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ABSTRACT: Low-density lipoprotein (LDL) oxidation was studied using copper or the water-soluble initiator
azobis(2-amidinopropane) dihydrochloride (ABAP) to catalyze the reaction. These studies were carried
out with purified, native LDLs that had a well-defined composition and which contained different
concentrations of polyunsaturated fatty acids (PUFA) and a-tocopherol. The LDL was obtained from
nonhuman primates fed diets enriched in cholesterol and one of four types of fatty acids: saturated (Sat),
monounsaturated (Mono), w-6 (w-6FA), or w-3 (w-3FA) fatty acids. The PUFA concentration of the LDLs
depended upon the diet and had the following order: w-6FA > Sat ~ Mono ~ w-3FA. Linoleic acid was
the predominant PUFA in all of the LDLs. The rates of oxidation were linearly dependent upon the
concentration of PUFA. When ABAP was used to initiate oxidation the lag time was linearly related to
the amount of a-tocopherol. However, with copper catalysis no linear correlation was evident. If the
different enrichments were analyzed independently, it was found that copper-catalyzed oxidation of LDLs
enriched with w-6 and w-3 fatty acids showed a linear correlation between the lag time and the amount
of a-tocopherol but that LDLs enriched with Sat or Mono fatty acids did not show a correlation. These
results demonstrate that the rate of oxidation is dependent upon PUFA concentration and that the ability

of a-tocopherol to inhibit oxidation depends upon the lipid environment and the mode of initiation.

Free-radical chain oxidation of low-density lipoprotein
(LDL)! has been suggested as a possible in vivo mechanism
for modifying LDL and thereby facilitating its uptake by
macrophages (Steinberg et al., 1989) during atherogenesis.
LDL has been oxidized in vitro by incubating native LDL
with several types of cultured cells (Henriksen et al., 1981;
Henriksen et al., 1983; Hiramatsu et al., 1983; Morel et al.,
1984); leukocytes (Cathcart et al., 1985), lipoxygenases
(Parthasarathy, et al., 1989; Rankin et al., 1991), transition-
metal ions (Steinbrecher et al., 1984; Dousset et al., 1990),
UV radiation (Dousset et al., 1990), or azo initiators (Sato
etal., 1990) or by simply letting the LDL sit for several months
(Liaoet al., 1991). Free-radical oxidation of LDL produces
fatty acid hydroperoxides from the polyunsaturated fatty acids
(PUFA) (Lenz et al., 1990), oxidized cholesterol derivatives
(Bhadra et al., 1991), and aldehydes from the decomposition
of the hydroxyperoxides and the chemical and structural
modification of apoprotein B (apoB) (Steinbrecher, 1987).
The amounts and types of products depend upon the conditions
under which the oxidation is performed. Mild oxidation like
that initiated by UV irradiation gives mostly hydroperoxides
(Dousset et al., 1990). Copper oxidation generates lipid
hydroperoxides and aldehydes, and causes the loss of amino
moieties from apoB and the fragmentation of apoB (Steinberg
et al., 1989; Esterbauer et al., 1992). When the oxidation
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process does not significantly change the charge on apoB,
oxidized LDL is taken up through the LDL receptor (Negre-
Salvayre et al., 1990). In contrast, LDLs that have been
subjected to vigorous oxidation are taken up via the scavenger
receptor (Steinbergetal., 1989). Irrespective of how oxidized
LDL is transported into the cell, the toxicity of oxidized LDL
appears to be related to the amount of hydroperoxide that is
carried by the oxidized LDL (Cathcart et al., 1985; Negre-
Salvayre et al., 1990; Morel et al., 1983).

Autoxidation is a complex process that involves the chain
reaction of radical species giving hydroperoxides as the major
product. Although all of the olefinic compounds carried by
LDL will undergo autoxidation the PUFAs, constituents of
more complex lipids like the cholesteryl esters, phospholipids,
and triglycerides are more susceptible to free-radical chain
autoxidation than are other fatty acids or cholesterol. There-
fore, PUFA hydroperoxides are the major products at the
earliest stages of autoxidation.

The first step of autoxidation is the initiation of the free-
radical chain by a preformed radical species. In this study,
two different types of water soluble initiators, Cu2* or azobis-
(2-amidinopropane) dihydrochloride, were used to initiate
LDL autoxidation. ABAP was chosen because it initiates
autoxidation with a hydroperoxyl radical that is similar in
some respects to the chain-carrying radical of PUFA autox-
idation, PUFAO,*. A simplified mechanism for the ABAP
initiated autoxidation of PUFA is shown in Scheme 1, steps
1-6. Copper catalysis was employed because of its widespread
use in the preparation of oxidized LDL for biological studies.
The scheme for copper is similar to that for ABAP except that
steps 1 and 3, the generation of the initiating radical species,
are not as well defined and may involve the participation of
an alkoxy radical. Several lines of evidence suggest that
preformed hydroperoxide carried by LDL may be required
for copper toinitiate autoxidation (Thomas & Jackson, 1991).

© 1994 American Chemical Society
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Scheme 1
ABAP —2R'+ N, step 1
R'+ 0,— RO, step 2
RO,’ + PUFA — RO,H + PUFA® step 3
PUFA® + O, — PUFAO,’ step 4
PUFAOQ," + PUFA — PUFAO,H + PUFA" step 5
2PUFAO," — nonradical products  step 6

PUFAO," + a-tocopherol —
PUFAO,H + a-tocopherol® step 7

a-tocopherol® + PUFAO,” —
a-tocopherol-O,PUFA  step 8

The chain reaction depicted in steps 4 and 5 is responsible
for the formation of the hydroperoxides characteristic of
autoxidation. Step 6 shows how the chain reaction is
terminated by the spontaneous reaction of two hydroperoxyl
radicals giving nonradical products. Radical chain reactions
are also stopped by antioxidants like a-tocopherol. This
phenolic antioxidant reacts with the hydroperoxyl radical,
yielding a second radical species that does not readily abstract
a hydrogen atom from PUFA. LDL carries several antiox-
idants, but a-tocopherol was found in the highest concentration.
Esterbauer et al. (1991, 1992) demonstrated that the amount
of a-tocopherol carried by LDL was directly related to the
time required to initiate rapid autoxidation of LDL PUFA.
Steps 7 and 8 depict the inhibition of PUFA autoxidation by
a-tocopherol.

Using steps 1-6, eq 1 was derived for the formation of
conjugated diene hydroperoxide (PUFAO,;H), R,, after
a-tocopherol had been depleted: k;, is the rate constant for
propagation, R; is the rate of initiation, & is the rate constant
for termination. The derivation assumes that the radical

d[conj diene]/df = R, = k,[PUFA]R®®/(2k)> (1)
R, = 2ek,[ABAP] = (n;/1,,.)[a-tocopherol]  (2)

lag = (n;/ R))[a-tocopherol] 3)
species are present in low, steady-state concentrations and
that the chains are relatively long. Inaddition, it was assumed
that the LDL did not exchange radical species during the
course of the oxidation. The low solubility of the lipids in
aqueous solutions supports this assumption. The relationship
between the lag time, f,5, and a-tocopherol concentration
was described by Boozer et al. (1955) and Niki et al., (1984),
where e is the efficiency of chain initiation, kq4 is the rate of
decomposition of ABAP, and #; is the stoichiometric number
of radicals scavenged per molecule of inhibitor. Niki et al.
(1984) have shown that each a-tocopherol stops two radical
chains.

This report describes how fatty acid composition, partic-
ularly the PUFA content, and a-tocopherol concentration
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affect the oxidation of native LDL. This study demonstrates
(1) that the rate of PUFA oxidation is directly related to the
concentration of PUFA as suggested by the study of Bonanome
et al. (1992) and (2) that the relationship between lag time
and a-tocopherol concentration depends upon the method of
initiation. One consequence of initiator-dependent #,5 is that
without knowing how oxidation was initiated in vivo it would
be difficult to predict how fatty acid substitution would affect
in vivo oxidation.

EXPERIMENTAL METHODS

Chemicals and Reagents. All of the reagents used in the
autoxidation study were of the highest commercial grade
available. Azobis(2-amidinopropane) dihydrochloride was
from Polyscience, Inc. Potassium phosphate (Ultrex), NaCl,
and NaOH were from J. T. Baker. Milli-Q water was used
in the preparation of solutions.

Sourceof LDL. Native LDL was obtained from cynomolgus
monkeys fed diets as reported before (Rudel et al., 1991). The
diets contained a caloric distribution of fat, 35%, carbohydrate,
48%, and protein, 17%. Sufficient cholesterol, 0.4 mg/calorie,
was added to induce high serum cholesterol levels. The fats
used in these studies were lard which contains a high percentage
of saturated fatty acids, safflower oil enriched in oleic acid,
safflower oil enriched in linoleic acid, an -6 fatty acid, and
menhaden oil which was enriched in w-3 fatty acids. All of
the animals were supplemented with vitamins including
a-tocopherol, administered as DL-a-tocopherol acetate, and
ascorbic acid included in the diet mixture at 10 g and 450 g
per 10 kg of diet, respectively. Tenox 20A, active ingredient
tert-butylhydroquinone, was included in all of the diets at a
level of 0.2 g/kg of fat to retard autoxidation on storage. The
animals were maintained in accordance with the guide lines
of the Institutional Animal Care and Use Committee.

Blood samples were collected in 3 mM EDTA and stored
onice. The protease inhibitor cocktail of Edelstein and Scanu
(Edelstein & Scanu, 1986) was added to prevent protein
breakdown during isolation. The lipoproteins were separated
by centrifugation, and the d < 1.225 g/mL fraction applied
to an agarose column and LDLs were isolated by gravity
filtration (Rudel et al., 1986). To retard oxidation 0.3 mM
EDTA was added to the eluting buffer and the buffer was
continuously sparged with nitrogen gas. All operations and
sample storage were carried outat 4 °C. Samples were stored
under argon.

Autoxidation. The autoxidation of LDL was studied at 37
°C in air-saturated solutions containing 10 ug/mL of apo-
protein B in 25 mM phosphate buffer pH 7.4 containing 0.16
M in NaCl (PBS). Copper ion catalyzed autoxidation was
carried out by adding sufficient copper sulfate to give a 3 uM
solution. For studies employing copper, EDTA was removed
by dialysis for 48 hat 4 °C against PBS that was continuously
sparged with nitrogen gas. Autoxidation initiated by copper
ions was compared to initiation by 666 uM ABAP. The
oxidation of PUFA was monitored at 236 nm ona Cary Model
219 UV /vis spectrometer. The concentration of conjugated
diene was calculated assuming an € at 236 nm of 26 000 M-!
cm-l. All analyses were performed in triplicate. The
maximum rate of oxidation was determined from the slope of
a plot of [conjugated diene] versus time. The intercept of this
line with the time axis is called the lag time, #j4.

Analyses. a-Tocopherol was quantified by the Lipid
Laboratory of the Wake Forest University Comprehensive
Cancer Center on a fee-for-service basis employing the HPLC
method of De Leenheer et al. (1979). Fatty acid analyses
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Table 1: Mole Percent PUFA of the Fatty Acids in LDL and in the
Cholesteryl Ester and Phospholipid Fractions of LDL#

diet cholesteryl ester? phospholipids® total PUFAY
Sat 19.2 + 5.0t 5.6+ 2.9t 24,9 £2.5%
Mono 13.9 £ 5.6* 5.0+ 2.1 189 @ 5.6t
w-6FA 48.9 £ 9,2¢ 8.1 4 2.3h 57.0 £ 9.4¢
w-3FA 16.0 £ 4.5% 4.2 4 2.4%4 20.7 + 4.0t

2 Numbers with unlike superscripts are significantly different at the
following levels.  p = 0.001. ¢ p = 0.03. ¢ p = 0.001.

Table 2: Fraction of the Different Types of PUFA (+ SD) Found
in LDL Reported as Mole Percent of the Total PUFA?

diet X:2b X:3¢ 20:44 20:5, 22:5, 22:6¢
Sat 87.2+£26" 37+08" 8914t 0.2+ 0.5
Mono 87.3x4.1" 43£36" 5222t 1.0+2.0
w-6FA 97.6%+12t 0.9+0.8¢ 1.3 £ 1.48 0.3 £ 0.4%
w-3FA 512958 4.1+£24' 8.0£27 36.7 + 8.5¢

4 Numbers with unlike superscripts are significantly different at the
following levels. 2 p = 0.002. ¢ p = 0.02. 9 p = 0.01. ¢ p = 0.001.
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FIGURE 1: Typical plot of the absorption at 236 nm versus time for
the copper ion catalyzed oxidation of LDLs from each of the four
different fatty acid enrichments.

were carried out after saponification and methylation of the
fatty acids (Metcalfe & Schmitz, 1961). Phospholipid and
cholesterol ester fractions were separated and quantified by
TLC (Rudel et al., 1977). Apoprotein B was measured by
ELISA (Koritnik & Rudel, 1983). Protein content was
determined by the method of Lowry et al. (1951) using bovine
serum albumin (Sigma Chemical Co., No. 4503) as the
standard. ELISA values wererelated to Lowry determinations
using column purified LDL containing >95% apoprotein B.
To detect differences in the means, the results were analyzed
by analysis-of-variance using the F-test for multiple com-
parison.

RESULTS

The distribution of PUFA in each of the LDLs was
determined by GLC analysis, and the results are summarized
inTables 1 and 2. Table 1 showsthe mole percent distribution
(£SD) of LDL PUFA among the different diet classes. Table
2 shows the percent distribution (£SD) of the different PUFA
types, e.g. dienes, trienes, pentaenes, and hexaenes, in each
of the diet classes. The distribution of LDL phospholipids,
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FIGURE 2: A plot of R, versus [ABAP]%S for one of the w-6FA-
enriched LDLs demonstrating the linear relationship anticipated from
eq l.

Table 3: Summary of the Rates of Oxidation of LDL Isolated from
Nonhuman Primates Fed Diets Enriched in Different Fatty Acids®

rate
diet N copper catalyzed ABAP catalyzed
high Sat 8 204 = 1051 205 + 31t
high Mono 8 202 % 236" 196 + 88t
high w-6FA 9 827 £ 530! 906 x 393}
high w-3FA 9 153 + 561 67 = 13*

@ The rates of oxidation are given in picomoles conjugated diene per
minute & SD. N is the number of different samples. Numbers with
unlike superscripts are significantly different at p < 0.006.

cholesteryl esters, cholesterol, triglyceride, and protein was
similar to that reported previously (Rudel et al., 1991): 21.4
£ 19,477 £ 42,100 + 1.2, 0.7 = 1.2 and 20.2 £ 2.7
weight percent, respectively.

The rate of autoxidation and #,, were obtained from plots
of conjugated diene formation versus time for LDL treated
with either copper ions or ABAP. A typical plot for the
oxidation profile is shown in Figure 1. LDL enriched in each
of the different fatty acid classes were found to give distinctly
different oxidation profiles.

To assess whether the oxidation of LDL followed the
equation for radical chain autoxidation, eq 1, the concentration
of ABAP was systematically varied. Figure 2 shows a typical
response demonstrating that the rate of LDL oxidation depends
upon R? as anticipated from eq 1. The decomposition of
ABAP was monitored by following the first-order loss of the
azo chromophore at 370 nm as a function of time at 37 & 0.1
°C giving a k4 of 7.26 X 10~° min~! (data not shown) which
is similar to the value of 7.8 X 10~° min~! reported by Niki
et al. (1986).

Table 3 summarizes the rates of autoxidation (£SD) of
LDL initiated by ABAP or by copper. Numbers with unlike
superscripts are significantly different at p < 0.006. Both
initiators gave similar rates of autoxidation at the concen-
trations employed in this study. For both initiators the rate
of oxidation had the same order, w-6FA > Sat ~ Mono =~
w-3FA.

Table 4 shows the average #j,; (£SD) and amounts of
a-tocopherol in the different LDLs. Unlike superscripts
designate numbers that are significantly different at p < 0.05.
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Table 4: Summary of Lag Times, tiag, Moles of a-Tocopherol/Mole of ApoB, and Moles of PUFA /Mole of a-tocopherols

diet N copper-catalyzed lag ABAP-catalyzed lag mole a-tocopherol/mole ApoB mole PUFA /mole a-tocopherol
high Sat 8 103.3 & 35.3¢ 11.0 & 3.448 4.1 0.8t 152.4 + 38.2¢
high Mono 8 224.1 £ 144.1¢ 18.3 £ 12.1M1 52+£4.1% 131.6 & 53.84%
high w-6FA 9 38.0 £ 13.14¥ 26.9 = 12.3% 5.5%£1.8 243.0 + 65.1¢
high w-3FA 9 17.4 £ 7.78% 7.5£6.78 35+ 1.0t 101.8 + 33.28%

@ The lag times are given in min £ SD. N is the number of different samples. Numbers for 55 with unlike superscripts are significantly different

at p < 0.05.
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FIGURE 3: (a) A plotof R, versus [PUFA] for 666 uM ABAP initiated
oxidation of LDL. All of the LDLs from the four fatty acid
enrichments are included in this plot. See text for details. (b) A plot
of R,versus [PUFA] for 3 uM copper ion initiated oxidation of LDL.
All t?our fatty acid enrichments are included in this plot. See text
for details.

The magnitude of #,,, for the different fatty acid enrichments
can be roughly summarized as follow: for copper oxidation,
Mono > Sat > w-6FA ~ w-3FA, while for ABAP-initiated
oxidation, w-6FA = Mono ~ Sat ~ w-3FA. «-Tocopherol
levels are similar among the different diet group.

Plots of the rate of oxidation in picomoles per minute versus
[PUFAY], expressed as a molar concentration, Figure 3, show
that [PUFA] and the rate of oxidation are directly related as
anticipated for a free-radical chain mechanism described by
eq 1. Figure 3a demonstrates this relationship for ABAP-
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FiIGURE4: (a) A plot of [a-tocopherol] versus 1,4 for 666 uM ABAP
initiated LDL oxidation. All of the LDLs used in this study are
included in this plot. See text for details. (b) A plot of [«-tocopherol]
versus #j,g for 3 uM copper ion initiated LDL oxidation. All of the
LDLsused in this study are included in the plot. Note that the LDLs
enriched with w-3FA and w-6FA show a correlated between
[a-tocopherol] and #4, while the SAT and MONO do not demonstrate
such a correlation. See text for details.

initiated oxidation with » = 0.92. A similar relationship is
found for copper catalysis, r = 0.94 (Figure 3b). The slope
of the lines in parts a and b of Figure 3, (2.26 £ 0.15) X 107
and (1.74 £ 0.14) X 107 pmol min~! M-, respectively, are
similar at the concentrations of copper and ABAP chosen for
these studies.

A plot of [a-tocopherol] versus #,; for ABAP-initiated
oxidation in Figure 4a shows #;,; depends upon [a-tocopherol],
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r = 0.86, as anticipated from eq 3. When the LDL
concentration was changed #,; was changed in direct pro-
portion to the change in LDL (data not shown). Both R;and
R;, and the kinetic chain length, Ri/R; (= 34 % 4), showed
little variation at LDL concentrations between 15 and 73 nM
(data not shown).

A plot of [a-tocopherol] versus #,, for copper-initiated
oxidation did not show a significant correlation. However,
when w-6FA-and w-3FA-enriched LDL are examined together
they showed a correlation of r = 0.83 (Figure 4b). Theslopes
of the lines for w-6FA- and w-3FA-enriched LDLs shown in
Figure 4b are equal within experimental error to those found
with ABAP, (6.2 = 0.6) X 10-° and (5.6 & 0.9) X 10°° M
min-!, respectively. No correlation between [a-tocopherol]
and ty,; was detected when LDLs enriched in Mono FA or Sat
FA were analyzed together. Since Tenox 20A was included
in the dietary lipids to inhibit autoxidation, it might have been
incorporated into LDL and contribute to the lag time.
However, analysis of the LDL samples by HPLC did not
show detectable levels of Tenox 20A.

DISCUSSION

LDL was isolated from nonhuman primates that had been
fed diets that were identical with respect to caloric intake, but
differed in the type of fatty acid that was the major constituent
of thedietary lipids. The fattyacid composition of the different
LDLs reflected the fatty acid composition of the diets. Table
2 shows that linoleic acid was the predominant PUFA in all
of the LDLs. The amount of PUFA carried per LDL particle
was much greater for the w-6FA-enriched LDLs than for
other enrichments: w-6FA > Sat =~ w-3FA =~ Mono,
respectively. This distribution was unusual because LDLs
from animals fed diets enriched in w-3 PUFAs carry much
less total PUFA than the LDLs isolated from animals fed a
diet enriched in w-6 PUFAs,

Figure 1 shows that the LDLs having different fatty acid
compositions display different oxidation profiles. Comparing
Tables 2 and 3 indicates that the average rate of autoxidation,
R,, for a particular enrichment generally increases as the
amount of PUFA in the particle increases for both ABAP and
copper-catalyzed oxidations. The dependence of the rate of
propagation, Rp, on the concentration of PUFA is more
precisely demonstrated in Figure 3 which shows that R,
increases linearly as the PUFA concentration increases.
Substituting approximately 40% of the linoleic acid with PUFA
having a higher degree of unsaturation did not alter the
dependence of the rate of propagation on PUFA concentration,
suggesting that concentration was the more important factor
affecting the rate of propagation.

To determine if differences in the lipid environment affect
oxidation, the data shown in Figure 3 were replotted as R,/
R{%5versus [PUFA], Figure 5, so that the slope is independent
of the rate of initiation and equal to kp/(2k,)%5, a term called
the oxidizability of the system. If the fatty acid composition
substantially affected diffusion in the different LDLs, both
ky, and k; would be similarly affected and the half-order
dependence of k; in kp/(2k()%> would give a nonlinear plot.
The measured values of slopes are 40.5 = 3.5 (» = 0.90) and
49.7 £ 7.9 (r = 0.76) M%5 min5 for ABAP and copper
initiation, respectively, suggesting that the oxidizability of
thedifferent LDLsissimilar. The combined, cumulative errors
in the measurement of the rate of oxidation and the amounts
of PUFA and a-tocopherol preclude the detection of small
changes in oxidizability.

Besides showing that the different LDLs autoxidize at
different rates, Figure 1 also shows that the lag times differ
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FIGURE 5: (a) A plot of Ry/R;%5 versus [PUFA] for all of the LDLs
in this study. Oxidation was initiated with 666 uM ABAP. R;was
calculated from £, and [a-tocopherol] assuming n; = 2. See text for
details. (b) A plot of Rp/R%5 versus [PUFA] for all of the LDLs
in this study. Oxidation was initiated with 3 uM copper ions. R;was
calculated from #,4 and [a-tocopherol] assuming n; = 2. See text for
details.

somewhat among the different fatty acid enrichments. Mean
lag times for the different LDLs confirm that there were
statistically significant differences between several of the
enrichments. When ABAP was used toinitiate autoxidation,
a significant correlation was found between lag time and the
amount of a-tocopherol carried by the individual LDLs (Figure
4a). This latter correlation is probably more important for
understanding how antioxidants moderate LDL oxidation than

. themeans of the lag times of the various fatty acid enrichments.

Incontrast to ABAP-initiated autoxidation, copper-catalyzed
autoxidation did not yield a correlation between lag time and
a-tocopherol concentration (Figure 4b). However, careful
examination of Figure 4b suggests that the lag times for
oxidation of w-6FA- and w-3FA-enriched LDLs were cor-
related with a-tocopherol concentration while the lag times
of LDLs enriched with Sat and Mono fatty acids showed no
such correlation. Esterbaueretal. (1991, 1992) have reported
a correlation between the lag time and a-tocopherol concen-
tration for copper-catalyzed oxidation of human LDL. The



Fatty Acid Composition and LDL Oxidation

LDLs used in the Esterbauer study contained on an average
49% PUFA, mostly linoleic acid, making them comparable
to the w-6FA-enriched particles used in this study.

Although the fatty acid composition of LDL would not be
expected to directly affect the lag time, the composition may
influence how much a-tocopherol is carried by individual LDL
particles and the rates of diffusion within the particle.
Preliminary analysis show that the amount of a-tocopherol
carried by LDL was directly proportional to the amount of
PUFA per particle, r = 0.97, p < 0.001 (data not shown).
Therefore, asa group LDLs enriched in w-6FA contain slightly
more a-tocopherol per particle than do the other enrichments,
but these LDLs also had the largest PUFA to a-tocopherol
ratio, Table 4, indicating that each a-tocopherol had to protect
more PUFA as compared to LDL having other fatty acid
enrichments.

The results presented in Figure 5b also suggest that the lag
times of copper-oxidized Sat and Mono-enriched LDLs were
not correlated with the a-tocopherol concentration. In this
figure the data points for Sat- and Mono-enriched LDLs are
not correlated with the concentration of PUFA as they were
in Figure 3b. Figure 5b is similar to Figure 3b except that
R; is divided by the rate of initiation to the one-half power,
R%5, that was calculated from eq 3. Figure 5b shows that the
rate of initiation, R;, calculated from the lag time and
a-tocopherol concentration, does not correctly reflect R; in
particles enriched in Sat and Mono fatty acids.

The implication that eq 3 might not yield a correct R;
suggested that the rate of radical formation by ABAP should
be more closely examined. The magnitude of the rate of
initiation calculated from eq 3 gives an average value of (1.82
+ 1.40) X 108 M min-! for all of the LDL oxidations initiated
with ABAP. Using the measured value of kg = 1.21 X 10-%
s7!, eq 2 gave 4.83 X 10 M min-! as the maximum rate of
radical formation. The calculated autoxidation efficiency, e
(= Ri/2k4[ABAP]), was therefore 37%, a value that is similar
to the efficiencies reported for the initiation of radical reactions
in emulsions and in liposomes (Niki et al., 1986; Castle &
Perkins, 1986).

Several reports have suggested that a-tocopherol may act
like a chain-transfer agent in isolated, purified LDL (Bowry
et al.,, 1992; Ingold et al., 1993; Bowry & Stocker, 1993).
Support for the suggestion of chain transfer rely on kinetic
arguments which suggest that the a-tocopheroxyl radical has
a long lifetime in LDL (Ingold et al., 1993). If a-tocopherol
were to act exclusively as a chain-transfer agent, the reaction
profile would not show a lag period. The effectiveness of
a-tocopherol in breaking chains as opposed to transferring
them would be reflected in the rate of oxidation during the
lag period. Our results suggest that a-tocopherol was an
effective antioxidant under the conditions used in this study,
but they do not rule out the possible participation of
a-tocopherol in chain-transfer reactions during the lag phase.

The lag times measured for copper-catalyzed oxidation of
Sat- and Mono-enriched LDLs are significantly larger than
those for w-6FA-or w-3FA-enriched LDLs. Thesedifferences
suggest that the initiating radicals are being generated at
different rates. Thechange inratecombined withthe apparent
absence of a-tocopherol-related inhibition suggests a change
in mechanism for the generation of initiating radicals.
Although there is no explanation for these results, it is clear
that the lipid oxidation process catalyzed by copper is sensitive
to factors of lipid composition that are not related to the PUFA
content. The sensitivity of Sat- and Mono-enriched LDL to
a-tocopherol inhibition when ABAP is used rules out an
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explanation which invokes differences in lipid viscosity to
explain the unusual behavior of Sat and Mono LDLs to copper-
catalyzed oxidation.

These studies do not provide direct evidence for a correlation
between LDL oxidation and atherosclerosis, but they suggest
that the sensitivity of LDL to oxidation depends upon the type
of initiator, the fatty acid composition of the particle, and the
amounts of PUFA and a-tocopherol carried by the particle.
As a group the LDLs enriched in w-6FA oxidize faster than
LDLs having other fatty acid enrichments, although they may
be more resistant to the initiation of oxidation. In this study,
the resistance to oxidation was also found to depend upon
whether copper or an azo initiator was used.

It is not clear how these results relate to the development
of atherosclerosis since the radical species initiating in vivo
oxidation have not been identified. The development of
atherosclerosis in nonhuman primates has been studied by
feeding diets enriched in some of the different fatty acids
employed this study. The results have consistently shown
that animals fed Sat-enriched diets developed more diet-
induced atherosclerosis than animals fed an w-6 FA-enriched
diet (Rudel et al., 1991). With respect to the oxidation
hypothesis for the development of atherosclerosis, our findings
suggest that the antioxidant effects of the extra a-tocopherol
carried by the w-6FA-enriched LDL may be more effective
in preventing oxidation than the increased levels of w-6FA are
in promoting oxidation. The role of arachidonic acid also
needs to be considered when assessing how lipid oxidation
might facilitate the development of atherosclerosis. Many of
the products generated by free-radical autoxidation of arachi-
donicacid are strong inflammatory agents. Arachidonicacid
levels are the lowest in the LDLs of w-6FA fatty acid fed
animals and, therefore, smaller amounts of eicosanoid products
would be formed by autoxidation as compared to the other
LDLs.

ACKNOWLEDGMENT

We would like to acknowledge the assistance of Ms. Janet
Sawyer with the statistical analyses and Ms. Martha Kennedy
and Dr. Martha Wilson with the lipid and a-tocopherol
analyses.

REFERENCES

Bhadra, S., Arshad, M. A., Rymaszerwski, Z., Norman, E.,
Wherley, R., & Subbiah, M. T. (1991) Biochem. Biophys.
Res. Commun. 176, 431-440.

Bonanome, A., Pagnan, A., Biffanti, S., Opportuno, A., Sorgato,
F.,Dorella, M., Maiorino, M., & Ursini, F. (1992) Arterioscler.
Thromb. 12, 529-533.

Boozer, C. E.; Hammond, G. S., Hamilton, C. E., & Sen, J. N.
(1955) J. Am. Chem. Soc. 77, 3233-3237.

Bowry, V. W., & Stocker, R. (1993) J. Am. Chem. Soc. 1135,
6029-6044,

Bowry, V. W, Ingold, K. U., & Stocker, R. (1992) Biochem. J.
288, 341-344,

Castle, L., & Perkins, M. J. (1986) J. Am. Chem. Soc. 108,
6381-6382.

Cathcart, M. K., Morel, D. W., & Chisolm, G. M. III. (1985)
J. Leukocyte Biol. 38, 341-350.

De Leenheer, A. P., De Bevere, V. O. R. C., De Ruyter, M. G.
M., & Claeys, A. E. (1979) J. Chromatogr. 162, 408—413.

Dousset, N., Negre-Salvayre, A., Lopez, M., Salvayre, R., &
Dousti-Blazy, L. (1990) Boichim. Biophys. Acta 1045, 219—
223.

Edelstein, C., & Scanu, A. M. (1986) Methods Enzymol. 128,
151-154.



1834 Biochemistry, Vol. 33, No. 7, 1994

Esterbauer, H., Puhl, H., Dieber-Rotheneder, M., Waeg, G., &
Rabl, H. (1991) Ann. Med. 23, 573-581.

Esterbauer, H., Gebicki, J., Puhl, H., & Jurgens, G. (1992) Free
Rad. Biol. Med. 13, 341-390.

Henriksen, T., Mahoney, E. M., & Steinberg, D. (1981) Proc.
Natl. Acad. Sci. US.A. 78, 6499—-6503.

Henriksen, T., Mahoney, E. M., & Steinberg, D. (1983)
Arteriosclerosis 3, 149-159.

Hiramatsu, K., Rosen, H., Heinecke, J. W., Wolfbauer, G., &
Chait, A. (1987) Arteriosclerosis 7, 55-60.

Ingold, K. U., Bowry, V. W., Stocker, R., & Walling, C. (1993)
Proc. Natl. Acad. Sci. U.S.A. 90, 45-49.

Koritnik, D. A., & Rudel, L. L. (1983) J. Lipid Res. 24, 1639—
1645. : ~

Lenz, M. L., Hughes, H., Mitchell, J. R., Via, D. P., Guyton, J.
R., Taylor, A. A., Gotto, A. M., & Smith, C. V. (1990) J.
Lipid Res. 31, 1043-1050.

Liao, F., Berliner, J. A., Mebrabian, M., Navab, M., Demer, L.
L., Lusis, A.J., & Fogelman, A. M. (1991) J. Clin. Invest. 87,
2253-2257.

Lowry, O. H., Rosebrough, N. I., Farr, A. L., & Randall, R.
J. (1951) J. Biol. Chem. 193, 265-275.

Metcalfe, L. D., & Schmitz, A. A. (1961) Anal. Chem. 33, 363—
364. -

Morel, D. W., Hessler, J. R., & Chisolm, G. M. (1983) J. Lipid
Res. 24, 1070-1076.

Morel, D. W., DiCorleto, P. E., & Chisolm, G. M. (1984)
Arteriosclerosis 4, 357-364.

Thomas et al.

Negre-Salvayre, A., Lopez, M., Levade, T., Pieraggi, M. T.,
Dousset, N., Douste-Blazy, L., & Salvayre, R. (1990) Biochim.
Biophys. Acta 1045, 224-232,

Niki, E., Saito, T., Kawakami, A., & Kamiya, Y. (1984) J. Biol.
Chem. 259, 4177-4182.

Niki, E., Saito, M., Yoshikawa, Y., Yamamoto, Y., & Kamiya,
Y. (1986) Bull. Chem. Soc. Jpn. 59, 471-477.

Parthasarathy, S., Wieland, E., & Steinberg, D. (1989) Proc.
Natl. Acad. Sci. US.A. 86, 1046-1050.

Rankin, S. M., Parthasarathy, S., & Steinberg, D. (1991) J.
Lipid Res. 32, 449-456.

Rudel, L. L., Greene, D. G., & Shah, R. (1977) J. Lipid Res.
18, 734-744.

Rudel, L. L., Marzetta, C. A., & Johnson, F. L. (1986) Methods
Enzymol. 128, 45-57.

Rudel,L.L.,Sawyer,J. K., & Parks, J. S.(1991) Atherosclerosis
Rev. 23, 41-50.

Sato, K., Niki, E., & Shimasaki, H. (1990) Arch. Biochem.
Biophys. 279, 402-405. '

Steinberg, D., Parthasarathy, S., Carew, T. E., Khoo, J. C., &
Witztum, J. L. (1989) NEJM 320, 915-924,

Steinbrecher, U. P. (1987) J. Biol. Chem. 262, 3603-3608.

Steinbrecher, U. P., Parthasarathy, S., Leake, D. S., Witztum,
J. L., & Steinberg, D. (1984) Proc. Natl. Acad. Sci. U.S.A.
81, 3883-3887.

Thomas, C. E., & Jackson, R. L. (1991) J. Pharmacol. Exp.
Ther. 256, 1182-1188. ’



