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ABSTRACT: Oxidizability of lipids in homogeneous solution varies linearly with the extent of their unsaturation.
In vitro cellular, as well as in vivo, studies of oxidizability have generally relied upon chemical indicators
of peroxidation such as thiobarbituric acid-reactive substances. To examine the oxidizability of lipids in
cells, we have measured oxygen uptake and, using electron paramagnetic resonance spin trapping with
a-(1-oxo-4-pyridyl)-N-tert-butylnitrone (POBN), the real time generation of lipid-derived free radicals.
We have used our experimental in vitro cellular lipid modification model to examine the rate and extent
of lipid peroxidation versus the degree of lipid unsaturationin L1210 murine leukemia cells. Lipid peroxidation
was stimulated using the prooxidants iron, ascorbate, and the ether lipid compound 1-O-octadecyl-2-0O-
methyl-rac-glycero-3-phosphocholine. We did a total cellular lipid analysis to determine the number of
lipid carbon—carbon double bonds contained in L1210 cells enriched with eight fatty acids of different
degrees of unsaturation. We found in cellular lipids that (i) lipid chain length had no apparent effect on
the rate or extent of radical formation; (ii) the maximum amount of lipid radical generated increases with
the total number of bis-allylic positions in the cellular lipids; and, most importantly, (iii) the rate of cellular
lipid peroxidation increases exponentially with the number of bis-allylic positions. Our quantitative results
clearly demonstrate, for the first time, that the number of bis-allylic positions contained in the cellular lipids
of intact cells determines their susceptibility, i.e., oxidizability, to free radical-mediated peroxidative events.
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Free Radical-Mediated Lipid Peroxidation in Cells: Oxidizability Is a Function of

Lipid peroxidation is a free radical process comprised of
three principal events (Porter, 1984; Gardner, 1989; Barclay,
1993): initiation (reaction 1), a propagation cycle (reactions
2 and 3), and termination (reaction 4)
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where L-H represents a lipid, generally a polyunsaturated
fatty acid moiety (PUFA),! and R, is the rate of initiation.
Initiation (reaction 1) occurs when a highly energetic one-
electron oxidant (X*), such as a hydroxyl radical, abstracts
a hydrogen atom from a lipid fatty acid chain, producing a
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carbon-centered radical, L*. This lipid radical rapidly reacts
with dioxygen (ko =3 X 108 M-15-1) (Hasegawa & Patterson,
1978; Buettner, 1993), producing a lipid peroxyl radical, LOO*
(reaction 2). LOOe is the chain-carrying radical of the
propagation cycle (reaction 3), k, ~ 10 M-! s-! (Buettner,
1993). The lipid hydroperoxides formed can serve as precur-
sors to additional initiation or chain-branching events, e.g.,
reaction 5. Thus, lipid peroxidation is a complex free radical,
branching-chain reaction.

Therate of the propagation event is governed by the various
carbon-hydrogen bond dissociation energies along the lipid
chain. The weakest carbon-hydrogen bonds are those at the
bis-allylic methylene positions, 75-80 kcal/mol bond dis-
sociation energy versus ~ 88 kcal/mol for a monoallylic
hydrogen, and =~ 101 kcal/mol for an alkyl C-H bond
(Gardner, 1989; Koppenol, 1990):

alkyl bis-allylic

=101 kcal/mol 75-80 kcal/mol
- }

H H HH R

H H _~

T H H A H
allylic
= 88 kcal/mo!

The energetics of reaction 3 favor attack by LOO* at the
bis-allylic methylene hydrogens of the unsaturated lipids
(Gardner, 1989; Buettner, 1993; Koppenol, 1990); thus,

"1 Abbreviations: DBI, double bond index {the mean number of double
bonds per fatty acid); EPR, electron paramagnetic resonance; FBS, fetal
bovineserum; LOOH, lipid hydroperoxide; MBI, methylene bridge index
(the mean number of bis-allylic methylene positions per fatty acid); POBN,
a-(1-0x0-4-pyridyl)-N-tert-butylnitrone; PUFA, polyunsaturated fatty
acid.
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theoretically the more bis-allylic methylene positions there
are in a lipid, the greater will be its oxidizability (Porter,
1984; Gardner, 1989; Cosgrove et al., 1987; Barclay, 1993).

Although the oxidation of lipids is complex, the rate of
oxidation of PUFA in homogeneous solution is kinetically
predictable (Gardner, 1989; Barclay, 1993). From reactions
1-4 we obtain

~4[0,1/dr = ke [L-H(R;/24)"” (©)

The susceptibility of lipids to oxidation, or oxidizability, is
derived from eq 6:

oxidizability = k,/ (2k)!/? @)

In studies using homogeneous solutions of purified lipids, a
linear correlation was found between the number of bis-allylic
methylene positions and the oxidizability of the lipids (Cos-
grove et al., 1987). Thus, k, varies linearly with the number
of bis-allylic methylene positions; eq 7 can then be written as

oxidizability = MBI X &/ /(2kt)‘/2 (8)

where MBI (methylene bridge index) represents the number
of methylene bridge positions in the PUFA and &, is the
propagation rate constant per methylene bridge position.

The concept of oxidizability is routinely applied to ho-
mogeneous lipid solutions; however, there has been no
quantitative examination of its applicability to cellular systems.
Previous studies with liposomes (Montfoort et al., 1987; Mowri
et al., 1984; McLean & Hagaman, 1992; Barclay, 1993),
subcellular fractions (Canuto et al., 1991), cells (Fraga et al.,
1990; Hart et al., 1991; Burns & Wagner, 1991; North et al.,
1992; Wagner et al., 1992, 1993), or tissues (Garrido et al.,
1989; Wills, 1985) have not always been quantitative in that
precise determination of the double bond content of these
systems was not reported. However, the general trend observed
is consistent with an increase in susceptibility to peroxidation
as the degree of unsaturation increases.

In this study we have combined oxygen uptake and electron
paramagnetic resonance spin trapping to examine the lipid
oxidizability of intact cells. We have systematically aitered
the unsaturation of L1210 cellular lipids by supplementing
their growth medium with various polyunsaturated fatty acids.
We then did a complete lipid analysis of the cells to determine
the actual level of lipid unsaturation. Using these data, we
determined an exact MBI for a given cell preparation. The
cells were subjected to an oxidative stress to determine their
apparent oxidizability. We report here that the apparent
oxidizability of cellular lipids correlates exponentially with
the number of bis-allylic methylene positions in the cellular
fatty acids.

MATERIALS AND METHODS

Cell Culture and Lipid Modification. 11210 murine
leukemia stock cultures were maintained in RPMI 1640 media
with 5% heat-inactivated fetal bovine serum (FBS). Cellular
fatty acids were modified by growing cells for 48 h in media
that had been supplemented with 32 uM of one of the following
fatty acids (cis form from Nu Chek Prep, Inc., Elysian, MN):
oleic acid, 18:1w9; linoleic acid, 18:2w6, linolenic acid, 18:
3w3; 4-linolenic acid, 18:3w6; arachidonic acid, 20:4w6;
eicosapentaenoic acid, 20:5w3; docosatetraenoic acid, 22:4w6;
docosahexaenoicacid, 22:6w3 (Burns & Wagner, 1991); Guffy
et al., 1984, 1982; Burns & North, 1986; Burns et al., 1988).
Fattyacidsare abbreviated as number of carbon atoms:number
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of double bonds; w refers to the position of the first double
bond from the methyl terminus. This concentration of fatty
acid has no effect on cell viability (Guffy et al.,, 1984).
Following fatty acid modification, the cells were washed twice
by centrifugation (300g) through 0.9% NaCl. Cell densities
were adjusted to 5 X 106 cells/mL in 0.9% NaCl for EPR
studies.

There was no difference in cellular vitamin E content in
lipid-modified cells compared to unmodified cells.?

Calculation of the Methylene Bridge Index (MBI) and the
Double Bond Index (DBI). Fatty acid composition of cells
was determined using gas chromatography (Burns & Wagner,
1991; Guffyetal., 1984; Burnsetal., 1979). The mean number
of bis-allylic methylene bridge positions per fatty acid
contained in cells, expressed as MBI, was calculated by
multiplying the number of bis-allylic methylene bridge
positions contained in each fatty acid methyl ester species by
its respective mole fraction and summed for all fatty acids
present. The number of double bonds, DBI, was calculated
similarly.

EPR Studies during Lipid Peroxidation. Lipid peroxi-
dation experiments were carried out in 0.9% NaCl with no
added lipids to ensure that oxidations occurred in the cells,
essentially as described previously (Wagneretal., 1992, 1993).
Briefly, reagents were added to cell suspensions in respective
order to achieve 50 mM «-(1-0x0-4-pyridyl)-N-tert-butylni-
trone (POBN), 100 uM L-ascorbic acid, and 20 uM
FeSO,47H,0.. Consecutive EPR spectra were taken at 23.5-s
intervals with a Bruker ESP 300 spectrometer at room
temperature. After the ninth scan (218 s), 40 uM 1-0-
octadecyl-2-O-methyl-rac-glycero-3-phosphocholine (ET-18-
OCHj;, edelfosine, Medmark GmbH, Griinwald, Germany,
kindly supplied by Dr. R. Nordstrém) in ethanol was added
as a prooxidant (Wagner et al,, 1993). EPR settings were
9.79 GHz, 100-kHz modulation frequency, 40-mW nominal
microwave power, 0.63-G modulation amplitude, 328-ms time
constant, scanning at 60 G/21 s, and receiver gain 2.5 X 103,
Quantitative estimates of POBN adduct concentrations in
the over 2500 EPR spectra collected were determined using
3-carboxyproxyl (Aldrich Chemical Co., Milwaukee, WI) as
a standard (Buettner, 1990).

Oxygen Uptake. Oxygen uptake was monitored witha YSI
Model 53 biological oxygen monitor (Yellow Springs, OH).
Incubations were identical to those used in the EPR studies
and were run in a parallel manner.

RESULTS

Fatty Acid Modification. 1.1210cells that had been grown
in media supplemented with various fatty acids were con-
siderably modified (Table 1, individual acids). Inmost cases,
enrichment was in the specific fatty acid added to the growth
media, and it varied from 5% to 62%. The enrichment was
>18% for all but two fatty acids; 18:3w6 was elongated to
20:3 (24%) and 20:5 was elongated t0 22:5 (18%). There was
also limited elongation of 18:2 (7%) and 20:4 (12%).

This enrichment and metabolism had a major effect on
overall unsaturation of cellular fatty acids (Table 1, classes
of fatty acids and indices). The mole percent of polyunsatu-
rated fatty acids ranged from 9% to 64%. Most importantly,
the DBI ranged from 1.04 to 2.12 and the MBI from 0.27 to
1.5. This wide range of lipid unsaturation provided a powerful
model to experimentally test its effect on lipid-derived radical
generation and related peroxidative events.

2E.E.Kelley,G. R. Buettner,and C. P. Burns, unpublished observations
(manuscript in preparation).
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Table 1: Fatty Acid Composition of L1210 Cells (in mol %)4
fatty acid added to media
fatty acid unmodified 18:1w9 18:2w6 18:3w3 18:3w6 20:4w6 20:5w3 22:4w6 22:6w3
individual acids®
14:0 1.9+0.1 23£0.8 3619 26+1.1 34£06 20£0.3 25204 122+42 40%0.7
16:0 16512 103£07 94%05 11.5+1.5 17808 169x1.6 16613 17.2£09 20.7x0.7
16:1 4.0+0.3 22£0.3 09+0.1 2304 1.4+0.1 20+£0.1 20£0.2 1.7£0.1 1.6 £0.2
18:0 224£05 93%06 11.8+£23 130+12 163%x12 148%1.1 175+£1.5 142£07 19.9+0.3
18:1w9 344£28 620x1.7 82%£09 12712 180£24 215%£3.0 184£24 17.1£23 197%1.2
18:2w6 28£0.5 1.3x0.1 504+33 17x0l1 14+02 1.3+0.1 20£03 1.6 0.1 1.3£0.1
18:3w3 1.1 £0.7 0.0 0.1+0.1 394+£7.1 07401 0.6 +0.3 1.0£0.3 02+0.1 1.0x0.1
18:3w6 02+0.1 0.0 0.0 0.0 46£ 1.6 0.1 £ <0.1 0.1+<0.1 0.0 0.0
20:2w6 0.1£<0.1 03£0.2 6.7+ 0.6 0.0 0.1+0.1 0.1£<0.1 0.1%0.1 04£02 03+0.1
20:3w6 1.2£0.1 0.7£0.2 1.0+ 0.1 0.7+£0.2 241+£28 12+01 1.5+£0.2 1.3+0.3 1.3+£04
20:4w6 6.2+1.2 3.0£0.1 1.6£0.2 7.9+0.7 51%05 225%0.5 44403 7408 23£03
20:5w3 09£04 04+£02 1.6 £0.5 04%0.1 0.1+£<0.1 <0.1%£<0.1 11.3£1.0 1.6%0.7 09+0.1
22:4w6 1.7£0.9 1.7£0.5 1.0£0.3 26+ 14 1.2£0.1 12.5+£0.8 0.7+0.1 176 £2.1 0.6 £ <0.1
22:5w3 14£0.1 1.0+03 1.0£0.1 1.2+03 1.0£0.1 1.1£01 184+£24 2805 1.0x0.1
22:6w3 1.7£0.1 0.7+£0.2 03£0.1 1.2+0.3 24£10 2.0£0.3 1.7£0.3 1.6 £0.7 233+ 1.1
others 35 4.8 2.4 2.8 24 1.3 1.8 3.1 2.1
classes of fatty acids
% PU¢ 173213 91+£06 63.6x3.6 552450 40745 415£08 41.0£42 351%17 318%18
% MU 414£29 687x18 108£05 173+£21 204£27 24431 221£25 204%x19 233x1.5
% SAT 41316 222+22 256%£39 27529 389zx21 341%24 369+£3.0 445+32 44903
% w3 51£1.2 2.1+£04 29£04 422+65 4210 3802 323+£35 68=*1.1 26.1%14
% wb 122+£18 7.0x0.2 60.7+40 129£17 364£39 37.7+£08 8.8+0.8 28327 58%£0.S5
indices
DBI¢ 1.084£0.02 1.04£005 1.53x0.07 199+0.10 1.57x0.14 191£001 2.12%£0.18 1.63x£0.08 1.94=%0.08
MBI 049004 0.27%003 0.79+£0.03 1.26+007 0.96£0.12 1.25%002 1.50£0.15 1.07+0.04 1.38+0.07

a1.1210 cells were grown for 48 h in media supplemented at 32 uM with the fatty acid designated in the column headings. Cells were washed and
extracted with CHCl;-CH3OH, 2:1 (v/v). After alkaline hydrolysis, fatty acids in the saponifiable fraction were methylated and the methyl esters
separated by gas-liquid chromatography. Mole percents of various fatty acids were calculated on the basis of weight percents from integrated peak
areas on chromatograms and respective molecular weights of fatty acid methyl esters. ® Expressed as mole percent of total fatty acids. Fatty acids
aredesignated as number of carbon atoms:number of double bonds. Valuesare the mean £SE of three independent experimental sample determinations.
¢ Abbreviations: PU, polyunsaturated fatty acids; MU, monosaturated fatty acids; SAT, saturated fatty acids; DBI, double bond index which is the
mean number of double bonds per fatty acid; MBI, methylene bridge index which is the mean number of bis-allylic positions per fatty acid.

POBN Lipid Radical Adduct Formation. Lipid-derived
free radicals were detected by EPR spin trapping when L1210
cells were subjected to iron—ascorbate/ether lipid-induced
oxidative stress (Figure 1, inset). The POBN spin adduct
EPR signal observed has hyperfine splitting parameters (aN
= 15.61 G; aH = 2.64 G) identical to those of the carbon-
centered lipid-derived spin adducts previously observed from
intact cells subjected to free radical-mediated oxidative stress
(Northetal.,1992; Wagner et al., 1993; Buettneretal.,, 1993),
By monitoring the POBN/L* EPR signal intensity changes
with time, we were able to study the effect of cell lipid
composition on the rate of peroxidation (Figure 1). Theinitial
rate of cellular lipid peroxidation is highly variable. Unmodi-
fied and 18:1-modified cells had the lowest rates of peroxi-
dation, while 20:5- and 22:6-modified cells had the highest
rates. In summary, the greater the degree of unsaturation in
the modifying lipid, the more easily oxidizable the cellular
lipids.

In homogeneous solution, the rate of lipid peroxidation is
linearly correlated to the number of bis-allylic positions in the
lipids (Cosgrove et al., 1987). Using dilinoleoylphosphati-
dylcholine/dimyristoylphosphatidylcholine mixed liposomes,
Barclay (1993) found that aggregation of lipid chains into
bilayers does not change their oxidizability. In our study the
rate of POBN/L* formation from cells exposed to free radical
oxidative stress is related to the oxidizability of the cellular
lipids. Much to our surprise, in cells these rates increased
exponentially as the MBI increased in the various lipid-
modified cell preparations (Figure 2) (r =0.962and p = 3.4
X 1075 for a logarithmic correlation versus » = 0.812 and p
= 7.8 X 102 for an arithmetic, linear correlation). The
maximum level of POBN/L* also increased with the MBI of
the various cell preparations (Figure 3) (r = 0.948 and p =

9.9 X 1075 for a logarithmic correlation versus r = 0,944 and
p = 1.3 X 10 for an arithmetic, linear correlation).
Cellular Site of Lipid Radical Generation. There is cell
injury during the incubations as a result of the oxidative stress.
For example, 22:6-modified cell counts decreased to 93 + 2%,
72 £ 4%, 66 £ 1%, and 55 £ 3% at 60, 300, 900, and 1800
s. This is undoubtedly due to peroxidation of cellular
membranes and could result in the release of lipids into the
media. Therefore, the lipid radical that we detected could be
due to lipid peroxidation occurring in the media rather than
within cells. On the basis of evidence from two experiments
designed to examine this question, we believe that the radical
is not originating from lipids released into the media. In the
first experiment, 22:6-enriched L1210 cells were subjected to
oxidative stress, and then the media and cells were separated
by centrifugation at 100000g. The lipid radical generated by
the media with additional exposure to the oxidative stress was
limited and reached a maximum intensity of only 2-fold above
the initial baseline (compare to Figure 1), and most time points
were less. When the cells were not exposed to oxidative stress
prior to centrifugation, there was no lipid radical detected in
the media, indicating that it is unlikely that the reaction is
initiated inthe media. Inthesecond experiment, 22:6-enriched
L1210 cells were grown for 24 h in 100 uM vitamin E acetate
and then exposed to the oxidative stress. The lipid-soluble
vitamin E, which localizes in membranes, inhibited lipid-
derived radical production by 65%, 93%, 82%, and 77% at 60,
300, 600 and 900 s; this compares to only 0%, 11%, 18%, and
12% inhibition by 100 uM Trolox (CAS Registry No. 53188-
07-1 supplied by Aldrich Chemical Co.) added just prior to
the oxidative stress. Trolox is a vitamin E analogue that is
water soluble and remains in the media. Taken together,
these data suggest that the vast majority of the radical we
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FIGURE 1: Time course of lipid peroxidation as measured by POBN/
L formation using L1210 celis enriched with various fatty acids.
Fatty acid-enriched cells, 5 X 106 cells/mL, were monitored by EPR
after initjation of peroxiation with 20 uM Fe?* and 100 uM ascorbic
acid. Afterinitiation (218s),40uM ET-18-OCH;wasadded (arrow).
Values are the mean from three independent experiments for each
of the fatty acid-enriched cell types. Maximum levels of POBN/L*
adducts were 1.7-1.9 uM for 20:5 and 22:6, compared to ~0.2 uM
in unmodified and 18:1-enriched cells. The inset shows a typical
POBN/L* EPR spectrum: aN = 15.61 G; a¥ = 2.64 G. At early
time points the ascorbate radical doublet, gH = 1.8 G, can also be
observed. This particular spectrum is from the ~600-s time point
in an experiment with 20:5-enriched cells.
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FIGURE 2: Relationship of rate of formation of POBN/L* versus
bis-allylic methylene bridge positions of cells (MBI). Presented are
the median values for each of the nine different fatty acid-modified
cell preparations from triplicate determinations: » =0.962; p = 3.4
X 1075, The rates were determined from the regions of the curves
of Figure 1 that best represented initial rates. Regression analysis
wasdone onan appropriate subset of data from the 250-1000-s range.

observed as POBN/L" is generated from cells and not from

fatty acids or complex lipids released into the media.
Oxygen Consumption. Monitoring by EPR the formation

of POBN/L" is a means of following product production in
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FIGURE 3: Maximum POBN/L* EPR intensity. The maximum
values of POBN//L" intensity values from Figure 1 are shown versus
the MBI. A logarithmic correlation is observed: r = 0.948; p = 9.9
X 10-%. The arithmetic correlation on nonlogarithmic scales is
similar: » = 0.944; p = 1.3 X 104
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FIGURE 4: Relationship of rate of oxygen consumption, expressed
as percent oxygen lost per second, and number of bis-allylic methylene
hydrogen positions. Values are the median from three independent
experiments for cells enriched with each of the nine different fatty
acids: r = 0.950; p = 8.7 X 10-5. These rates were determined in
the same manner as described in Figure 2.

real time during lipid peroxidation. To ensure that our
observation that cellular lipid oxidizability varies exponentially
versus MBI was not an artifact of this method, we simulta-
neously monitored oxygen uptake; oxygen uptake examines
reactant disappearance. As with POBN/L*, a positive
logarithmic correlation was found between the rate of oxygen
uptake (oxidizability) and MBI (Figure 4) (» = 0.950 and p
= 8.7 X 1073 for a logarithmic correlation versus » = 0.913
and p = 5.8 X 10~ for a linear correlation).

DISCUSSION

From our studies it is clear that cellular susceptibility to
lipid peroxidation in vitro is dependent upon the degree of
polyunsaturation of cellular lipids. We have demonstrated
quantitatively that the number of bis-allylic positions from
which hydrogen can be abstracted by free radical processes
is the major determinant for the oxidizability of cellular lipids,
confirming theoretical considerations, vide supra. In our
studies, hydrogen abstraction from carbons not located between
double bonds has a minimal contribution to free radical
generation and is consistent with observations in pure lipid
systems where it contributes <1% of peroxidation reactions
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(Gardner, 1989). The low levels of POBN/L* formation with
cells enriched with 18:1, which has no double allylic positions,
reveal the limited influence that single, isolated double bonds
per se have on cellular lipid peroxidation events. For
comparison, cells enriched with 18:2, having only a single
bis-allylic position, produce substantially more lipid radical.

The influence of fatty acid chain length was difficult to
assess since the level of unsaturation of the fatty acids used
in our model increased as the chain length increased. There
was a slightly higher peak radical intensity (Figure 1) and
rate of radical generation (47% greater) from cells enriched
with 22:4 as compared to 20:4, in spite of a slightly lower MBI
in22:4 cells. Likewise, the role of w-familyisindefinite. Others
have reported differences in the preferential peroxidation of
some double bond positions, especially double bonds located
in the terminal positions of some fatty acids (Porter, 1984).
In our studies, the peak level and rate of generation for
18:3w3 were somewhat higher than for 18:3w6; however, the
MBI for 18:3w3 was higher.

Taken together from both reactant disappearance (O;
uptake) and product formation (POBN/L*), we conclude that
the apparent cellular lipid oxidizability increases exponentially
as the PUFA content of cells increases. This contrasts with
results from homogeneous solutions of lipids where a linear
correlation is well established (Cosgrove et al., 1987). One
possibility to explain this apparent exponential increase in
oxidizability is a clustering of lipids within cell membranes.
This clustering would result in an increase in the rate of
peroxidation events analogous to that observed when lipid
oxidation processes were studied in solutions where the lipid
concentration is varied from below to above the critical micelle
concentration (Patterson, 1981).> The closer packing of the
unsaturated lipids in a structured environment may result in
our observed increase in the apparent oxidizability of these
lipids.

Previous work in several laboratories, including our own,
has shown that modification of peroxidizable lipids in cell
membranes correlates with changes in susceptibility to oxidant-
mediated cytotoxicity (Guffy et al., 1984; Spitz et al., 1992;
Hartet al., 1991). We have clearly demonstrated previously
that increasing the proportion of unsaturated lipids in cell
membranes increases lipid radical formation and decreases
cell survival when subjected to an oxidative stress (Wagner
et al., 1992, 1993; Buettner et al., 1993). Our quantitative
observations here on the influence of bis-allylic positions on
cellular lipid peroxidation provide a sound basis for under-
standing the role of polyunsaturation in cellular, lipid
peroxidation events.

3J. A. North and G. R. Buettner, unpublished observations.
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