
INTRODUCTION

OUR CELLS OXIDIZE molecules or compounds to generate
energy and also to make the materials to build and sup-

port the structures and functions needed for life. However,
unwanted oxidations can damage these same structures and
impair function. Lipids, e.g., the lipids in membranes and
lipoproteins, are a target of unwanted oxidations. Free radical-
mediated lipid peroxidation has three major components: ini-
tiation, propagation, and termination reactions (5, 16, 17):

L-H + oxidant� ® L� + oxidant-H (initiation) (1)

L� + O2
® LOO� (propagation) (2)

LOO� + LH ® LOOH + L� (propagation) (3)

L� + L� ® non-radical products (termination) (4)

L� + LOO� ® non-radical products (termination) (5)

Here L-H represents an unsaturated lipid, generally a polyun-
saturated fatty acid (PUFA); L� represents a carbon-centered
lipid radical; and oxidant� represents a radical that has oxidiz-
ing properties. The rate of propagation is governed by the var-
ious carbon-hydrogen bond dissociation energies in the lipid
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chain. PUFAs are especially vulnerable to oxidation because
they contain weak carbon-hydrogen bonds (37). The weakest
carbon-hydrogen bonds are those of the bis-allylic methylene
positions that are present in PUFAs. These bis-allylic methyl-
ene C-H bonds have bond-dissociation energies of approxi-
mately 75 kcal/mol compared with 101 kcal/mol for typical
alkyl C-H bonds (17, 23) (Fig. 1).

The oxidant in Reaction 1, oxidant�, can be an oxidizing
free radical that has a one-electron reduction potential of
greater than approximately +600 mV. This would include
HO�, alkoxyl (RO�), peroxyl (ROO�), HOO�, and NO2

�, but not
O2

�2 or NO� radicals.

IRON IN LIPID PEROXIDATION

Iron can be a detrimental participant in lipid peroxidation
because it can both initiate (serve as oxidant· in Reaction 1)
and amplify lipid peroxidation (27). Initiation of lipid peroxi-
dation by iron appears to be by two different mechanisms.
Iron(II) can initiate oxidations by reacting with H2O2 and thus
produce HO�, a highly oxidizing radical (24). In the HO�-
dependent mechanism, iron(II) serves as a reagent for the
Fenton reaction, forming HO�, which serves as an oxidant·

and eventually initiates lipid peroxidation. The HO�-dependent



mechanism has been adopted by most researchers because of
the lemming effect. However, an alternate mechanism, HO�-
independent, proposes that iron-oxygen complexes, rather
than HO� from the Fenton reaction, initiate lipid peroxidation
(27, 40). In the alternate mechanism, lipid peroxidation is not
initiated by HO�, but rather by iron in the form of iron-oxygen
complexes, such as perferryl ion or ferryl ion (see Appendix).
Because of the high physiological ratio of [O2]/[H2O2] ($103),
the proposal is that the Fenton reaction with preexisting H2O2
is only a minor initiator of free radical oxidations, such as
lipid peroxidation. The major initiators of biological free rad-
ical oxidations are the oxidizing species formed by the reac-
tion of loosely bound Fe2+ with dioxygen (27, 33).

ALKOXYL RADICALS IN 
LIPID PEROXIDATION

Iron(II) can both initiate lipid peroxidation and bring
about chain-branching reactions that amplify these oxidation
processes. The chain-branching reactions occur when iron re-
acts with LOOH, forming PUFA-alkoxyl radicals that can
then initiate lipid-derived radical formation (Fig. 2). These
alkoxyl radicals have a rich chemistry that results in forma-
tion of smaller carbon-centered radicals from b-scission reac-
tions as well as intramolecular addition reactions to form
epoxyallylic carbon-centered radicals. All of these carbon-
centered radicals will react very rapidly with dioxygen to
yield peroxyl free radicals. The peroxyl radicals formed from
epoxy-allylic radicals are considered the major propagators
of lipid peroxidation when iron is present (39). Because there
is always more than one possible peroxyl free radical formed
upon initiation, there are many possible radicals formed as
the chemistry of these peroxyl and alkoxyl radicals proceeds.
The detection of these radicals by electron paramagnetic res-
onance (EPR) can be very informative in understanding the
role of lipid peroxidation in issues of human health and
disease.

DETECTING LIPID-DERIVED 
RADICALS BY EPR

Direct detection of radicals formed during lipid peroxida-
tion has been successful where PUFAs, including linoleate
and arachidonate, were subjected to lipoxygenase in a rapid-
mixing, continuous fast-flow EPR system (7). PUFA-H species

are susceptible to peroxidation because of easily oxidizable
bis-allylic hydrogens (5), and therefore peroxyl radical (g =
2.014; DH

pp ~5–6 G) was observed with each of the PUFAs
examined (7). Although these results provided valuable infor-
mation on mechanisms of lipid peroxidation, this method of
continuous fast-flow technique is not suitable for examining
radicals from cells or tissue.

EPR spin trapping has been used to detect a wide variety
of radicals from cells and tissues. Spin trapping employs a
diamagnetic compound (the spin trap) that reacts with a free
radical to give a more stable EPR-observable free radical
(the spin adduct) (Fig. 3). The unstable free radical can then
be identified from the EPR spectral parameters, i.e., the hy-
perfine splitting constants and the g-factor obtained from the
spin adduct. In biological systems, spin trapping has been
employed for the detection of hydroxyl and superoxide radi-
cals, the study of free radical metabolites of both endoge-
nous substances and xenobiotics, and lipid peroxidation 
(3, 6, 31). The success of spin trapping experiments lies in
the kinetics of the process, both the kinetics of the trapping
reaction as well as the lifetime of the resulting spin adduct.
5,5-Dimethyl-pyrroline-1-oxide (DMPO) is a commonly used
spin trap because it meets these criteria for a wide variety of
radicals, but equally important is that the resulting spin
adducts have lifetimes that are long enough to allow accumu-
lation of spin adduct to a concentration that is detectable by
standard, continuous-wave EPR approaches. DMPO has pro-
vided information on carbon-centered, oxygen-centered, ni-
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FIG. 1. The types of C-H bonds in lipids. The C-H bonds
have widely varying bond dissociation energies.
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FIG. 2. An overview of the chemistry of the formation of
lipid-derived radicals (Ld

�) produced during lipid peroxida-
tion in the presence of ferrous iron. This scheme shows some
of the radical species formed in the peroxidation of linoleic
acid. Two different propagating species are shown. It is cur-
rently thought that OLOO� may be the major propagating
species in this type of system (26, 39). The species LO� is
thought to be a minor propagating species because of its very
short lifetime. It is estimated that the rate constant of cycliza-
tion of LO� is approximately 2 3 107 s21, while the rate con-
stant for b-scission is ~1 3 106 s21 (18). Scheme adapted from
Qian et al. (28).
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trogen-centered, sulfur-centered, and a variety of other radi-
cals (3, 25). a-(4-Pyridyl-1-oxide)-N-tert-butylnitrone (POBN)
also traps oxygen-centered radicals, but their lifetimes are
quite short; for example, t1/2 of POBN/HO � is about 10 s.
However, POBN has been very informative in studies of
lipid peroxidation because of its ability to trap carbon-cen-
tered radicals. It has a good trapping rate constant for car-
bon-centered radicals, such as those produced during lipid
peroxidation (31). A major factor in its advantage for studies
of lipid peroxidation stems from the long lifetime of these
carbon-centered radical adducts. We have observed that these
carbon-centered adducts of POBN have lifetimes of hours
and even days in typical near-neutral aqueous solutions,
making it a more effective trap than DMPO for carbon-
centered radicals. The major shortcoming is that the actual
spectra of the various carbon-centered spin adducts are all
very much alike. The hyperfine splitting constants are quite

similar (aN = 15.6 G, a
b

H = 2.6 G), and thus a typical EPR
spectrum only provides information on the general type of
radical, i.e., carbon-centered, and the relative amount trapped
(Fig. 4). This type of information can provide many insights
into oxidative processes.

Because it is only the PUFAs that participate in free
radical-mediated lipid peroxidation, increasing the fatty acid
content of cells should make them more susceptible to perox-
idation. An example is shown in Fig. 5, where K562 cells
were enriched with docosahexaenoic acid (DHA; 22:6) by in-
cluding it in their growth media. Enriching the growth media
with a particular fatty acid results in increasing the cellular
content of that fatty acid and its metabolites (37). The amount
of DHA incorporated into the cells increased from approxi-
mately 3 mol% to 32 mol% of the lipids (33). As seen in
Fig. 5, the rate of radical production is greater in cells en-
riched with DHA compared with those grown in standard
media; also, it is clear that iron is an absolute requirement for
detectable free lipid radical production in these experiments.
These experiments were performed with a low level of Fe(II)
(5 µM). These data are consistent with cells being more oxi-
dizable when they contain greater levels of PUFAs.

Oxidizability of lipids in homogeneous solution varies lin-
early with the extent of their unsaturation (9). To examine the
oxidizability of cells as their lipid profile varies, we measured
the rate of production of POBN/Ld

� (where Ld
� represents a

carbon-centered lipid-derived radical) in murine leukemia 
L-1210 cells exposed to the oxidative stress of iron/ascorbate.
After supplementing the growth media with different PUFAs,
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FIG. 3. Example spin trapping reactions. Two spin traps
(DMPO and POBN) that have been used in the detection of
lipid radicals and their reactions to form spin adducts are
shown.
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FIG. 4. EPR spectrum of typical carbon-centered POBN
spin adducts derived from lipid peroxidation in K562 cells
(aN = 15.6 G, a

b
H = 2.6 G). The cells were grown in RPMI

medium with 10% fetal bovine serum supplemented with
32 µM (DHA) for 48 h. After washing (twice) cells were sus-
pended at a density of 8 3 106 cells/ml, and POBN (25 mM)
and then ferrous iron (10 µM) were added. Prior to this EPR ex-
periment, the DHA-enriched cells were previously exposed to
Photofrin and light. Photofrin and light generate singlet oxy-
gen, thereby introducing lipid hydroperoxides into the cell
membranes (33). Experimental methods are the same as in
Fig. 7.
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FIG. 5. Increasing the DHA levels in cells enhances lipid
peroxidation. Prior to these experiments the K562 cells (with
or without DHA) were exposed to Photofrin. Immediately be-
fore the EPR experiment POBN (25 mM), ascorbate (100 µM),
and iron as appropriate were introduced to the cell suspension
(8 3 106 cells/ml in phosphate-buffered saline, pH 6.5). Solid
symbols: Ferrous iron (5 µM) was added to K562 cells ( ) and
K562 cells enriched with DHA ( ). Open symbols: No ferrous
iron was added to K562 cells ( ) and K562 cells enriched with
DHA ( ). Desferal was present in these samples to ensure that
adventitious iron was inactive. During the EPR experiment, the
cells were continuously exposed to light (180 J/m2 s), and EPR
spectra were continuously recorded. The ordinate represents
signal height of the POBN/Ld

� adduct in arbitrary units. In the
absence of light or Photofrin, under these experimental condi-
tions, POBN/Ld

� remains just at the limit of detection.



we did a total cellular lipid analysis to determine the number
of lipid carbon-carbon double bonds contained in L-1210
cells enriched with eight fatty acids of varying degrees of un-
saturation. We found in cellular lipids that:

1. Lipid chain length had no apparent effect on the rate or ex-
tent of radical formation.

2. The maximum amount of lipid radical generated increases
with the total number of bis-allylic positions in the cellular
lipids.

3. Most importantly, the rate of cellular lipid peroxidation
increases exponentially with the number of bis-allylic
positions (37).

LIPID RADICAL FORMATION 
INDUCED BY FERROUS IRON 

CAN BE pH-DEPENDENT

Lipid hydroperoxides formed from unsaturated fatty acids
can accumulate in cells during oxidative stress, e.g., singlet
oxygen exposure. These lipid hydroperoxides can be by fer-
rous iron, resulting in formation of oxygen- and carbon-
centered lipid radicals. Using EPR and POBN as a spin trap,
we have found that iron-induced formation of the lipid-de-
rived radicals from K562 cells is pH-dependent (Fig. 6) (32).
When leukemia cells are exposed to a photosensitizer
(Photofrin) and light, LOOH is formed via singlet oxygen

(21, 36, 38). As seen in Fig. 6, lipid-derived radicals signifi-
cantly increased when pH values of the media were below
7.4. Changes in the quantum yield of 1O2 by Photofrin (II) +
light in this pH range were minimal. We proposed that be-
cause iron is more soluble at acidic pH values, it would be
more available for redox reactions. These observations sug-
gest that lipid peroxidation processes, mediated by iron, are
enhanced by decreasing extracellular pH.

POBN TRAPPING OF Ld
�

Spectra such as those shown in Fig. 4, collected using
standard continuous-wave EPR, can only tell us the type and
amount of radical trapped by POBN. The differences in the
hyperfine splittings in the various spin adducts do not allow
exact identification, especially if more than one carbon-
centered radical is trapped. Qian et al. have applied a combi-
nation of liquid chromatography/EPR, liquid chromatogra-
phy/mass spectrometry, and tandem mass spectrometry to
address this issue (29, 30). Using these combined techniques
they have identified various POBN/carbon-centered radical
adducts when PUFAs are subjected to lypoxygenase. Linoleate
produced 15 EPR-active peaks corresponding to various
POBN/C� species; arachidonate produced 19 different EPR-
active species. The pentyl radical was the dominant radical
trapped from both of these fatty acids, consistent with the
simplified scheme shown in Fig. 2. This product is expected
when oxygen addition (Reaction 2) occurs at C-13 of linoleate
(18:2) or C-15 of arachidonate (20:4). It is also possible that
oxygen could add to C-9 of 18:2 or C-5,-8,-9,-11,-12 of 20:4.
Thus, a myriad of b-scission products are eligible for spin
trapping by POBN. The stability of POBN/carbon-centered
radical spin adducts has given us a new window to study lipid
peroxidation processes in much detail.

EXTRACTION OF SPIN ADDUCTS: 
DMPO TRAPPING OF Ld

�

During lipid peroxidation, POBN is an efficient spin trap
only for carbon-centered radicals derived from b-scission of
lipid alkoxyl radicals. Using DMPO, oxygen-centered lipid
radicals have been detected in enzyme-dependent peroxida-
tion reactions (7, 10, 11). We have had some success using
DMPO; the EPR spectra show several different species, but
spectra are weak, and always changing (28). The difficulties
lie in an underappreciated aspect of spin trapping, that is, the
resulting spin adduct, a nitroxide, often reacts much faster
with free radicals than the original spin trap. For example, su-
peroxide reacts with DMPO with kobs = 30 M21 s21 at pH 7.4
(4). However, the resulting spin adduct, DMPO/�OOH, reacts
with O2

�2 with an estimated rate constant of 5 3 106 M21 s21

(4). Similarly, POBN reacts with carbon-centered alkyl radi-
cals to form the nitroxide spin adduct with k ~106–107 M21

s21 (31). In general, peroxyl radicals react with nitroxides
with rate constants of 104 M21 s21, while alkyl radicals, such
as the carbon-centered radicals produced during lipid peroxi-
dation, react at rates approaching the diffusion-controlled
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FIG. 6. Lipid radical formation is pH dependent. EPR sig-
nal intensity of POBN/Ld

� produced from K562 cells is shown.
Cells (8 3 106 cells/ml) were treated with Photofrin (9 µg/ml)
for 45 min and then washed and resuspended in phosphate-
buffered saline (pH 7.5–6.0): pH 6.0 ( ), pH 6.5 ( ), pH 7.0
( ), and pH 7.5 (©). An aliquot of 500 µl was mixed with POBN
(25 mM), ascorbate (100 µM), and FeCl2 (5 µM) and placed
into a TM110 EPR quartz flat cell. Ferrous iron was used to ini-
tiate radical formation from lipid hydroperoxides formed by
Photofrin and light. Ascorbate was included to recycle Fe3+

back to Fe2+. Cells were exposed to visible light (tungsten, 180
J/m2 s) directly in the EPR cavity, and the POBN radical adduct
EPR signal intensity was monitored versus time. Each data
point represents the signal-averaged result of five scans of the
low field doublet of the POBN/lipid-derived radical adduct
spectrum. The first five scans were performed in the dark. Ex-
periments were done in triplicates; standard errors are shown.



limit (k ~109 M21 s21) (8, 22). These are essentially radical-
radical termination reactions that will destroy the spin adducts
we wish to observe:

POBN/�Ld + �Ld ® Nonradical products (6)

Reaction 6 could be a significant route to the destruction of
the spin adducts formed during lipid peroxidation. Also, in
our studies of lipid peroxidation, we often have iron present.
With respect to the spin adduct, Fe2+ is a reductant for the ni-
troxide, thereby converting it to hydroxylamine. The presence
of Fe3+ can oxidize nitroxide to oxylamine. In addition, Fe2+

induces more radical formation that in turn could destroy spin
adduct, especially at low concentrations of oxygen. Hence,
the presence of iron can be problematic in spin trapping.
Therefore, we reasoned that the destruction of DMPO spin
adducts by these alkyl radicals (Reaction 6) could well be a
major reason behind the difficulty in the detection of lipid
radicals using spin trapping.

Organic extraction has been advantageous in the isolation
of lipid-soluble spin adducts (1, 2, 19, 35). We used EPR spin
trapping combined with extraction in an attempt to overcome
the problem of spin adduct destruction. The extraction pro-
cess will separate iron (aqueous phase) from the oxidizable
lipids (organic phase), thereby slowing or stopping the lipid
peroxidation cycle, and consequently slowing the reactions
that destroy the spin adducts (Reaction 6).

We have used ethyl acetate to extract the DMPO lipid radi-
cal adducts derived from lipid oxidation; we used Folch ex-
traction (CHCl3/CH3OH, 2:1 vol/vol) for the cell oxidation ex-
periments (15). The organic chloroform layer was separated
and evaporated under nitrogen. The radical adduct was then
taken up in ethyl acetate (25). The extraction method was used
to separate the oxidizable substrates (lipids) from the mediator
of oxidation (iron). This separation interrupts the lipid peroxi-
dation processes, thereby stabilizing the DMPO/Ld

� spin adducts
by minimizing Reaction 6. In addition, the extraction dilutes
the reactants and products and thereby slows destructive radi-
cal-radical reactions. For all experimental models, the life-
times 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). Further-
more, combining EPR spin trapping with an extraction pro-
cess provides the opportunity to detect different types of radi-
cal 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 (28). Extraction will allow the distinguishing
of radical adducts via their hydrophilic or hydrophobic nature,
in addition to their hyperfine splitting constants, permitting
identification of radicals that have similar hyperfine split-
tings, but quite different physical properties.

When linolenic and arachidonic acids were subjected to
ferrous iron oxidation in the presence of DMPO, both oxygen
and carbon-centered radicals could be observed (Figs. 7 and
8). Each spectrum is a composite of three or four species.
Simulation suggests two types of oxygen-centered radicals,
tentatively assigned as alkoxyl radicals, and two different
carbon-centered radicals. The simulation of these spectra pro-
vided a base for analyzing spectra generated when cells are

subjected to the oxidative stress of ferrous iron (Figs. 9 and
10). When DMPO and the extraction approach were used to
detect lipid-derived free radicals from the prostate cancer cell
line PC-3, three different patterns from the EPR spectra were
consistently observed. Simulation of these three spectra dem-
onstrated that they resulted from different proportions of the
same basic set of spectra. All spectra were simulated using
hyperfine values reported for individual components that are
generated independently (12, 13, 20, 34). Figure 10 shows the
results of the simulation of spectra shown in Fig. 9A and B.
Although these results are not yet totally understood, they
provide us with an approach for the detection of radicals pro-
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FIG. 7. ESR spectrum of DMPO radical adducts pro-
duced by linolenate (18:3) oxidation. Typical experimental
conditions were: air-oxidized linolenic acid (5 mM) in phos-
phate buffer (pH 7.4), incubated with DMPO (50 mM), diethyl-
enediaminepentaacetic acid (110 µM), and Fe2+ (100 µM). The
lipid radical is then extracted by the Folch method (15). The or-
ganic phase was extracted into ethyl acetate and transferred to
an argon-flushed flat cell, and the ESR spectrum was recorded.
The EPR instrument settings were: modulation amplitude,
1.0 G; modulation frequency, 100 kHz; receiver gain, 104–106.
All spectra were simulated using the NIEHS simulation pro-
gram (14). To assist in the assignment comparisons of splitting
constants and g-values were made with published values given
in the Spin Trapping Database online at: http://epr.niehs.nih.
gov/stdb1.html. A: Experimental EPR spectrum of DMPO-
lipid radical adduct of oxidized linolenic acid in the organic
phase. B: Composite computer-simulated spectrum of A.
C: Computer simulation of DMPO/L1O

� radical adduct of spec-
trum A with DMPO/LOO� with aN = 13.13 G, a

b
H = 10.59 G,

a
g

H = 1.34 G (40%). The DMPO/L1O
� adduct results from the

conversion of the first formed product (13). D: Computer-
simulated spectrum of DMPO/L2O

� radical adduct of spectrum
A using the parameters aN = 13.28 G, a

b
H = 6.88 G, a

g
H = 2.0 G

(43%). E: Computer simulation of DMPO/OL�, an epoxy al-
lylic radical adduct of spectrum A with aN = 13.74 G, a

b
H = 8.75

G, a
g

H = 1.83 G (17%). L1O
� and L2O

� are the two diasteromers
of the DMPO/PUFA-alkoxyl radical adducts (13). A very small
signal (<1%) consistent with a carbon-centered radical being
trapped, DMPO/L�, as shown in Fig. 8F, is also present.
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FIG. 8. ESR spectrum of DMPO/lipid radical adduct
formed from the Fe2+-mediated oxidation of DHA in aero-
bic conditions. A: Experimental ESR spectrum of lipid radical
adducts of DMPO in ethyl acetate formed during oxidation of
DHA (22:6). B: Composite computer-simulated spectrum 
of A. C: Computer-simulated spectrum of radical adducts of
DMPO/L1O

� (62%). D: DMPO/L2O
� (20%). E: DMPO/OL�

(10%). F: DMPO/L� (8%) with aN = 15.10 G, a
b

H = 22.36 G
components of spectrum A. The hyperfine splitting constant
values of other species are as given in the legend of Fig. 7. Ex-
perimental methods and instrumental settings were as in Fig. 7.
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FIG. 9. Representative ESR spectra of DMPO lipid radi-
cal adduct formed from PC-3 prostate cancer cells. The
ESR spectra of radicals were obtained using the combination of
ESR and Folch extraction after the cells (1.5 3 106) were incu-
bated with DMPO (150 mM), diethylenediaminepentaacetic
acid (110 µM), and Fe2+ (100 µM). All spectra are the result of
40 signal-averaged scans. A–C: These three different ESR
spectral patterns were obtained repeatedly from this system.
They mostly represent differing contributions from each
species present. The reasons for these differences are not yet
known.
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duced during lipid peroxidation in cells and tissues that com-
plements those detected with POBN.

SUMMARY

Unsaturated lipids are the targets for the free radical-
mediated oxidations. Iron(II) together with dioxygen can be
the initiating agents for lipid peroxidation in cells. The detec-
tion of the free radicals generated during lipid peroxidation
can be best accomplished by EPR spin trapping. POBN is an
excellent spin trap to detect the carbon-centered radicals gen-
erated. DMPO is able to capture some of the oxygen-centered
radicals produced, but the signals are weak and dynamic; ex-
traction approaches with DMPO provide a window to observe
the spin adducts.

APPENDIX

Ferryl ion is thought to be formed by two routes:

Fe2+ + H2O2
® Fe2+O + H2O [ferryl ion, iron is formally Fe(IV)]

or

Fe2+ + Fe2+-O2
® Fe2+-O2-Fe2+ [perferryl ion, iron is formally Fe(V)]

then,

Fe2+-O2-Fe2+ ® 2Fe2+-O (ferryl ion)

Perferryl iron is an intermediate product that produced
through either Fe2+/O2 or Fe3+/O2

�2:

Fe2+ + O2 « [Fe2+-O2 « Fe3+-O2
�2] « Fe3+ + O2

�2 (perferryl
ion)
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ABBREVIATIONS
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H, unsaturated lipid; L�, carbon-centered lipid radical; Ld
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carbon-centered lipid-derived radical; oxidant�, a radical that
has oxidizing properties; POBN, a-(4-pyridyl-1-oxide)-N-
tert-butylnitrone; PUFA, polyunsaturated fatty acid.
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