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Abstract—We have used the spin trap 5,5-dimethyl-pyrroline-1-oxide (DMPO) and EPR to detect lipid-derived radicals
(Ld

•) during peroxidation of polyunsaturated fatty acids (PUFA), low-density lipoprotein (LDL), and cells (K-562 and
MCF-7). All oxygen-centered radical adducts of DMPO from our oxidizable targets have short lifetimes (,20 min). We
hypothesized that the short lifetimes of these spin adducts are due in part to their reaction with radicals formed during
lipid peroxidation. We proposed that stopping the lipid peroxidation processes by separating oxidation-mediator from
oxidation-substrate with an appropriate extraction would stabilize the spin adducts. To test this hypothesis we used ethyl
acetate to extract the lipid-derived radical adducts of DMPO (DMPO/Ld

•) from an oxidizing docosahexaenioc acid
(DHA) solution; Folch extraction was used for LDL and cell experiments. The lifetimes of DMPO spin adducts
post-extraction are much longer (.10 h) than the spin adducts detected without extraction. In iron-mediated DHA
oxidation we observed three DMPO adducts in the aqueous phase and two in the organic phase. The aqueous phase
contains DMPO/HO• aN ' aH ' 14.8 G) and two carbon-centered radical adducts (aN

1 ' 15.8 G, aH1 ' 22.6 G; aN2 '
15.2 G, aH2 ' 18.9 G). The organic phase contains two long-chain lipid radical adducts (aN ' 13.5 G, aH ' 10.2 G;
and aN ' 12.8 G; aH ' 6.85 G, 1.9 G). We conclude that extraction significantly increases the lifetimes of the spin
adducts, allowing detection of a variety of lipid-derived radicals by EPR. © 2000 Elsevier Science Inc.
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INTRODUCTION

Determination of the radical species formed during lipid
peroxidation is essential for the understanding of the free
radical mechanisms by which cells are damaged and
killed. In free radical-mediated lipid peroxidation many
different kinds of lipid-derived radicals (Ld

•, Scheme 1)
can be produced [1–4]. They are carbon-centered radi-
cals (lipid alkyl L•, b-scission alkyl R•, epoxyallylic OL•)
and oxygen-centered radicals (alkoxyl LO•/RO•, peroxyl
LOO•/ROO•, and epoxyperoxyl OLOO•). Using a-[4-
pyridyl 1-oxide]-N-tert-butyl nitrone (POBN), we have
been successful in the EPR spin trapping of carbon-
centered radicals from intact cells during lipid peroxida-
tion [5–8]. POBN adduct formation during cellular lipid
peroxidation correlates well with cell membrane damage

as measured by the TBAR assay and Trypan blue dye
exclusion [9–11].

However, POBN is only an efficient spin trap for
carbon-centered radicals derived fromb-scission of lipid
alkoxyl radicals (Scheme 1) during lipid peroxidation. It
is believed that these carbon-centered radicals are less
cytotoxic than the oxygen-centered radicals due to their
lower reactivity and their location [1,2]. Thus, it is im-
portant to develop methods to detect oxygen-centered
lipid radicals such as lipid alkoxyl (LO•) and lipid per-
oxyl radicals (OLOO• or LOO•) in order to understand
their detrimental roles in lipid peroxidation. Using EPR
with DMPO spin trapping, Chamulitrat et al. and Davies
et al. detected oxygen-centered lipid radicals in enzyme-
dependent hydroperoxide reactions [12–14]; Schaich et
al. detected these types of radicals with organic extrac-
tion from lipid solutions [15]. To our knowledge, there is
no report on the successful EPR detection of oxygen-
centered lipid radicals produced during membrane lipid
peroxidation of intact cells.

The free radicals produced during lipid peroxidation
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can undergo various termination reactions (reaction 2)
that compete with the spin trapping reaction (reaction 1).
However, these radicals can also react with the DMPO
spin adducts that have been formed (reaction 3).

DMPO 1 •Ld3 DMPO/•Ld~Spin Adduct! (1)

•Ld 1 •Ld3 Nonradical products (2)

DMPO/•Ld 1 •Ld3 Nonradical product (3)

Peroxyl radicals react with nitroxides with rate constants
of 104–105 M21s21, while alkyl radicals, such as the
carbon-centered radicals produced during lipid peroxida-
tion, react at rates approaching the diffusion-controlled
limit (k ' 1010 M21s21) [16]. Thus, reaction 3 will be a
significant route to the destruction of the spin adducts
formed during lipid peroxidation. Therefore, we hypoth-
esized that the destruction of DMPO spin adducts by

these alkyl radicals (reaction 3) is a major reason the use
of spin trapping for the detection of lipid radicals is so
difficult. In the past, organic extraction has been used to
advantage to isolate lipid-soluble spin adducts [14,17–
19]. We propose that EPR spin trapping followed by
extraction can overcome the problem of spin adduct
destruction. The extraction process will separate iron
ions (aqueous phase) from the oxidizable lipids (organic
phase), thereby slowing or stopping the lipid peroxida-
tion cycle (Scheme 2), and consequently slowing the
reactions that destroy the spin adducts (reaction 3).

To test our hypothesis, we used ethyl acetate to ex-
tract the DMPO lipid radical adducts derived from DHA
oxidation; we used Folch extraction (CHCl3/CH3OH) for
LDL and cell oxidation experiments. The extraction
method was used to separate the oxidizable substrates
(lipids) from the mediator of oxidation (iron), Scheme 2.
This separation interrupts the lipid peroxidation pro-

Scheme 1. An overview of the chemistry of the formation of lipid-derived radicals (Ld
•) produced during lipid peroxidation in the

presence of ferrous iron. This scheme shows some of the radical species formed in the peroxidation of linoleic acid. Three different
propagating species are shown. It is currently thought that OLOO• may be the major propagating species in this type of system [1,2].
The species LO• is thought to be a very minor propagating species because of its very short lifetime. It is estimated that the rate constant
of cyclization of LO• would be;2 3 107 s21 while the rate constant forb-scission would be;1 3 106 s21 [40].
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cesses thereby stabilizing the DMPO/Ld
• spin adducts by

minimizing reaction 3, as well as by dilution of reactants
and products. For all experimental models, the lifetimes
of DMPO lipid-derived radical adducts post-extraction
are much longer (.10 h) than the experimental lifetimes
of DMPO radical adducts without extraction (,20 min).
Furthermore, combining EPR spin trapping with an ex-
traction process provides the opportunity to detect dif-
ferent types of radical adducts in different phases. Long-
chain lipid radicals are detected dominantly in the
organic phase, while the small fragment radicals (R•,
HO•, RO•) are mostly present in the aqueous phase. We
find that our extraction will allow us to distinguish rad-
ical adducts via their hydrophilic or hydrophobic nature,
in addition to their hyperfine splitting constants. This will
allow the identification of radicals that have similar hy-
perfine splittings, but quite different physical properties.
This protocol offers new possibilities for studying these
unstable species and the complex events of lipid peroxi-
dation.

EXPERIMENTAL PROCEDURES

Chemical reagents

All DHA experiments were performed in 50 mM
potassium phosphate-buffer (PB, pH 7.4). All cell exper-
iments were performed in 50 mM potassium phosphate-
buffer saline (PBS, pH 7.4). Adventitious metals in PB
and PBS were removed by treatment with chelating resin

(sodium form, dry mesh 50–100, from Sigma, St. Louis,
MO, USA) using the batch method. The absence of metal
was verified with the ascorbate test [20]. The spin trap
DMPO, 5,5-dimethyl-pyrroline-1-oxide (Sigma) was
first purified with activated charcoal/benzene, and then
prepared as a 1.0 M aqueous stock solution [21]. During
the experiment this DMPO stock solution was kept on
ice. Ferrous ammonium sulfate (Fe(NH4)2 (SO4)2 z 6H2O,
Fisher Scientific Co. Fair Lawn, NJ, USA) and copper
sulfate (CuSO4 z 5H2O, Fisher Scientific Co.) were used
to prepare 10 mM stock solutions of Fe21 and Cu21 in
0.01 N HCl. Diethylenetriaminepentaacetic acid (DTPA,
Sigma) was prepared as a 10 mM neutral stock solution.
Docosahexaenoic acid (DHA, Sigma) was prepared as a
5 mM aqueous stock solution immediately before the
EPR spin trapping experiment. Photofrin stock solution
(porfimer sodium, QLT, Phototherapeutics, Inc., Van-
couver, BC, Canada) was dissolved in 5% dextrose (3
mg/ml, pH 7.4), sterile filtered and stored at220°C.

LDL

Low-density lipoprotein was obtained from Dr. S.
Hempel’s Lab, University of Iowa. EDTA (1 mg/ml) was
present throughout the isolation and dialysis to prevent
LDL oxidation [22]. A typical incubation for EPR ex-
periments consisted of 2.2 mg protein/ml of LDL, 100
mM DMPO, and 100mM Cu21 in PB. To analyze spin
adducts in the PB-LDL suspension, the incubation mix-

Scheme 2. Outline of how the different components of the lipid spin trapping system partition after extraction of the complete reaction
system using an organic solvent, such as ethyl acetate or Folch extraction. Here,Ld

• represents all the potential lipid-derived radicals
that could be spin trapped by DMPO;L represents the long-chain lipid species; andR represents the short-chain fragmentation products
that can be produced during lipid peroxidation. In our experimental protocol, the organic phase of the extraction is evaporated to
dryness using argon or nitrogen. Nitrogen-purged ethyl acetate is used to redissolve the spin adducts for EPR examination. Using this
protocol any DMPO as well as small molecular weight spin adducts (volatile), such as DMPO/HO•, that have partitioned into the
organic phase have been removed, leaving only the long-chain fatty acids and long-chain radical adducts. The removal of DMPO also
avoids the formation of additional spin adducts in the organic phase after extraction. The aqueous phase is observed directly.
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ture (500ml) was transferred into an EPR flat cell for
EPR measurement. For analysis of spin adducts, the
incubation mixture (500ml) was extracted by Folch
extraction before EPR measurements.

Suspension cells

K-562 cells were grown in RPMI 1640 medium
(Grand Island Biochemical Co., Grand Island, NY, USA)
containing 10% fetal bovine serum (Sigma). Cell lipids
were modified by supplementation of the medium with
32 mM DHA for 48 h [23–25]. Before the oxidation
experiments, cells were washed three times with PBS
(centrifuged at 3003 g for 5 min) and resuspended in
500ml PBS with 150 mM DMPO at a density of 53 106

or 2 3 107cells/ml. After oxidative stress, such as Pho-
tofrin/light treatment, and addition of Fe21, PBS-sus-
pended cells were transferred into an EPR flat cell for
measurement of radical formation.

EPR measurement

The EPR samples (500ml) were: 5 mM DHA in PB;
2.2 mg/ml LDL in PB; or K-562 cells suspended in PBS
(5 3 106 or 23 107cells/ml). Two min after introduction
of DMPO (50 mM for DHA experiments, 100 mM for
LDL, or 150 mM for cell experiments) to the sample,
oxidative stress was initiated and the sample was imme-
diately transferred into a flat cell for EPR measurement.
All EPR spectra were obtained with a Bruker ESP-300
spectrometer operating at 9.76 GHz and room tempera-
ture. The EPR spectrometer settings were modulation
frequency 100 kHz; modulation amplitude 1.0 G; micro-
wave power 40 mW, receiver gain 105–106. To assist in
the assignment of spin adducts, comparisons were made
with published values tabulated in the Spin Trapping
Database at http://epr.niehs.nih.gov/stdb1.html [26], as
well as other tabulations [27].

Ethyl acetate extraction

The 5 mM DHA samples (500ml) were extracted with
5 ml ethyl acetate (saturated with ice-cold water). Sam-
ples were kept at room temperature until phase separa-

Fig. 1. EPR spectra of DMPO/Ld
• formed from Photofrin-mediated

membrane lipid peroxidation in K-562 cells (A–D) and Fe21-mediated
DHA oxidation (E–G). Spectra change with time, indicating an evolv-
ing balance between adduct formation and adduct decay. (A) EPR
spectrum of DMPO/Ld

• from K-562 cells (23 107 cells/ml) pretreated
with 9 mg/ml Photofrin (45 min) but not exposed to light. The K-562
cells were enriched with DHA; cell peroxidation was initiated by
addition of 100mM Fe21 in the presence of 150 mM DMPO, 250mM
O2, and 110mM DTPA; (B) 1 min light exposure (180 W/m2) of A.
The hyperfine splittings of the major spin adduct marked by * are: aN '
aH ' 14.8 G; (C) 10 min light exposure (180 W/m2) of A. The
additional major spin adduct hyperfine splittings are: aN ' 15.8 G,
aH ' 22.6 G; (D) 20 min light exposure (180 W/m2) of A. Only one
spin adduct with aN ' 15.8 G, aH ' 22.6 G was observed; (E) EPR
spectrum from 5 mM DHA incubated with 250mM O2, 50 mM DMPO,
110 mM DTPA, and 100mM Fe21. This EPR spectrum was collected

beginning 1 min after Fe21 addition. There are four different spin
adducts: a1

N ' 15.8 G, a1
H ' 22.6 G; a2

N ' 15.2 G, a2
H ' 18.9 G,

a3
N ' a3

H ' 14.8 G; a4
N ' 14.6 G, a4

Hb ' 10.2 G; a4
Hg ' 1.3 G; (F)

EPR spectrum from sample E, but spectrum collection was initiated 10
min after Fe21 addition. This spectrum shows a loss of DMPO adducts
compared to E; (G) EPR spectrum from sample E, but collection was
initiated 20 min after Fe21 addition. Only one radical adduct (a1

N '
15.8 G, a1

H ' 22.6 G) can be detected at this time. All spectra are from
12 signal-averaged scans collected over a total of 2 min.

571Detecting lipid free radicals



tion (30 min–2 h). The upper ethyl acetate phase was
removed and evaporated with N2 or Ar, and then resus-
pended in 500ml nitrogen-saturated ethyl acetate for
EPR measurement of lipid radicals.

Folch extraction for LDL and K-562 cells

LDL (2.2 mg/ml) or K-562 cells (53 106 cells/ml) in
500 ml PB or PBS were extracted with 3 ml ice-cold
methanol:6 ml CHCl3:1.5 ml 0.9% sodium chloride.
Samples were kept at room temperature overnight to
allow phase separation. The bottom phase (CHCl3) was
transferred into 15 ml tubes and purged with nitrogen.
After complete evaporation, the lipid products were re-
suspended in 500ml nitrogen-saturated ethyl acetate for
EPR measurement of lipid radicals.

Photofrin/light treatment

K-562 cells were incubated with Photofrin (6–9mg/
ml) for 45 min in PBS solution. After Photofrin-treat-
ment, cells were washed three times with PBS and then
resuspended in 500ml PBS. MCF-7 cells were incubated
with Photofrin (6mg/ml) for 24 h in full medium. After
Photofrin-treatment, cells were washed three times with
PBS and then resuspended in 500ml PBS. Cells were
then illuminated with visible light (100 J/m2s or 180
J/m2s, 0–20 min) to activate the photosensitizer, thereby
initiating the peroxidation process.

RESULTS AND DISCUSSION

Short lifetime of DMPO adducts limits lipid radical
analysis

To investigate radical formation during cell membrane
lipid peroxidation, K-562 cells were modified with DHA to
increase the unsaturation of the cellular membranes. The
DHA-enriched K-562 cells were then incubated with Pho-
tofrin, a photosensitizer that produces singlet oxygen upon
light exposure. Singlet oxygen reacts with the double bonds
of unsaturated fatty acids, forming lipid hydroperoxides
[28,29]. Ferrous iron initiates radical chain reactions by
reacting with these lipid hydroperoxides. As shown in Fig.
1A, K-562 cells incubated with 9mg/ml Photofrin for 45
min produce a weak DMPO spin adduct signal upon addi-
tion of ferrous iron in the dark. This DMPO spin adduct is
derived from an oxygen-centered radical and decays in
minutes (data not shown). Upon light exposure, lipid-de-
rived oxygen-centered and carbon-centered DMPO spin
adducts increase during the first 10 min as shown in Fig.
1B–1C. However, after 20 min of light exposure with 250
mM O2 initial concentration, most of the oxygen-centered
radicals have decayed, Fig. 1D. Because this experiment is

done in a closed system, the concentration of oxygen de-
creases over time. This decrease will result in a higher
steady-state concentration of carbon-centered radicals,
thereby increasing the rate of destruction of spin adducts,
reaction 3 above. Thus, the oxygen-centered spin adducts
will have been destroyed and only a low level of carbon-
centered radicals are observed.

A similar time-dependent appearance and disap-
pearance of oxygen-centered radicals can be seen in
Fe21-mediated DHA oxidation with 250mM O2 initial
concentration, Figure 1E–G. These data show that
lipid-derived radicals, especially oxygen-centered
lipid radicals, are quite unstable and that EPR spin
trapping of these radicals has severe limitations. We
hypothesize that the interruption of the termination
reaction (reaction 3) is key to study the reaction of
oxygen-centered lipid radicals successfully. We pro-
pose that coupling an extraction process with EPR
spin trapping would increase the usefulness of EPR
studies of lipid peroxidation.

Extraction stops the lipid peroxidation cycle

In order that lipid radical profiles versus time can
be determined, it is important that the unreacted
DMPO remains in the aqueous phase during the ex-
traction process. This will prevent continued forma-
tion of spin adducts from background lipid oxidation.
To verify that DMPO locates principally in the aque-
ous phase we subjected an aqueous solution of DMPO
(Fig. 2) to our extraction protocol and determined the
phase distribution of DMPO after extraction using UV
measurements [30]. The aqueous phase after the ex-
traction was purged with nitrogen to remove ethyl
acetate residue, Fig. 2B–2E. The spectrum of DMPO
in the aqueous phase after ethyl acetate extraction and
removal of virtually all ethyl acetate with 30 min
N2-purging (Fig. 2E) was nearly identical with the
initial 100 mM aqueous solution of DMPO (Fig. 2F).
These data show that DMPO locates principally in the
aqueous phase after ethyl acetate extraction under our
experimental conditions. This limits the interference
of background signals due to the extraction process
and allows the probing of time-profiles of radical
formation during lipid peroxidation. Similar results
were observed in aqueous solutions of DMPO sub-
jected to Folch extraction (CHCl3/MeOH, data not
shown). Thus, extraction appears to be a good method
to separate the reactants of lipid peroxidation, thereby
stopping the reaction, Scheme 2. Stopping the reaction
will increase the lifetime of the spin adducts formed,
permitting their detection.
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Extraction increases stability of DMPO spin adducts
formed from DHA oxidations

To test our hypothesis that extraction will stabilize the
lipid-derived DMPO spin adducts we applied ethyl acetate
extraction to a lipid peroxidation experiment using DHA as
the unsaturated lipid. As seen in Fig. 3A, the EPR spectrum
shows only two major radical species at 5 min after addition
of ferrous iron. The spectrum constantly changes (refer to
Fig. 1) resulting in only 2–3 min being available to collect
the real-time EPR signal. However, combining EPR with
ethyl acetate extraction, DMPO spin adducts can be de-
tected in both aqueous and ethyl acetate phases; with this
approach we are able to observe at least five different
radical species. Two different long-chain DMPO adducts
are observed in the ethyl acetate phase, Fig. 3B, while at
least three radical species are detected in the aqueous phase,
Fig. 3C. In contrast to the very short lifetime (,20 min, Fig.
1) without extraction, the radical adducts in both phases are
much more stable after extraction (.10 h). Different types
of radical adducts will be detected in different phases using
our experimental protocol (Scheme 2). In our protocol for
the detection of the radical adducts in the organic phase, the
ethyl acetate-phase is evaporated to dryness using nitrogen
or argon. Then the spin adducts are resuspended in 100%
ethyl acetate. Because DMPO is a highly volatile com-
pound, it will be removed from the ethyl acetate-phase with
nitrogen-purging. Likewise, because DMPO/•OH (aN '

13.7 G, aH ' 10.4 G in ethyl acetate phase) is a quite small
molecule, it too will evaporate upon purging with nitrogen
(EPR data not shown). Also, other species such as DMPO/
•OOH (aN ' 13.0 G, aH ' 10.5, and 1.4 G in ethyl acetate
phase) and the DMPO adducts of DMSO-derived radicals
(CH3O

• and•CH3), will also evaporate during N2-purging.
Therefore, the species (aN ' 13.5 G, aH ' 10.2 G; aN '
12.8 G, aH ' 6.85, 1.9 G) in the ethyl acetate phase are
most likely long-chain lipid adducts of DMPO. The sepa-
ration of the mediator of oxidation (iron, aqueous phase)
from the substrate (unsaturated lipid, organic phase) by
extraction not only stabilizes the spin adducts, but also
allows the detection of different types of radicals in differ-
ent phases.

Assignment of DMPO adducts observed after extraction

Due to the longer lifetime of DMPO adducts post-
extraction, it was possible to do signal averaging over a
longer time to generate spectra of good enough quality so
that assignment of radical species is possible. Using the
extraction protocol, lipid-chain radicals were detected in
the ethyl acetate phase, while smaller radicals (R•, HO•,
RO•) were mostly present in the aqueous phase. For
example, when we applied ethyl acetate extraction at 5
min after addition of Fe21 to the DHA oxidation exper-
iment, we were able to use simulation approaches to

Fig. 2. UV spectra of DMPO in aqueous solution pre- and postethyl acetate extraction («225 nm' 7800 M21•cm21 [30]). (E.A. is ethyl
acetate). (A) Ethyl acetate 100%, please note that absorbance readings$ 2 are above the limits for reliability for the instrument; (B)
Spectrum of a 100mM aqueous solution of DMPO that has been subjected to ethyl acetate extraction (H2O/ethyl acetate5 1/2 (v/v));
(C) Spectrum B after purging with N2 gas for 3 min, the change in the spectrum demonstrates that the ethyl acetate that partitioned
into the buffer is being purged by the N2; (D) Spectrum B after purging with N2 gas for 10 min; (E) Spectrum B after purging with
N2 gas for 30 min. The absorbance at 225 nm is about 0.77, virtually all the ethyl acetate has been removed at this time; (F) 100mM
aqueous solution of DMPO. The absorbance at 225 nm is about 0.76.
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assign the three major radical adducts observed in the
aqueous phase post-extraction, Fig. 4. The radical adduct
with hyperfine splitting constants: aN ' aH ' 14.8 G
could be either DMPO/RO• or DMPO/HO•. The spin
adducts DMPO/HO• and DMPO/RO• can have very sim-
ilar hyperfine splittings when RO• is a tert-alkoxyl rad-
ical [31,32]. The DMPO/HO• (aN ' aH ' 14.8 G)
species can arise from a nonradical pathway [33] or from
the hydrogen peroxide-mediated Fenton reaction [12,34].
Recent work suggests that alkoxyl radicals usually have
quite different hyperfine splittings than DMPO/HO• [35];
thus, DMPO/HO• is the best assignment. The other two
adducts are short-chain carbon-centered radicals (aN

1 '
15.2 G, aH1 ' 18.9 G; aN2 ' 15.8 G, aH2 ' 22.6 G)
formed by fragmentation of lipid chains undergoing
b-scission [36–38]. In the organic phase post-extraction,
using simulation, we have tentatively assigned the radi-
cal adducts as two long-chain lipid radicals, i.e., an
as-yet-unknown lipid radical adduct of DMPO (aN '

13.5 G, aH ' 10.2 G) and a lipid alkoxyl adduct DMPO/
LO• (aN ' 12.8 G; aH ' 6.85 G, 1.9 G), Fig. 5.Lipid
peroxyl radical adducts seem to have lifetimes much too
short for them to be observed in room temperature solu-
tions [31,32,39]. The exact nature of the alkoxyl radical
is not yet known. The species LO• is expected to have a
very short lifetime, as cyclization andb-scission are

Fig. 3. Extraction with ethyl acetate increases the lifetime of DMPO
adducts observed during DHA lipid peroxidation. The reaction system
contained 5 mM DHA incubated with 50 mM DMPO, 55mM DTPA,
250mM O2, and 50mM Fe21. (A) EPR scans were initiated 5 min after
addition of Fe21. The spectrum is constantly changing; refer to Fig.
1(E–G). Thus, only a 2–3 min window is available to collect specific
spectra; this short time limits the opportunity to signal average data to
enhance very weak EPR signals. This spectrum is the result of 12
signal-averaged scans collected over a total of 2 min; (B) The lifetimes
of spin adducts in the ethyl acetate phase post-extraction are much
longer (.10 h), allowing signal averaging techniques to be used to
great advantage. This spectrum is the result of 120 signal-averaged
scans collected over a total of 20 min of the ethyl acetate phase; (C)
The lifetimes of spin adducts in the aqueous phase post-extraction are
also much longer (.10 h). This spectrum is the result of 120 signal-
averaged scans collected over a total of 20 min of the aqueous phase.

Fig. 4. At least three DMPO adducts are clearly observed in the
aqueous phase post-extraction in the DHA-peroxidizing system of Fig.
3. (A) EPR spectrum in the aqueous phase of DHA oxidation system,
e.g., Fig. 3C; (B) Composite simulation using a ratio of 0.4:1:0.5 for the
two carbon-centered radical spin adducts (DMPO/C1

•, DMPO/C2
•), and

DMPO/HO•; C, D, and E respectively; (C) Simulated spectrum of
DMPO/•C1: aN

1 ' 15.2 G, aH1 ' 18.9 G, line width ' 0.8 G,
Lorentzina/Gaussian' 1.0; (D) Simulated spectrum DMPO/•C2: aN

2 '
15.8 G, aH2 ' 22.6 G, line width' 1.0 G, Lorentzina/Gaussian' 0.7;
(E) Simulated spectrum of HO•: aN ' aH ' 14.8 G, line width' 1.0
G, Lorentzina/Gaussian' 0.7.
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facile processes [40]. The lifetimes of all adducts (post-
extraction) observed are significantly increased (often
persisting for hours), thus signal-averaging techniques
can be employed and the profile of radical formation can
be determined.

Detection of lipid radical adducts from K-562 cells

Using our extraction protocol, we have for the first
time detected the formation of long-chain, oxygen-

centered, lipid radicals from cells. We exposed K-562
cells to singlet oxygen to seed lipid hydroperoxides
into the cell membranes. Then, after addition of

Fig. 6. Lipid radicals can be trapped by DMPO from intact K-562 cells
using the combination of EPR and Folch extraction. DHA-modified K-562
cells (53 106 cells/ml) were incubated with 6mg/ml Photofrin followed
by a 10 min exposure to visible light (100 W/m2). This introduces LOOH
into cell membrane via a nonradical mechanism. With 250mM initial [O2],
150 mM DMPO, 110mM DTPA, and 100mM Fe21 were introduced to
initiate free radical lipid peroxidation. (A) This spectrum is from the K-562
cell suspension described above, but cell sample received an additional 1
min light expose after introduction of Fe21; (B) EPR spectrum from the
organic phase in ethyl acetate after Folch extraction of sample A; (C)
Sample A, but with 10 min light expose after introduction of Fe21; (D)
EPR spectrum from the organic phase in ethyl acetate after Folch extrac-
tion of sample C. The principal species are assigned as two long-chain
adducts: DMPO/LO• (aN ' 12.9 G, aH ' 6.95 G, 1.9 G); DMPO/Ld

•

(aN ' 13.6 G, aH ' 10.4 G); and DMPO/OL• or DMPO/L• (aN ' 13.8 G,
aH ' 22.7 G), the two outermost lines are marked by *; (E) Sample A, but
with 20 min light expose after introduction of Fe21; (F) EPR spectrum
from organic phase in ethyl acetate after Folch extraction of sample E. A,
C, and E are spectra from 12 signal-averaged scans collected over a total
of 2 min; B, D, and F are spectra from 180 signal-averaged scans collected
over a total of 30 min.

Fig. 5. Two DMPO adducts are observable in the organic phase (ethyl
acetate) after extraction of the DHA-peroxidizing system of Fig. 3. (A)
EPR spectrum in the ethyl acetate phase of DHA oxidation system, e.g.,
Fig. 3B; (B) Composite simulation using a ratio of 1:0.7 for a long-
chain radical adduct and an alkoxyl radical adduct DMPO/LO•, C, and
D respectively; (C) Simulated spectrum of DMPO/Ld

•: aN ' 13.5 G,
aH ' 10.2 G, line width' 1.3 G, Lorentzina/Gaussian' 0.7; (D)
Simulated spectrum of DMPO/LO•: aN ' 12.8 G, aH ' 6.85 G; 1.9 G,
line width ' 1.1 G, Lorentzina/Gaussian' 0.5. A small amount of the
low molecular weight spin adducts, such as DMPO/HO• and DMPO/
HOO• can partition in ethyl acetate phase upon extraction with aN '
13.7 G, aH ' 10.4 G; aN ' 13.0 G, aH ' 10.5, and 1.4 G, respectively.
However, these adducts can be removed from the ethyl acetate phase by
complete evaporation using N2-purging. Thus, spectrum C and D
should be assigned to be long-chain radical adducts.
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DMPO and DTPA to the cell suspension, free radical
processes were initiated by addition of ferrous iron.
Chelators such as EDTA and DTPA can enhance free
radical formation from Fe21-initiated oxidations
[8,41]. EPR-detectable species were observed from
K-562 cells in both the cell suspension without extrac-
tion (Fig. 6A, C, and E) and the organic phase after
Folch extraction (Fig. 6B, D, and F).

In the cell suspension undergoing oxidative stress,
only an EPR signal having a 1:2:2:1 intensity pattern
(DMPO/HO•) was clearly observed, Fig. 6C. Using our
extraction protocol, we were able to remove DMPO/HO•

from the organic phase; however, there were at least two
EPR detectable species (a1

N ' 13.6 G, a1
H ' 10.4 G;

and a2
N ' 12.9 G, a2

H ' 6.95 G, 1.9 G) remaining in the
ethyl acetate phase, Fig. 6B, D, and F. The species in the
ethyl acetate phase are consistent with being long-chain
lipid radical adducts similar to those observed in exper-
iments with DHA presented above. A 1:2:2:1 EPR signal
(aN ' aH ' 14.8 G) can also be observed in Photofrin
control experiments (no cells) upon light exposure. How-
ever, this species was not observed in the ethyl acetate
phase after extraction (data not shown). In the spectra
shown in Fig. 6D and F, we also observed a carbon-
centered radical adduct (two outmost lines marked by *).
We propose that this adduct (aN ' 13.8 G, aH ' 22.7 G)
is a lipid alkyl (L•) or perhaps epoxyallylic (OL•) radical.
Because it arises later in the experiment it will be at a
time when there has been a significant decrease in oxy-
gen concentration, thus the probability of detecting car-
bon-centered radicals is increased. This success in the
detection of different lipid radicals in cell systems should
open new doors to radical studies using cells and tissues.

We have also had success in applying this extraction
protocol to the study of lipid peroxidation in adherent
cells, such as MDCK cells [42] and MCF-7 cells [43].
The long-chain lipid radical adducts observed in the
ethyl acetate phase of experiments, using adherent cells,
were parallel to our K-562 results.

Detection of lipid radical adducts from LDL oxidation

The oxidation of LDL is thought to be an important
mechanistic component of atherosclerosis [44]. We have
applied our extraction approach to the detection of lipid-
derived radicals during copper-mediated LDL oxidation.
A suspension of LDL in PB was treated with DMPO and
Cu21, and then examined by EPR with or without Folch
extraction. Similar to the results observed with K-562
cells, LDL produces EPR detectable spin adducts in both
the PB-LDL suspension and the organic phase, Fig. 7.
The EPR signal in the PB-LDL suspension having a
1:2:2:1 intensity pattern was only observed for the first
10 min after Cu21 was introduced. The two radical

Fig. 7. Lipid radical production from LDL oxidation. A typical
incubation for an EPR experiment consisted of 2.2 mg/ml of LDL,
100 mM DMPO, and 100mM Cu21 in PB. To analyze spin adducts
in PB-LDL suspension, the incubation mixture (500mL) with 250
mM initial [O 2], was transferred into an EPR flat cell for EPR
measurement. For analysis of spin adducts in organic extracts, the
incubation mixture (500mL) was extracted using the Folch method
before EPR measurement. (A) EPR spectrum of the PB-LDL sus-
pension oxidized 1 min after introduction of Cu21; (B) EPR spec-
trum of the organic phase of sample A post-extraction; (C) Sample
A; but run EPR 10 min after introduction of Cu21; (D) EPR
spectrum of the organic phase of sample C post-extraction long-
chain radicals (DMPO/LO•: aN ' 12.9 G, aH ' 6.95 G, 1.9 G;
DMPO/Ld

•: aN ' 13.6 G, aH ' 10.4 G); (E) Sample A; but run EPR
20 min after introduction of Cu21; (F) EPR spectrum of the organic
phase of sample E post-extraction. A, C, and E are spectra from 3
signal-averaged scans collected over a total of 2 min; B, D, and F
are spectra from 60 signal-averaged scans collected over a total of
40 min.
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adducts observed in the ethyl acetate phase are assigned
as long-chain lipid adduct of DMPO (aN ' 13.6 G, aH '
10.4 G) and DMPO/LO• (aN ' 12.9 G, aH ' 6.95 G, 1.9
G). Thus, the extraction approach is also of value in
studying LDL oxidation.

Determining the time profile of radical detection

In Figs. 6 and 7 limited information is available on
radical production from K-562 cells and LDL experi-
ments without extraction. A great deal more information
becomes available upon extraction. Not only are more
radicals observed, but time profiles for radical produc-
tion/decay can be obtained by initiating the extraction at
different time points in the peroxidation process. See B,
D, and F in Figs. 6 and 7. Any given spectrum in a spin
trapping experiment represents the balance between spin
adduct formation and spin adduct decay. Thus, if spin
trap could be introduced at different time points addi-
tional information could be gathered on reaction profiles
vs. time.

Radical adducts detected by EPR-extraction are
LOOH-derived

We have had very limited success in our laboratory
detecting free radicals from adherent cells [45]. How-
ever, we have found that our extraction approach can be
a great aid. To demonstrate this, we have used MCF-7
cell lines that have been transfected with PhGPx to
increase the activity of this enzyme [41]. PhGPx removes
phospholipid hydroperoxides from cell membranes [46,
47]:

2 GSH1 Ph-LOOHOO3
PhGPx

Ph-LOH1 GSSG

1 H2O (4)

Cells were treated with Photofrin and light to produce
lipid hydroperoxides, Ph-LOOH. If ferrous iron is added
immediately upon cessation of illumination, as expected
[48] all cell lines (wild type MCF-7, Neo-transfectants,
and the MCF-7-transfected cell lines with high Ph-GPx
activity) produced the same amount of lipid-derived rad-
icals (not shown). But if the cells were allowed to re-
cover for 6 h in the dark (37°C in full media) before
introduction of ferrous iron, the cells with high PhGPx
activity showed essentially no radical production while
Wt and Neo cells had considerable radical production,
Fig. 8.

These experiments show that our extraction technique
can be used for adherent cells. This is the first demon-
stration that lipid-derived oxygen-centered radical for-

mation could be observed from adherent cells. These
data provide evidence that the radicals detected by this
EPR-extraction method are derived from membrane lipid
oxidation.

CONCLUSIONS

We conclude that EPR spin trapping coupled with
organic extraction can stabilize lipid-derived spin ad-
ducts, thus overcoming some of the disadvantages of
EPR detection of lipid-derived radicals in biological sys-
tems. This will open new doors for the study of the free
radical events of biological lipid peroxidation. This
method can be easily adapted to study radical production
of the lipid-containing components of biological materi-
als, such as suspension cells, adhesive cells, or perhaps
tissue. The longer lifetime of spin adducts post-extrac-
tion provides an opportunity for identifying the structure
of the radicals via EPR, HPLC, and MS. Furthermore, by
applying extraction at specific time points, the profile of
all lipid-derived radicals can be correlated to the cellular
cytotoxicity. This will be a big step forward in our
understanding of the free radical mechanism of cellular
lipid peroxidation.
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Fig. 8. Radical yield from MCF-7 cells and their PhGPx transfectants.
The open bar represents DMPO adduct yield; and the checked bar
represents PhGPx activity. A yield of 70 A.U. was considered to be
background noise-level. Cells were pretreated with 6mg/ml Photofrin
for 24 h, and exposed to light (5 J/m2s) for 5 min. Cells were then
incubated in full media for 6 h. After that, cells were washed and
incubated with 100 mM DMPO and 100mM ferrous iron for 5 min in
PBS at room temperature. The lipids and lipid radical spin adducts were
extracted with chloroform:methanol (2:1,v/v). The chloroform layer
was dried under argon, and redissolved in 500ml degassed ethyl
acetate. The ethyl acetate was immediately transferred to an EPR flat
cell and EPR scans started. The long-chain radicals (aN ' 15.2 G, aH '
10.2 G) are quantitated and used to represent potential radical forma-
tion from cell oxidations. Data are representative of three experiments.
Error bar represents standard derivation.
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ABBREVIATIONS

DHA—docosahexaenoic acid
DMPO—5,5-dimethyl-pyrroline-1-oxide
DTPA—diethylenetriaminepentaacetic acid
EDTA—ethylenediaminetetratacetic acid
EPR—electron paramagnetic resonance
GSH—glutathione
GSSG—glutathione disulfide
HPLC—high performance liquid chromatography
Ld

•—lipid-derived radical
LDL—low-density lipoprotein
M.S.—mass spectrometry
PB—potassium phosphate buffer
PBS—potassium phosphate buffer saline (0.9%)
PhGPx—phospholipid hydroperoxide glutathione perox-

idase
Ph-LOOH—a phospholipid hydroperoxide in the cell

membrane
Ph-LOH—a phospholipid alcohol in the cell membrane
POBN—a-[4-pyridyl-1-oxide]-N-tert-butyl nitrone
PUFA—polyunsaturated fatty acid
UV—ultraviolet light
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