
enhancement by the ether lipid class of antineoplastic agents. Cancer Res., 52:
6045-6051, 1992.

2. Guffy. M. M.. Rosenberger. J. A.. Simon. I., and Burns. C. P. Effect of cellular fatty
acid alteration on hyperthermic sensitivity in cultured LI2IO murine leukemia cells.
Cancer Res., 42: 3625-3630. 1982.

3. Bums. C. P.. and Wagner. B. A. Heightened susceptibility of fish oil polyunsaturate-

enriched neoplastic cells to ethane generation during lipid peroxidation. J. Lipid Res..
32: 79-87, 1991.

4. Bums. C. P.. Haugstad. B. N.. Mossman, C. J.. North, J. A., and Ingraham, L. M.
Membrane lipid alteration: effect on cellular uptake of mitoxantrone. Lipids, 23:
393-397. 1988.

5. Guffy, M. M., North. J. A., and Bums. C. P. Effect of cellular fatty acid alteration on
Adriamycin sensitivity in cultured LI210 leukemia cells. Cancer Res., 44: 1863-

1866. 1984.
6. Buettner, G. R.. and Jurkiewic/, B. A. Ascorbate free radical as a marker of oxidative

stress: an EPR study. Free Radical Biol. & Med., 14: 49-55. 1993.
7. Britigan. B. E.. Pou. S.. Rosen. G. M., Lilleg. D. M., and Buellner G. R. Hydroxyl

radical is not a product of the reaction of xanthine oxidase and xanthinc. The
confounding problem of adventitious iron bound to xanthine oxidase. J. Biol. Chem.,
265: 17533-17538, 1990.

8. North. J. A.. Spector. A.A., and Buettner. G. R. Detection of lipid radicals by electron
paramagnetic resonance spin trapping using intact cells enriched with polyunsaturated
fatty acid. J. Biol. Chem.. 267: 5743-5746. 1992.

9. Gardner. H. W. Oxygen radical chemistry of polyunsaturaled fatty acids. Free Radical
Biol. Med., 7: 65-86, 1989.

10. Helfman. D. M., Barnes. K. C.. Kinkade. J. M.. Jr.. Vogler. W. R.. Shoji. M., and Kuo.
J. F. Phospholipid-sensitive Ã‡a2*-dependent protein phosphorylation system in var

ious types of leukemic cells from human patients and in human leukemic cell lines
HL60 and K562. and its inhibition by alkyl-lysophospholipid. Cancer Res., 43:
2955-2961. 1983.

11. Powis. G., Seewald, M. J., Gratas, C., Melder, D., Riebow, J., and Modest, E. J.
Selective inhibition of phosphalidylinositol phospholipase C by cytotoxic ether lipid
analogues. Cancer Res.. 52: 2835-2840. 1992.

12. Seewald. M. J.. Olsen, R. A., Sehgal. I., Melder, D. C., Modest, E. J.. and Powis, G.
Inhibition of growth factor-dependent inositol phosphate Ca2' signaling by antitumor

elher lipid analogues. Cancer Res.. 50: 4458-4463. 1990.
13. Honma. Y.. Kasukabe, T., Ho/umi, M.. Tsushima, S., and Nomura. H. Induction of

differentiation of cultured human and mouse myeloid leukemia cells by alkyl-lyso-
phospholipids. Cancer Res., 41: 3211-3216. 1981.

14. Petersen, E. S., Kelley, E. E.. Modest. E. J.. and Bums, C. P. Membrane lipid
modification and sensitivity of leukemic cells to the Ihioether lipid analogue BM
41.440. Cancer Res.. 52: 6263-6269. 1992.

713




