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Abstract Oxidation of low density lipoprotein (LDL) in the
artery wall leads to the formation of cholesterol oxidation
products that may result in cytotoxicity. Different mechanisms
could contribute to LDL. oxidation in vivo resulting in charac-
teristic and specific modification of the cholesterol molecule.
Alternatively, attack on cholesterol by chain propagating per-
oxyl radicals could result in the same distribution of oxidation
products irrespective of the initial pro-oxidant mechanism. To
distinguish between these possibilities we have monitored the
formation of nine oxysterols during LDL oxidation, promoted
by copper, myoglobin, peroxynitrite, or azo bis amidino pro-
pane. Regardless of the oxidant used, the pattern of oxysterol
formation was essentially the same. The yields of products
identified decreased in the order 7-oxocholesterol > 7f-hy-
droxycholesterol > 7o-hydroxycholesterol > 5,63-epoxycho-
lesterol > 5,6a-epoxycholesterol except in the case of peroxy-
nitrite in which case a higher yield of 5,6B-epoxycholesterol
relative to 7-oxocholesterol was found. No formation of
cholestane 3f3,50,6p-triol, or the 24-,25-,27-hydroxycholester-
ols was seen. Concentration of 7-oxocholesterol levels in LDL
was positively correlated with the degree of protein modifica-
tion. Endogenous a-tocopherol in LDL or supplementation
with butylated hydroxytoluene prevented oxysterol forma-
tion. Al Taken together these data indicate that the oxidation
of cholesterol and protein in LDL occur as secondary oxida-
tion events consequent on the attack of fatty acid peroxyl/
alkoxyl radicals on the 7-position of cholesterol, and with
amino acids on apoB. Furthermore, oxidant processes with
atherogenic potential, such as peroxynitrite, copper, and myo-
globin are capable of producing oxidized LDL containing cy-
totoxic mediators.—Patel, R. P., U. Diczfalusy, S. Dzeletovic,
M. T. Wilson, and V. M. Darley-Usmar. Formation of oxyster-
ols during oxidation of low density lipoprotein by peroxyni-
trite, myoglobin, and copper. J. Lipid Res. 1966. 37: 2361-
2371.
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Evidence has been provided to support the hypothe-
sis that oxidative modification of low density lipoprotein
(LDL) is an important event in the development of ath-
erosclerosis (1-3). This includes the detection of oxi-
dized LDL in atherosclerotic lesions in rabbits and hu-
mans. LDL oxidized in vitro chemically resembles LDL
found in atherosclerotic lesions (4) and is cytotoxic
(5). Furthermore, dietary supplementation with anti-
oxidants has been shown to inhibit atherosclerotic le-
sion formation in animal models (6, 7) and may be
linked to a lower incidence of atherosclerosis in hu-
mans (8).

One mechanism by which oxidized LDL is pro-ath-
erogenic is due to its unregulated uptake by the macro-
phage scavenger receptors. This results in high levels of
lipid deposits within macrophages endowing them with
a foamy appearance, a characteristic feature of athero-
sclerotic lesions (1). However, other mechanisms have
been suggested through which oxidized LDL may con-
tribute to the pathogenesis of atherosclerosis. These in-
clude the stimulation and inhibition of cytokine forma-
tion (9, 10), stimulation of monocyte chemotactic
factor, promoting monocyte and endothelial cell adhe-
sion (11), and cytotoxicity towards fibroblasts (12-14),
endothelial (12), and smooth muscle cells (15). All of

Abbreviations: Cu®*, copper; Mb*", myoglobin; AAPH, 2,2"-azo-
bis(amidino-propane hydrochloride); SIN-1, 3-morpholinosydnoni-
mine-N-ethylcarbamide; ONOQ™, peroxynitrite; LDL, low density
lipoprotein; BHT, butylated hydroxytoluene; DTPA, diethylenetri-
aminepentaacetic acid; REM, relative electrophoretic mobility.
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these properties point to the formation of oxidized LDL
as an important early step in atherogenesis.

These biological effects are largely mediated by prod-
ucts formed during oxidation of the lipid component
of LDL. Recently the cytotoxic fraction of oxidized LDL
has been identified as the specific cholesterol oxidation
products, 7B-hydroperoxycholesterol, 7-oxocholesterol,
and 7B-hydroxycholesterol. These have aiso been de-
tected in atherosclerotic tissue (14, 16). Apart from the
possibility of their formation by oxidation in vivo, they
can be present in the diet (17) and an epidemiological
study has suggested that the relatively high concentra-
tion of oxysterols in the diet of certain Indian immi-
grant populations in Britain was the cause of the ab-
normally high incidence of atherosclerosis in such
communities (18).

The nature of the oxidant(s) responsible for LDL oxi-
dation in vivo is unknown, although several candidates
have been proposed. These include metal ions such as
copper and iron (19), the oxygen-carrying heme pro-
teins myoglobin and hemoglobin (20), and metallo-
proteins such as ceruloplasmin and lipoxygenase (21,
22). These oxidants only oxidize LDL in the presence
of hydroperoxides either inserted into the LDL lipid
phase or present in the aqueous compartment close to
the LDL particle. Oxidants utilizing hydroperoxide-
independent mechanisms for LDL oxidation include
peroxynitrite (ONOO™), and hypochlorous acid (23—
25).

Oxidation of cholesterol can lead to the formation of
a variety of different oxysterols which could be formed
from the secondary reaction of fatty acid-derived per-
oxyl radicals abstracting a hydrogen atom from the cho-
lesterol molecule or direct abstraction by a primary
oxidant formed during the atherosclerotic process.
Transition metal or lipoxygenase-dependent mecha-
nisms for the oxidation of LDL are unlikely to oxidize
the cholesterol molecule directly as they either require
lipid hydroperoxides for activation or preferentially uti-
lize fatty acids as a substrate. The co-oxidation of choles-
terol in a model lipid oxidation system by myoglobin in
the presence of hydrogen peroxide and salicylate has
been described (26) and this has raised the possibility
that ferryl heme species may be capable of direct oxida-
tion of cholesterol in LDL. Furthermore, the recent
finding that the rapid reaction between nitric oxide and
superoxide may occur in human atherosclerotic lesions
to form the powerful oxidant ONOO ™ suggests a mech-
anism by which direct oxidation of cholesterol could
occur (23, 24). Previous studies have demonstrated the
formation of oxysterols during the oxidation of LDL in
cell and in vitro systems but a direct comparison of dif-
ferent mechanisms of oxidation has not been reported.
In this study we have oxidized LDL by a variety of oxi-
dants, having different mechanisms of action, and have
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examined the pattern of formation of nine oxysterols
using isotope dilution mass spectrometry. Our results

show that the pattern of oxysterols is independent of

the oxidant used, and that 7-oxo-cholesterol and 78-hy-
droxycholesterol are formed in substantial quantities. It
has been suggested that the parent lipid hydroperoxide
(7B-hydroperoxycholesterol) is the cytotoxic mediator
(15) whereas other experimental evidence implicates its
decomposition products 7-oxocholesterol and 73-hy-
droxycholesterol (16). The results are discussed in
terms of a model in which the initial event is to oxidize
polyunsaturated fatty acids, the products of which, in
turn, attack cholesterol and protein in LDL.

MATERIALS AND METHODS

Materials

AAPH was obtained from Polysciences, Warrington,
PA. Horse heart myoglobin and superoxide dismutase
were obtained from Sigma and SIN-1 was a generous
gift from Casella A.G. All other chemicals were from
Sigma and used without further purification.

Isolation and purification of LDL

Human LDL was isolated from plasma of healthy do-
nors by differential centrifugation using the method
previously described (27). The LDL thus obtained was
dialyzed against Ca*' /Mg?*-free phosphate-buffered sa-
line (PBS) containing 10 pm EDTA and then sterilized
by filtration through a 0.2 pm pore size filter. LDL was
stored at 4°C and used within 1 week of preparation.
The concentration of LDL protein was determined us-
ing the BCA protein assay reagent (Pierce).

Preparation of peroxynitrite

Peroxynitrite was prepared in a quenched flow reac-
tor as previously described and stored at pH 11-12 until
used (28). The concentration was measured by its ab-
sorbance at 302 nm and using an extinction coefficient
of 1670 M~ cm ™.

Oxidation of LDL

Stock solutions of Cu** were made up in distilled wa-
ter and those of Mb**, SIN-1, and AAPH in PBS (Ca**/
Mg?*-free). SIN-1 and AAPH stock solutions were made
just before use. LDL (500 pg/ml) was incubated with
each of the oxidants and aliquots were taken at the spec-
ified times. Reactions were stopped by addition of BHT
(50 um). In some incubations with SIN-1, superoxide
dismutase (200 U/ml) was also added.

For incubation with ONOO™ solutions, LDL was di-
luted into PBS supplemented with 100 mm potassium
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phosphate buffer, pH 7.4. Peroxynitrite (10-20 ul) was
added onto the cap of an Eppendorf tube containing
1 ml LDL (500 ug/ml). Reactions were started by vortex
mixing. To avoid additional LDL oxidation by contami-
nating metal ions present in the buffers, DTPA (100
puM) was added to all oxidation experiments except
those involving copper. After oxidation, samples were
snap frozen in liquid nitrogen and stored at —80°C be-
fore being shipped on dry ice for analysis.

Measurement of REM and a-tocopherol

The relative electrophoretic mobility of LDL was de-
termined on agarose gels using the lipoprotein electro-
phoresis system supplied by Beckman. o-Tocopherol
was extracted into heptane and quantitated by HPLC
using fluorescence detection (29).

Measurement of oxysterols

The oxysterols cholest-5-ene-33,7a-diol  (7a-hy-
droxycholesterol), cholest-5-ene-3B,7B-diol (7B-
hydroxycholesterol),  3B-hydroxycholest-5-ene-7-one
(7-oxocholesterol), 5,6a-epoxy-5a-~cholestan-3p-ol (cho-
lesterol-50.,6a-epoxide),  5,6B-epoxy-5p-cholestan-3p-
ol (cholesterol-5B,6B-epoxide), cholestane-3f,50.,6p-
triol, cholest-5-ene-3B,24-diol (24-hydroxycholesterol),
cholest-5-ene-33,25-diol  (25-hydroxycholesterol), and
cholest-5-ene-3pB,27-diol (27-hydroxycholesterol) were
measured by a method based on isotope dilution—mass
spectrometry as previously described (30). In this study
only the total oxysterol was determined as described
previously (31). To determine the fate of 7a-hydroper-
oxycholesterol during analysis of free oxysterols (i.e.,
when omitting alkaline hydrolysis), cholesterol was con-
verted into bo-hydroperoxycholest-7-en-3-ol by photo-
sensitized oxidation as described (32). The 5o-hydro-
peroxycholest-7-en-3f-ol was allowed to isomerize to 7a-
hydroperoxycholesterol by standing overnight in chlo-
roform (33) and was subsequently purified by thin-layer
chromatography (TLC) using toluene~ethyl acetate 3:
7 (v/v). The 7o-hydroperoxycholesterol was carried
through the analytical procedure for oxysterols and
product analysis (Table 1) indicated approximately
90% conversion of the cholesterol peroxide to the cor-
responding 7o-hydroxy and 7-oxo analogs with little
formation of the 7B-isomer. This result shows that the
analytic method can be used for determination of unes-
terified oxysterols with reasonable accuracy.

RESULTS

Table 2 shows the production of the different oxyster-
ols during oxidation of LDL by Cu?*, Mb*, SIN-1, and
AAPH. The first two of these oxidants require the pres-

TABLE 1. Recovery of 7a-hydroperoxycholesterol as 70-
hydroxycholesterol, 7B-hydroxycholesterol, and 7-oxo-cholesterol

Conditions 70-OH-Chol  7B-OH-Chol  7-Oxo-Chol  Total
. ng oxysterol

With hydrolysis 1040 33 928 2001

688 31 1204 1923

420 23 1125 1567

1252 45 1147 2444

Mean 850 33 1101 1984

Without hydrolysis 285 21 1301 1606

557 25 1555 2136

212 20 1329 1560

242 20 1405 1666

Mean 324 21 1398 1742

Authentic cholesterol hydroperoxide was prepared as described
in Materials and Methods and 2 pg of 7o-hydroperoxycholesterol pro-
cessed through the analytical procedure for oxysterols either includ-
ing or omitting alkaline hydrolysis.

ence of endogenous ‘“‘seeding” lipid hydroperoxides
which are present in human LDL preparations at vary-
ing concentrations and are not introduced during isola-
tion (19, 20, 34). In contrast, SIN-1 has been shown to
oxidize LDL via its decomposition to form nitric oxide
and superoxide (23) and AAPH decays to yield amphi-
pathic peroxyl radicals (35). Both SIN-1 and AAPH rep-
resent mechanisms of peroxidation in which initiation
occurs independent of the presence of lipid peroxides.

Regardless of the oxidant used, only the 7-oxo-choles-
terol, 70 and 7PB-hydroxycholesterols, 5,6a- and 5,6B-
epoxycholesterols were formed in significant amounts.
Little or no production of 3,5,6-triol, 24, 25, 27-hydroxyl
cholesterols was seen during Cu?*-mediated oxidation,
with no enhanced formation relative to controls seen
with Mb%**, SIN-1, or AAPH. Furthermore, the relative
concentrations of oxysterols formed were also oxidant-
independent, with the concentrations decreasing in the
order: 7-oxo-cholesterol > 7B-hydroxycholesterol > 7o-
hydroxycholesterol > 5,6B-epoxycholesterol > 5,60~
epoxycholesterol. This suggests that the oxysterols are
formed through a common mechanism. Similar results
were observed with 6 other LDL preparations, although
the absolute concentrations of oxysterols varied, pre-
sumably due to the well-established differences in the
intrinsic oxidizability of LDL isolated from different do-
nors (36).

Figure 1 shows that formation of 7-oxo-cholesterol
during Cu?*-, Mb**-, SIN-1-mediated oxidation occurs
after a lag phase that corresponded to the consumption
of o-tocopherol. This is consistent with previously re-
ported antioxidant effect of o-tocopherol during LDL
oxidation (29, 35, 36). Essentially identical data was ob-
tained for the other 4 oxysterols formed (data not
shown). The rates of oxidation of LDL for these oxi-
dants is significantly different, as can be seen from both

Patel et al. Oxysterol formation during LDL oxidation 2363

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 2. Formation of oxysterols on incubation ot LDL (500 pg/ml) with either Cu®*" (20 pum), myoglobin (5 pm),
SIN-1 (1mmmMm), or AAPH (1 mm)

Oxysterol

Oxidant 7-Ox0 7B-OH 7a0-OH 5,6B-Epoxy 5,60-Epoxy 3,5,6-Triol 24-OH 25-OH 27-OH
ng/ml

None 24 19 30 46 25 18 13 19 25

Copper 32,300 22,890 19,650 12,830 2,855 214 190 495 143

Myoglobin 9,600 5,870 4,680 4,060 665 88 132 114 24

SIN-1 2,185 1,875 1,525 1,242 210 38 10 27 14

AAPH 1,320 438 297 532 96 19 13 8 24

Experiments were carried out in PBS at 37°C for 8.5 h. Reactions were stopped by addition of BHT (50 pm). All values represent an average

of duplicate samples from a single LDL preparation.

the rate of depletion of a-tocopheroi and accumulation
of the cholesterol oxidation products. The relative elec-
trophoretic mobility (REM) of LDL was also deter-
mined as an indication of the extent of protein modifi-
cation that occurs upon reaction between amino acid
residues (such as lysine and arginine) on apoB and
lipid-derived oxidation products. Over these short time
courses only where Cu®* was used as an oxidant was a
significant change in REM detected consistent with the
hypothesis that protein modification is consequent on
achieving a threshold level of lipid oxidation products.

In agreement with previous reports (23), in experi-
ments where SIN-1 was used, addition of superoxide dis-
mutase (220 U/ml) inhibited oxysterol formation by
98% (Table 3), indicating that ONOO™ was the pro-
oxidant species. Furthermore, BHT (50 um), a lipopro-
tein antioxidant that scavenges peroxyl/alkoxyl radi-
cals, inhibited oxysterol formation completely (Table
3).

The effect of ONOO™ was also examined by its direct
addition to LDL. As with SIN-1 and the other oxi-
dants examined, ONOQ™ caused a concentration-de-
pendentincrease in 7-oxocholesterol, 70- and 7B-hydro-
xycholesterol, 5,6a- and 5,6B-epoxycholesterols. (Fig. 2)
that was complete in less than 5 min (data not shown).
At the lower concentration of ONOO~™ (0.5 mM) a
greater yield of the 5,6B-epoxycholesterol was found rel-
ative to 7-oxocholesterol. This could reflect ONOO™-
dependent effect on the formation of secondary oxida-
tion products from the decomposition of the 7B-choles-
terol hydroperoxide. On addition of decomposed
ONOO™ (equivalents to 5 mm ONOO™) to LDL, no in-
crease in oxysterols was seen, indicating that the ob-
served changes were due to the oxidant and not its de-
composition products. Relative to SIN-1, however,
direct addition of ONOO~ caused only a modest in-
crease in oxysterol concentrations, values increasing up
to approximately 100~-300 ng/ml compared to 2000—
3000 ng/ml when SIN-1 was used.

As noted from the data in Fig. 1 it is clear that the

2364  Journal of Lipid Research Volume 37, 1996

oxidants utilized in this study show intrinsically differ-
ent rates of oxidation, which is to be expected when
diverse mechanisms of promoting lipid peroxidation

are used. To test the hypothesis that the formation of

cholesterol oxidation products is independent of the
mechanisms of oxidation, it was then necessary to nor-
malize oxysterol concentrations with respect to the level
of protein modification as measured by an increase in
REM. This may then be taken as an index of the extent
of oxidation that is independent of the efficiency of the
initiating mechanism of oxidation. Data obtained from
6 LDL preparations are shown in Fig. 3A which com-
pares the levels of 7-oxocholesterol formed with in-
crease in REM during Cu®*-, Mb**-, SIN-1, and AAPH-
mediated oxidation in which the reactions were allowed
to proceed for different periods of time (0-24 h). This
allowed preparation of samples with the different oxi-
dants to the same degree of protein modification de-
spite the fact that the intrinsic efficiency for promoting
oxidation varied. A linear relationship between increase
in 7-oxocholesterol and REM is seen up to REM values
of around 3. Above this value, which in the experiments
conducted here was only achieved by Cu*’, the levels
of cholesterol oxidation are enhanced with respect to
protein modification. Essentially similar data were ob-
tained for the REM versus 7o/ 7B-hydroxycholesterol
and 5,60/ 5,6B-epoxycholesterols (data not shown). A
similar trend has been noted by others when comparing
7B-hydroxycholesterol and REM during macrophage
and Cu®*-dependent LDL oxidation, although in that
case the linear relationship started to deviate at REM
values of approximately 1.5 (37).

Figure 3B directly compares the effect of adding a
ONOO™ solution and its in situ formation from the si-
multaneous generation of superoxide and nitric oxide
by SIN-1. A greater extent of lipid peroxidation relative
to protein modification occurs with SIN-1 compared to
the direct addition of ONOO™, which appears to result
in protein modification but relatively little cholesterol
oxidation.
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erogenic effect of oxidized LDL. The 7-oxygenated ste-
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terol) are derived from the reduction and subsequent
dehydration of the respective 7-hydroperoxycholester-
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Fig. 1. Relationship between a-tocopheral consumption, formation
of 7-oxo-cholesterol, and change in REM. LDL (500 pug/ml) was incu-
bated with either (A) copper sulfate (20 pum), (B) myoglobin (5 um),
or (C) SIN-1 (1 mM) in PBS at 37°C. Aliquots were taken at the indi-
cated times and the reaction was stopped by addition of BHT (50
um). Measurement of 7-oxo-cholesterol (A), o-tocopherol (@), and
REM (B) was as stated in Materials and Methods. All data points rep-
resent an average of duplicate samples within a single LDL prepara-
tion.

ols. The 5,6-epoxides are believed to be formed by the
reaction of 7-peroxyl radicals with the C-5 double bond
in cholesterol (38). The 78-hydroxy derivative was al-
ways formed in greater amounts than the 70-hydroxy
derivative, a fact which may be explained by the sponta-
neous unidirectional epimerization of 70- to 7B-hydro-
peroxycholesterol (31). Due to the presence of ab-
stractable hydrogen atoms at the 7 position of the
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TABLE 3. Effect of superoxide dismutase (SOD) and butylated hydroxytoluene (BHT) on SIN-I-mediated
formation of oxysterols during oxidation of LDL. (500 pg/ml)

Oxysterol

7-Ox0 7B-OH Jo-OH 5,6B-Epoxy 5,6a-Epoxy
ng/ml
Control 45 56 32 41 9
SIN-1 (1 mm) 4755 3025 2520 2110 420
SIN-1 (1 mm) + SOD (200 U/ml) 67 81 80 130 50
SIN-1 (1 mm) + BHT (50 pum) 58 75 54 165 41

Experiments were carried out in PBS at 37°C for 16 h. Reactions were stopped by addition of BHT (50
pum). All values represent an average of duplicate samples from a single LDL preparation.

cholesterol molecule, this is the site most susceptible to
oxidation and it is likely that attack by fatty acid
peroxyl /alkoxyl radicals at this position will yield the
hydroperoxide (reactions 1 and 2, Scheme 1). In the
presence of redox active agents such as Cu®* or Mb*",
hydroperoxides can be decomposed (reaction 3,
Scheme 1), eventually forming the hydroxy derivatives.
Exactly how these oxysterols arise in the lipid hydroper-
oxide-independent oxidation systems is not known, al-
though recently a reductase enzymatic activity, intrinsic
to LDL, has been proposed (39).

During the analytical procedure used to monitor
oxysterols, cholesterol 7-hydroperoxides were quantita-
tively converted into 7-hydroxycholesterol and 7-oxo-
cholesterol (31). Reduction of fatty ester hydroperox-
ides to the corresponding alcohols has been shown to
occur during alkaline hydrolysis under conditions com-

300
250
= J
£
7-',200-
£ |
S 1504
5
© 100 .
& ]
50 4 ‘
[
04 Dec ONOO -
0o 1 2 3 4 5

ONOO" (mM)

Fig. 2. Peroxynitrite-mediated formation of oxysterols in LDL. LDL
(500 pg/ml) was incubated with varying concentrations of ONOO~
for 30 min. Reactions were stopped by addition of BHT (50 pum). In
control experiments decomposed ONOO™ (Dec ONOQ7) at a con-
centration of up to 5 mM was incubated with LDL for 30 min. All
reactions were carried out in PBS at 37°C and each data point repre-
sents an average of two separate determinations; key: 7-oxo-choles-
terol (@); 7B-hydroxycholesterol (A); 7o-hydroxycholesterol (¥);
5,6B-epoxycholesterol (Ml); 5,6a-epoxycholesterol (#).
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REM

Fig. 3. Correlation of 7-oxocholesterol formation and increase in
REM. LDL (500 pg/ml) was oxidized using copper (A), myoglobin
(@), SIN-1 (), ONOO™ (0J), or AAPH (V). Each point represents an
average of duplicate measurements and was obtained from 6 different
LDL preparations incubated for varying periods (0-24 h) with the
different oxidants before the reaction was stopped by addition of BHT
(50 Wm). Solid lines represent best fit line calculated by linear regres-
sion analysis. Only data points up to REM 3 were used for fitting on
Fig. 3A; r = 0.893). All data points were used for fitting on Fig. 3B;
2 = 0.832 (SIN-1, @) and r? = 0.704 (ONOO", [J). All reactions were
carried out in PBS at 37°C and were stopped prior to oxysterol and
REM measurement.
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parable to those in the present investigation (40). When
7o-hydroperoxycholesterol was carried through the an-
alytical procedure omitting the hydrolysis step, it was
recovered as 70-hydroxycholesterol and 7-oxo-choles-
terol in 88% yield (Table 1). No formation of 7B-hy-
droxycholesterol was observed. The absence of a readily
abstractable hydrogen in the side chain of the choles-
terol molecule renders it relatively insensitive to oxida-
tion at these positions by peroxyl radicals. Peroxynitrite
or ferryl heme could, in principle, abstract a hydrogen
atom at this position but no formation of the side chain
oxysterols (24, 25 or 27-hydroxycholesterol) was seen.
The cholestane-38,5¢,6B-triol is the product of hydra-
tion of the epoxides and is normally detected during
the auto-oxidation of cholesterol. However, no signifi-

LOOH  Copper (Cv?*/ Cu')
Myoglobin (Mb*7 Mb* )

LOY LOO* <—4<-T(-0H /+NO, )4—1— ONOOH)

|

SIN-1

Scheme 1. Mechanism(s) through which lipid al-
koxyl (LO") / peroxyl (LOO") radicals, formed via the
reaction Cu*®', myoglobin (Mb*), AAPH, or ONOO~
with polyunsaturated fatty acids (LH), react with cho-
lesterol to form oxysterols. Lipid hydroperoxide,
LOOH; lipid hydroxide, LOH; hydroxyl radical like
species, ['OH/NO,].

cant amounts were formed during LDL oxidation with
the pro-oxidants used in this study.

Both Cu®** and Mb?** require the presence of lipid hy-
droperoxides, reacting with them via a redox cycle pro-
ducing lipid-based peroxyl and alkoxyl radicals (re-
action 3, Scheme 1) which further propagate the
peroxidation process (19, 20). With Mb** an additional
process involving ferryl myoglobin-dependent hydro-
gen abstraction can also occur (20). Both peroxynitrite
and AAPH react through lipid hydroperoxide-indepen-
dent mechanisms (reactions 4 and 5, Scheme 1). Per-
oxynitrite, when protonated to form peroxynitrous acid
(reaction 6, Scheme 1), decays to a hydroxyl radical-like
species sufficiently reactive to abstract an allylic hydro-
gen atom, and AAPH decomposes to peroxyl radicals
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that can also directly initiate lipid peroxidation reac-
tions (23, 35, 41). Under the experimental conditions
used, o-tocopheral acted as an antioxidant (Fig. 2). The
rates of O-tocopheral consumption for both copper-
and SIN-1-dependent oxidation were similar. However,
copper was a more potent oxidant as illustrated by the
elevated levels of oxysterol formation and protein modi-
fication. Both Cu*" and ONOO" react directly with o-
tocopherol (42, 43), but the autocatalytic nature of
Cu?'-dependent oxidation, resulting from redox cy-
cling, leads to a more efficient oxidation.

With the exception of ONOO™, the major oxysterols
formed during oxidation of LDL with different oxidants
were 7-oxo-cholesterol, 7B-hydroxycholesterol, 7o-hy-
droxycholesterol, and cholesterol 5,6-epoxides in de-
scending order. In the present investigation total oxy-
sterols (free + esterified) were determined. These
oxysterols are the same as those found by Zhang, Basra,
and Steinbrecher (44) who oxidized LDL with Cu ions
and made a semiquantitative determination of the oxy-
sterols formed. These authors analyzed free oxysterols
but showed by TLC that esterified oxysterols were also
formed. They found 7-oxo-cholesterol to be the most
abundant oxysterol. However, in their gas chromato-
graphic analysis, a dehydration product of 7-oxo-choles-
terol, probably cholest-3,5-dien-7-one, was the most
abundant component. They showed that this com-
pound was generated from 7-oxo-cholesterol during
analysis of underivatized samples, but disappeared
when the samples were silylated prior to analysis (44).
Bhadra et al. (45) also found cholest-3-5-dien-7-one to
be the dominant oxysterol after copper oxidation of
LDL. In this investigation the oxidized LDL samples
were subjected to alkaline hydrolysis and thus total
oxysterols were determined. It is likely that cholest-3,5-
dien-7-one was artifactually formed from 7-oxo-choles-
terol by dehydration as discussed by the authors. We
have previously shown that alkaline hydrolysis of LDL
lipids for more than 2 h at 22°C results in degradation
of 7-oxocholesterol (30). Jialal, Freeman, and Grundy
(46) identified 7-oxo-cholesterol as the major oxysterol
in copper-oxidized LDL but did not report the presence
of 7a-, 7B-, or 25-hydroxycholesterol. The reason for
this is not clear but the resolution of the gas chromato-
graphic analysis used may have been a limiting factor.
Both free and total oxysterols were determined and the
authors found that free sterol was only slightly more sus-
ceptible to oxidation than esterified cholesterol (46).
The primary 7-oxygenated oxysterols, 7o- and 7B-hydro-
peroxycholesterol, have been identified in oxidized
LDL where they were the first detectable cholesterol ox-
idation products (47). The 7-hydroperoxycholesterol
isomers were isolated from the fraction containing free
oxysterols. We have determined 7-hydroperoxycholes-
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terol qualitatively by TLC in copper-oxidized LDI.
where it appeared in time together with other oxysterols
(31). The reason for this is most probably the rela-
tively insensitive detection system used in our study. Re-
cently, the unstable cholesterol hydroperoxide 3f-hy-
droxy-bo-cholest-6-ene-b-hydroperoxide was identified
in oxidized human LDL (48). The hydroperoxide
easily undergoes allylic rearrangement to cholesterol
7o-hydroperoxide, which in turn can epimerize to the
7B-hydroperoxide (49). The presence of 3p-hydroxy-bet-
cholest-6-ene-b-hydroperoxide indicates singlet oxygen
oxidation of cholesterol. The 5-hydroperoxide has ear-
lier been detected in photooxidized erythrocyte mem-
branes (50).

Because of the different mechanisms of action of the
oxidants used in this study, a direct comparison of their
effects on oxysterol production could only be made by
normalizing the data with respect to the level of protein
modification. At REM values below 3, and irrespective
of the oxidant used, a linear relationship between REM
and oxysterol concentration was seen. This, taken to-
gether with the fact that the pattern of oxysterol forma-
tion was the same regardless of the oxidation regime
used, suggests that both oxysterol formation and pro-
tein modification reflect a common oxidation event,
namely the attack of fatty acid peroxyl/alkoxyl radicals
on cholesterol, and either directly or through other in-
termediates on the protein (Scheme 1). The inhibitory
effects of the lipophilic antioxidants further supports
this notion. The oxysterol levels increased dramatically
when the REM of the I.LDL particle went above 3, and
a similar trend has been reported during Cu®'- and
macrophage-mediated LDL oxidation (37). This could
represent a shift between oxidation of unesterified cho-
lesterol, present in the outer monolayer of the LDL par-
ticle, to oxidation of esterified cholesterol present in
the neutral core. However, during Cu*’- and lipoxygen-
ase-mediated LDI. oxidation, consumption of both es-
terified and free cholesterol was seen to occur concomi-
tantly (31).

Although SIN-1 oxidizes LDL via ONOO, it causes
a greater level of lipid peroxidation than does the direct
addition of a ONOO™ solution that results in the same
degree of protein modification. We have seen similar
results when monitoring the formation of the arachi-
donic acid oxidation products, the Fyisoprostanes (51}.
The preferential partitioning of nitric oxide in the hy-
drophobic compartment of LDI. and subsequent reac-
tion with superoxide would form ONOO™ in close prox-
imity to the lipids in the lipoprotein particle. The high
reactivity of the hydroxyl radical-like species implies
that initiation of lipid peroxidation reactions is likely
to occur. This is corroborated by the similarity of the
relationship between formation of oxysterols and REM,
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for SIN-1, Cu?®* and Mb®* which are known to oxidize
LDL lipids. For exogenously added ONOO™ to initiate
lipid peroxidation, not only must it migrate into the hy-
drophobic phase, but do so rapidly before its complete
decomposition to nitrate (51). In addition, our data
would also imply that pre-formed ONOO™ reacts di-
rectly with the protein, thereby increasing the REM of
the LDL particle without significantly causing lipid per-
oxidation. However, once oxidation was initiated by au-
thentic ONOO~, the relative proportion of 7-0x0-
cholesterol as an oxidation product was approximately
26% (Fig. 2) which was not significantly different from
SIN-1 (approximately 30%). In turn, this is essentially
similar to the extent of formation of 7-oxocholesterol
by Cu?" where this oxidation product was approxi-
mately 35% of the total. From these data it is evident
that ONOO™ is one of the few oxidants reported that
can simultaneously modify both protein and lipid and
may be formed in the atherosclerotic lesion (23, 24). A
similar process, which does not require initial oxida-
tion of LDL lipids, has been described for hypochlorite-
mediated oxidation (52).

The pattern of oxysterol formation found here is sim-
ilar to the pattern found in human atherosclerotic fem-
oral arteries (7-oxo > 7B-OH > 70-OH > 5q,60-
epoxide / 5f,6B-epoxide / 3,5,6-triol > 25-OH > 24-OH)
(16). However, in that study the oxysterol found in
largest quantities was 27-hydroxycholesterol. This was
not formed in the studies carried out here, further cor-
roborating the hypothesis that 27-hydroxycholesterol is
not formed by a nonspecific oxidative mechanism but
by the enzymatic action of sterol 27-hydroxylase. It has
been suggested that its formation represents a protec-
tive mechanism by which macrophages can remove ex-
cess cholesterol (16).

The agent in oxidized LDL cytotoxic to cultured fi-
broblasts has been identified as 7B-hydroperoxycho-
lesterol (14). However, 7-oxocholesterol and 7B-hy-
droxycholesterol have been reported to be cytotoxic
towards aortic smooth muscle celis (15). Decomposi-
tion of the hydroperoxy derivative to alkoxyl and per-
oxyl radicals probably accounts for the cytotoxicity of
7B- hydroperoxycholesterol (53, 54). The exact mecha-
nism(s) through which 7-oxo and 78-hydroxycholes-
terol mediate cell death is not known, although 7B-hy-
droxycholesterol has been shown to induce apoptosis
(55). In such studies of cytotoxicity, LDL was oxidized
by either macrophages or Cu®* ions. As other potential
in vivo oxidants such as ONOO™ and Mb** also resulted
in the formation of a similar pattern of oxysterols as
Cu®, it is presumed that they will also form oxidized
LDL with cytotoxic properties. Oxysterols have a wide
variety of biological effects with both pro- and anti-
atherogenic effects being reported (17). In vivo, a mix-

ture of different oxysterols is likely to result and it is
their cuamulative effect which will, therefore, determine
their contribution to the atherogenic process. il
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