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Abstract We monitored peroxidative stress in the surface
monolayer as compared with the outer core of large, buoyant (d
1.025-1.032 g/ml) and small, dense (d 1.040-1.054 g/mi) low den-
sity lipoprotein (LDL) subfractions using the oxidation-labile
fluorescent probes parinaric acid (PnA) and parinaric acid
methyl ester (PnME), which partition preferentially into these
respective regions of LDL. Oxidation was initiated either with
CuSO4 (5 uM) or the iron (Fe?*)-containing lipophilic complex
hemin (1.0 gM) plus cumene hydroperoxide to facilitate heme
degradation. In the presence of Cu?, PnA was depleted
significantly more rapidly than PnME in dense (P = 0.039) but
not in buoyant LDL, suggesting that surface vulnerability is en-
hanced in dense LDL particles. With hemin, PnA and PnME
were similarly susceptible within both subfractions, although
there was a trend toward slower loss of PnA in buoyant LDL
(P = 0.10), consistent with the internal site of initiation and a
greater surface resistance in buoyant particles. As indicated by
conjugated diene lag times, dense LDL was more susceptible
than buoyant LDL to oxidation by Cu?' (P = 0.03) but not he-
min (P = 0.68). B These results suggest that the increased
susceptibility of dense LDL to oxidation by external agents such
as Cu? is at least partially mediated by an enhanced vulnerabil-
ity of the surface compartment.—Tribble, D. L., R. M. Krauss,
M. G. Lansberg, P. M. Thiel, and J. J. M. van den Berg.
Greater oxidative susceptibility of the surface monolayer in
small dense LDL may contribute to differences in copper-
induced oxidation among LDL density subfractions. /. Lipid
Res. 1995. 36: 662-671.
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Oxidative modifications of LDL, produced by incuba-
tion with metabolically active cells and model oxidant sys-
tems (e.g., Cu?"), alter the physicochemical properties and
biological behavior of these particles, and thereby may
facilitate their participation in atherogenic processes (1).
Small, dense LDL are more susceptible to Cu?*-induced
oxidation than large, buoyant LDL. (2-6), and this is sug-
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gested to contribute to the increased atherosclerosis risk
associated with lipoprotein profiles relatively enriched in
smaller (pattern B) as compared with larger (pattern A)
LDL particles (7). Mechanisms underlying differences in
oxidative susceptibility among LDL density subfractions
remain poorly understood, but are likely to have broad
implications with regard to determinants of LDL oxida-
tive behavior and strategies for intervening in LDL oxida-
tion in vivo, particularly in susceptible individuals.

The quasi-spherical LDL particle is organized into two
major compartments, a hydrophobic core, comprised
primarily of cholesteryl esters and triglycerides, sur-
rounded by a surface monolayer of phospholipids with in-
terdigitated free cholesterol (8-10). One copy of
apolipoprotein B-100 is present per LDL particle, and is
believed to wrap around the outer surface (11), with sites
of hydrophobicity immersed in the lipid phase (12).
Although little attention has been given to the influence
of particle organization on LDL oxidative behavior, this
feature is likely to play a major role in determining the
course of oxidative changes, and, as we suggest, may be
important to differences in oxidative susceptibility among
LDL subfractions of differing density and particle size.

We previously reported that variations in Cu?*-induced
oxidation among LDL density subfractions correspond
with variations in the content of free cholesterol (3), and
the radical-scavenging antioxidants ubiquinol-10 and a-
tocopheral (6), all of which are reduced in dense as com-

Abbreviations: LDL, low density lipoproteins; PnA, parinaric acid;
PnME, parinaric acid methyl ester; CD, conjugated diene; cumOOH,
cumene hydroperoxide; HAF, hexadecanoyl aminofluorescein.

!Preliminary results were presented at the annual meeting of the
American Heart Association, Atlanta, GA, November 1993.

*To whom correspondence should be addressed.
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pared with buoyant LDL. While the particle localization
of ubiquinol-10 and a-tocopherol has not been estab-
lished, like free cholesterol, these antioxidants are sug-
gested to reside primarily within the LDL surface monolayer.
Ubiquinol-10 shares metabolic precursors with and is
structurally similar to free cholesterol, and thus is ex-
pected to show similar partitioning properties. A predominant
surface localization is likewise proposed for a-tocopherol
on the basis of its structural attributes and known ability
to interact with aqueous hydrogen donors (e.g., ascorbic
acid) (13, 14). Given this expected commonality in locali-
zation, and the association of these constituents with ox-
idative susceptibility, we hypothesized that the surface is
the initial site of LDL injury by external oxidants such as
Cu? and that this compartment is more susceptible in
smaller, more dense LDL and may thus contribute to the
greater overall oxidative susceptibility of these particles.

In the current studies, to test these hypotheses, we deve-
loped an approach for separately monitoring peroxidative
stress in LDL surface and outer core compartments using
parinaric acid (PnA), and a hydrophobic derivative, pari-
naric acid methyl ester (PnME), respectively. The course
of oxidative probe depletion was compared in large,
buoyant (d 1.025-1.032 g/ml) and small, dense (d 1.040-1.054
g/ml) LDL subfractions in response to either Cu?* or the
Fe3*-containing porphyrin hemin. The lipophilic hemin
molecule is expected to partition more deeply into LDL
than Cu?*, and thus to initiate oxidation from within the
particle (15-18). As a result of differences in their sites of
interaction with LDL, Cu? and hemin were predicted to
differ in their effects on the oxidative behavior of surface
and core parinaroyl probes and in their ability to promote
an enhanced response in small, dense as compared with
large, buoyant LDL.

METHODS

Chemicals

PnA (9,11,13,15-cis-trans-trans-cis-octadecatetraenoic acid)
was obtained from Molecular Probes (Eugene, OR).
PnME was synthesized from PnA using diazomethane as
methylation agent, and was purified by semi-preparative
reversed-phase HPLC on an ODS column (25cm x 1cm
id., 5 pm particles) using methanol as solvent at 2.5 ml
per min. Under these conditions, PnA eluted at 6.1 min,
and a methylation product was collected at 12.4 min. The
product was confirmed to be PnME using gas chromatog-
raphy-mass spectrometry as described previously (19).
PnME showed a characteristic electron impact mass spec-
trum with a molecular ion at m/z 290.

TROLOX (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) was obtained from Aldrich Chemical Co.
(Milwaukee, WI). EDTA, CuSQ,, hemin, cumene hydro-
peroxide, and deferoxamine mesylate were from Sigma

Chemical Co. Hemin stock solutions were prepared fresh
in 50 mM NaOH and diluted with phosphate-buffered
saline (PBS). All reagents, buffer components, and HPLC
solvents were of the highest grade commercially available.

Isolation and characterization of LDL subfractions

Blood was obtained from healthy normolipidemic adult
volunteers not using vitamin supplements or taking hor-
mones or drugs known to alter plasma lipids or
lipoproteins. Samples were collected into Vacutainers
containing 1 mg/ml EDTA. Cells were removed by cen-
trifugation at 2000 g for 30 min under refrigeration (4°C),
and 10 pM TROLOX was immediately added to plasma.
LDL subfractions were isolated from separate plasma ali-
quots by sequential ultracentrifugation at d 1.026 g/m}
and d 1.032 g/ml (for buoyant LDL) or d 1.040 g/ml and
d 1.054 g/ml (for dense LDL) as previously described (6,
20). Subfractions were characterized according to particle
diameter by nondenaturing 2-16% gradient gel elec-
trophoresis (21), and lipid (phospholipid, triglyceride,
cholesterol, and cholesteryl ester) and protein composi-
tion using standard methods (3, 6). Differences in physi-
cal and chemical characteristics between these buoyant
and dense LDL preparations were as previously reported
(6, 20).

Resonance energy transfer localization of parinaroyl
probes

The fluorescent probes PnA and PnME were used to
monitor site-specific peroxidative stress within the LDL
particle. To assess their localization relative to the LDL
surface, we examined resonance energy transfer to the
surface acceptor molecule 5-(N-hexadecanoylamino)fluores-
cein (HAF) in experiments analogous to those previously
described by Sklar et al. (22).

LDL oxidation studies

LDL subfractions were dialyzed for 48 h against four
changes of 0.01 M PBS, pH 7.4, to remove NaBr, EDTA,
and TROLOX. LDL oxidation was initiated by addition
of either CuSO, (5 pM) or hemin (final concentrations
ranging from 0.125 to 1.0 uM). For experiments involving
Cu?*, LDL protein concentrations were adjusted to 100
pg/ml. For experiments involving hemin, dense LDL was
incubated at 100 ug protein/ml, and buoyant LDL was
adjusted to obtain equal lipid concentrations. In some
cases, cumene hydroperoxide (cumOOH) (1.0-10 uM)
was used to promote hemin degradation (followed by
monitoring the loss of absorbance at 412 nm) and to initiate
lipid peroxidation, and deferoxamine (10 pM) was added
to examine the effects of iron chelation. All incubations
were carried out at 37°C.

To confirm that hemin was indeed taken up by LDL,
we added 50 uM hemin to 1.5 mg LDL protein, reisolated

Tribble et al. Copper-induced oxidation of LDL subfractions 663

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

LDL by fast-protein liquid chromatography (FPLC) us-
ing two Sepharose 6 columns in series, and determined
the extent to which hemin was recovered in the reisolated
sample. Hemin concentrations were measured spec-
trophotometrically as a hemin~pyridine complex as previ-
ously described by Balla et al. (17).

Measures of LDL oxidation

Oxidative stress in LDL compartments was monitored
by following the oxidative fluorescence loss of PnA and
PnME. These probes were added to LDL by injections of
small amounts of ethanolic solutions (ethanol never ex-
ceeded 0.5% v/v) to a final concentration of 0.85 M in
a total volume of 2 ml PBS (~5 probe molecules/LDL
particle}. As previously illusirated by Laranhinja, Al-
meida, and Madeira (23), these concentrations are —~5-
to 10-fold lower than those at which fluorescence quench-
ing is observed, thus ensuring that fluorescence intensity
is linearly related to probe concentration and is not
affected by small variations in LDL concentration or
small differences in surface area between buoyant and
dense LDL. As the unincorporated probes are minimally
fluorescent in micelles due to self-quenching, incorpora-
tion into LDL can be monitored by following the appear-
ance of a fluorescence signal. Probes were allowed to
equilibrate, as indicated by signal stability, prior to ox-
idant addition. Initial fluorescence intensity was similar
for buoyant and dense LD, indicating a similar degree of
incorporation of the parinaroyl probes. Fluorescence
measurements were performed using a Shimadzu
RF-5000 Spectrofluorophotometer equipped with a ther-
mostatted cuvette and a magnetic stirring device. Excita-
tion and emission wavelengths were set at 324 nm (slit
width 1.5 nm) and 413 nm (slit width 20 nm), respectively.
Parinaroyl probe oxidation lag times were determined
from the intersect of lines drawn through the initial slow
phase and the linear portion of the rapid phase, and oxi-
dation rates were determined from the slope of the rapid
phase (6).

Conjugated diene (CD) formation was determined as
an index of LDL lipid peroxidation by monitoring the in-
crease in absorbance at 234 nm (24). Measurements were
performed in a Shimadzu UV2101-PC scanning spec-
trophotometer equipped with a thermostatted 6-position
automatic sample changer. Initial absorbance was set at
zero and was recorded every 2 min for up to 8 h. Lag
times were calculated from the time interval between initi-
ation and the intercept of the tangent of the slope of the
absorbance curve.

Statistical analyses

Statistical analyses were performed using the Statview
II statistical program. Mean differences in lipid and pro-
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tein composition, particle diameter, and CD lag times be-
tween LDL density subfractions, and parinaroyl probe
lag times and intensity both within and between LDL
subfractions were evaluated by paired-¢ analysis. Differ-
ences In resonance energy transfer efficiency from PnA
and PnME to HAF were evaluated by comparing the per-
centage of parinaroyl fluorescence quenching across a
range of HAF concentrations using repeated measures
analysis-of-variance. All significance levels are based on
two-tailed tests.

RESULTS

Particle localization of PnA and PnME in buoyant and
dense LDL

PnA and PnME have been shown to differ in time-
averaged localization within the LDL particle, with PnA
at the surface and PnME in the outer core (22, 25). To
confirm these expected sites of probe localization, and to
identify any differences between buoyant and dense LDL,
we examined resonance energy transfer from PnA and
PnME to HAF. The chromophore of HAF resides at the
lipoprotein surface at pH 7.4, and thus differences in
energy transfer efficiency from PnA or PeME to HAF are
believed to reflect differences in the depth of penetration
of their respective chromophares.

The emission spectra of LDL-associated PnA and
PoME were slightly different (Fig. 1, upper panel), par-
ticularly at wavelengths below the fluorescence maxima
(413 nm), likely reflecting differences in probe environ-
ments. Notably, however, there were no differences within
the range of wavelengths that overlapped with the absorp-
tion spectra of HAF (ie., >420 nm, not shown), or the
wavelength (413 nm) and probe intensity at fluorescence
maxima (where oxidation studies are carried out). As
shown in the lower panel of Fig. 1, at sufficiently high
HAF concentrations, virtually all of the fluorescence of
PnA was transferred to this acceptor { ~90%), consistent
with localization of PnA at the particle surface, ie., in the
surface monolayer. The extent of quenching of PnME
fluorescence was ~40-50% lower in both buoyant and
dense LDL at all HAF concentrations (P = 0.0001), in-
dicating a significantly lower energy transfer efliciency

and suggesting a greater penetration of PnME into the.

core of the particle. These results are similar to those of
Sklar and colleagues (22) who calculated a depth of
peneiration of PnME consisient with a time-averaged
localization within the outer core neighboring the surface
monolayer. PnME fluorescence quenching was slightly,
albeit significantly, greater in dense than buoyant LDL
(~10% greater at 7.5 uM HAF; P = 0.001).
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Fig. 1. Parinaroyl probe fluorescence properties in LDL. Upper panel:
Emission spectra for PnA and PnME in LDL (ex: 324 nm). Results are
shown for a representative dense LDL preparation; buoyant LDL ex-
hibited a similar pattern. Lower panel: Probe localization was inves-
tigated by determining the effect of addition of increasing concentrations
of a surface acceptor molecule, HAF, on parinaroyl fluorescence emis-
sion at 413 nm (ex: 324 nm). Resonance energy transfer from the
parinaroyl probes to HAF was assessed from the percentage of
parinaroyl probe fluorescence quenching, which was obtained by com-
paring fluorescence intensity in the presence and absence of HAF.
Results are shown for a representative set of LDL subfractions.

Copper-induced depletion of PnA and PnME in
buoyant and dense LDL

The course of Cu?*-induced oxidation of PnA and
PnME is shown in Fig. 2 (upper panel) for a representa-
tive set of LLDL subfractions. Fluorescence decay was
characterized by an initial lag phase followed by an in-
creased rate of loss until depletion. Loss of PnA preceded
loss of PnME in dense but not buoyant LDL, suggesting
a more susceptible surface monolayer pool in the former,
and both probes were depleted more rapidly in dense than
buoyant LDL. As we reported previously (6), parinaroyl
probe loss occurs prior to the accelerated phase of CD for-
mation (Fig. 2, lower panel}, indicating that these probes
are a more sensitive indicator of Cu?*-induced peroxida-
tive stress in the LDL particle.

The significance of differences in probe oxidative be-
havior in buoyant and dense LDL was determined by
comparing PnA and PnME loss in eight sets of LDL sub-
fractions (see Table 1). Based on lag times prior to ac-
celerated probe depletion and rates of fluorescence loss in
the accelerated phase (% change per min), PnA was more
susceptible than PnME in dense LDL. In contrast, in
buoyant LDL, PnA and PnME oxidation did not differ.
Both probes were more labile in dense than buoyant
LDL. A greater susceptibility of dense LDL also was indi-
cated by shorter lag times prior to accelerated CD forma-
tion (see Table 2).

Characteristics of hemin-induced oxidation of buoyant

and dense LDL

To evaluate the influence of site of initiation on
parinaroyl probe behavior and differences in susceptibil-
ity among LDL density subfractions, we examined the
effects of hemin, which in contrast to Cu?* partitions into
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Fig. 2. Copper-induced oxidative fluorescence decay of PnA and
PnME and conjugated diene formation in buoyant and dense LDL. Up-
per panel: PnA and PnME (1.0 gM final concentration) were added, in
separate incubations, to buoyant and dense LDL and were allowed to
equilibrate as indicated by fluorescence signal stability {(ex: 324 nm; em:
413 nm). CuSO, (5 pM) was added to initiate oxidation, and parinaroyl
fluorescence loss was followed for up to 3 h. Lower panel: CD formation
was monitored by following the increase in absorbance at 234 nm.
Results are shown for a representative set of LDL subfractions.
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TABLE 1. Lag times prior to and rates of fluorescence loss during the accelerated phase of parinaroyl probe
oxidation in buoyant and dense LDL exposed to 5.0 uM CuSO,

Lag Time Rate of Loss in Accelerated Phase
LDL Subfraction PnA PnME PnA vs. PnME PnA PnME PnA vs. PnME
min % /min
Buoyant LDL 340 + 48 362 + 5.t 0.976 0.53 + 0.14 0.44 + 0.12 0.301
Dense LDL 18.5 + 3.0 26.2 + 4.7 0.039 0.93 + 0.27 0.60 + 0.14 0.162
Buoyant vs. dense LDL 0.004 0.048 0.028 0.050

(P values)

Values expressed are mean +

SE for eight sets of LDL subfractions. Significance levels (P values) for PnA vs.

PnME and buoyant vs. dense LDL were derived using paired-¢ analysis.

and thus initiates oxidation from within the LDL particle.
LDL internalization of hemin was supported by observa-
tions that virtually all (80-100%) added hemin was reco-
vered in LDL after reisolation by FPLC. As a result of its
internalization, the effective concentration of hemin was
highly dependent on LDL concentration. Variations in
oxidative response could be achieved either by varying the
absolute concentration of hemin or of its LDL host (data
not shown), suggesting that the latter determined the
volume of distribution of hemin. As lipid mass is
~10-15% greater in buoyant than dense particles, in sub-
sequent experiments, subfractions were adjusted to
achieve similar lipid mass thus assuring equal volumes of
distribution and effective concentrations of hemin. This
adjustment does not hinder comparisons with experi-
ments involving Cu?* because subfraction-dependent
differences in susceptibility to Cu?*-induced oxidation are
virtually identical when adjusted either according to pro-
tein or cholesterol content (D. L. Tribble, R. M. Krauss,
and A. Chait, unpublished observations). Notably, evalu-
ation of hemin-induced oxidation in three sets of LDL
subfractions did not show any differences under 1solipid
versus isoprotein conditions, likely due to the fact that the
adjustments in LDL concentration are relatively small in
relation to interindividual variations in responsiveness.
Figure 3 shows the course of CD formation in a
representative dense LDL subfraction exposed to 0.125,

0.250, and 1.0 pM hemin (<1 to 5 molecules per LDL
particle). Hemin-induced LDL oxidation differed from
Cu?%-induced LDL oxidation in several notable ways. Lag
times prior to CD formation did not differ as a function
of initial hemin concentration, but the extent of changes
(as indicated by the maximal absorbance at 234 nm)
varied approximately 3-fold over this range, with no
differences observed between buoyant and dense LDL. In
contrast, variations in Cu?* concentrations from 1.66 to 10
#M were accompanied by variations in lag times over a
2-fold range, but not in the extent of changes ultimately
achieved (data not shown). Maximal values in hemin-
exposed LDL remained stable for up to 8 h, and thus did
not achieve the levels obtained with Cu?" (~1.6 absor-
bance units), although subsequent addition of either Cu?*
or hemin produced further rapid increases, suggesting
that the plateau was not due to depletion of oxidizable
lipid substrates. Hemin-derived iron may have been con-
verted into a form unable to promote further oxidation.
Higher initial concentrations of hemin (>1.0 uM) did not
result in greater maximal absorbance values, possibly be-
cause decomposition of lipid hydroperoxides also was en-
hanced under these conditions.

Hemin-induced LDL oxidation requires initial degra-
dation of the heme ring, presumably with release of cata-
lytically active iron (17, 18). We observed considerable
variation in the course of hemin degradation between

TABLE 2. Lag time estimates and maximal values obtained for Ay, -absorbing species (conjugated dienes) in buoyant and dense LDL
exposed to CuSO, (5.0 pM), hemin (1.0 pm), or hemin/cumOOH (1.0 uM/1.0 pM)

CuSO, Hemin Hemin/cumQOH
(n = 10) (@ =5 (n = 5)
LDL Subfraction Lag Time
(min) Max. Abs. 234nm Lag Time (min) Max. Abs. 234nm Lag Time (min) Max. Abs. 234nn
Buoyant LDL 121.0 + 19.4 1.49 + 0.27 150.2 + 52.1 0.71 + 0.15 51.0 + 28.2 0.45 + 0.07
Dense LDL 87.7 + 12.0 1.38 + 0.16 83.7 1 215 0.73 + 0.12 48.8 + 22.9 0.66 + 0.19
Buoyant vs. dense LDL 0.015 0.295 0.093 0.943 0.845 0.065

(P values)

Values expressed are mean + SE. Significance levels (P values) for differences between buoyant and dense LDL were derived using paired-¢ analysis.
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Fig. 3. Conjugated diene formation in LDL in response to three con-
centrations of hemin. Hemin was added to LDL to final concentrations
of 0.125, 0.250, and 1.0 uM. CD formation was monitored by following
the increase in absorbance at 234 nm. Results are shown for a represen-
tative dense LDL preparation; the pattern and extent of response to he-
min were similar in buoyant LDL.

LDL preparations (i.e., between subjects), as indicated by
the decrease in absorbance at 412 nm (values ranged from
30 to 300 min). To minimize interindividual variation and
to ensure that the proximate oxidant was generated in
buoyant and dense particles at identical rates, we added
small amounts of hydroperoxide, as previously described
(17, 18). In keeping with our aim of promoting oxidation
internally, we used the lipophilic agent cumene hydroperoxide
(cumOOH), which elicited a concentration-dependent in-
crease in the rate of hemin degradation from 1.0 to 10 uM
(Fig. 4). In subsequent experiments, we used 1.0 uM he-
min together with 1.0 pM cumOOH to initiate LDL oxi-
dation. Under these conditions, the course of hemin
degradation was similar in buoyant and dense LDL (Fig.
5, upper panel). CD lag times also were reduced by
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Fig. 4. Effect of cumene hydroperoxide concentration on hemin degra-
dation in LDL.. Hemin was added to LDL to a final concentration of 1.0
uM. CumOOH was either excluded or added to final concentrations of
1.0, 5.0, or 10.0 pM. Hemin degradation was monitored by following
the loss in absorbance at 412 nm. For clarity, results are shown for dense
LDL only; a similar pattern was observed for buoyant LDL.

cumQOH, in close correspondence with acceleration of
hemin degradation, and differences between subfractions
were eliminated (Fig. 5, lower panel; Table 2).

It is unlikely that addition of cumOOH directly altered
the oxidative response of hemin-containing LDL. This
agent had no effect in the absence of hemin and addition
of the iron chelator deferoxamine (10 pM) completely in-
hibited CD formation in both hemin- and hemin/cumOOH-
exposed LDL, even though hemin degradation still
proceeded under these conditions (data not shown). The
inhibitory effects of deferoxamine appeared to be due to
iron chelation since ferrioxamine (iron-saturated deferox-
amine) caused only a slight (20-30%) delay in hemin-
induced LDL oxidation. These results indicate that
released iron is essential for initiating oxidation in he-
min/cumOQOH-exposed LDL and that no significant ox-
idative damage results directly from the interaction of
cumOOH with hemin.

absorbance 412nm
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1
0.8]
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0.2]

:

100 200 300 400
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Fig. 5. Hemin degradation and conjugated diene formation in
buoyant and dense LDL exposed to hemin/cumene hydroperoxide. He-
min was added to buoyant (closed symbols) and dense (open symbols)
LDL. subfractions to a final concentration of 1.0 pM. CumQOOH was
either excluded (circles) or added to a final concentration of 1.0 aM
(squares). Hemin degradation was monitored by following the loss in ab-
sorbance at 412 nm (upper panel). CD formation was monitored by fol-
lowing the increase in absorbance at 234 nm (lower panel). Results are
shown for a representative set of LDL subfractions, although subfraction
differences in hemin degradation and CD formation in the absence of
cumOOH in this particular sample were larger than average (see Table
2).
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In contrast to results with hemin, neither carmOOH (1
pM) nor hydrogen peroxide (H;O3) (25 pM) accelerated
oxidation in Cu?*-exposed LDL (data not shown). Rather,
in some experiments, addition of hydroperoxide actually
appeared to slow the course of Cu*"-induced CD forma-
tion, particularly in buoyant LDL, thus increasing rather
than decreasing differences between LDL density sub-
fractions.

Hemin-induced depletion of PnA and PnME in
buoyant and dense LDL

On the basis of differences in site of interaction with the
LDL particle, we postulated that hemin would differ from
Cu? in its effects on the sequential oxidative loss of
surface- and core-localized parinaroyl probes. The course
of PnA and PnME depletion by hemin/cumOOH is
shown in Fig. 6 (upper panel) for a representative set of
LDL subfractions. PnME appeared to be depleted more
readily than PnA in both buoyant and dense LDL sub-
fractions, consistent with an internal site of initiation. As
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Fig. 6. Hemin/cumene hydroperoxide-induced oxidative fluorescence
loss of PnA and PnME and conjugated diene formation in buoyant and
dense LDL. Upper panel: PnA and PnME (1.0 M final concentration)
were added, in separate incubations, to buoyant and dense LDL and
were allowed to equilibrate as indicated by fluorescence signal stability
(ex: 324 nm; em: 413 nm). Oxidation was initiated by addition of hemin
(1.0 uM) followed by cumOOH (1.0 uM), and parinaroyl fluorescence
loss was followed for up to 3 h. Lower panel: CD formation was moni-
tored by following the increase in absorbance at 234 nm. Results are
shown for a representative set of LDL subfractions.
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with CD formation (Fig. 6, lower panel), oxidation of
PnA and PnME did not go to completion in hemin-
exposed LDL. In contrast to results obtained with Cu?*,
parinaroyl probe depletion occurred in tandem with CD
formation.

The significance of differences in probe behavior in-
duced by hemin/cumOOH was evaluated for five sets of
LDL subfractions. Due to the hyperbolic nature of probe
oxidation in hemin-exposed LDL, it was not possible to
derive lag times or oxidation rates in some preparations.
Therefore, for comparison, we used % residual
parinaroyl fluorescence at ! h. Based on this index, deple-
tion rates for PnA as compared with PnME were not
significantly different within either buoyant or dense LDL
(82.6 + 5.3 vs. 41.5 + 7.5 in buoyant LDL; 39.8 + 7.6
vs. 40.0 + 8.6 in dense LDL). However, there was a trend
toward greater resistance of PnA than PnME within
buoyant LDL (P = 0.104), and PnA was more resistant in
buoyant than dense LDL (P = 0.042).

DISCUSSION

To evaluate the role of the surface monolayer as a deter-
minant of susceptibility of LDL to oxidation induced by
external agents (e.g., Cu?"), especially as it pertains to
differences in susceptibility among LDL density subfrac-
tions, we developed an approach using the oxidation-
labile fluorescent probes PnA and PnME to separately
monitor peroxidative stress in LDL surface and core com-
partments. Site-specific oxidative changes in LDL have
been examined by comparing rates of formation of sur-
face and core lipid oxidation products including phos-
pholipid and cholesteryl ester hydroperoxides (26-28),
and cholesterol and cholesteryl ester oxidation products
(29). However, despite the obvious advantages of measur-
ing endogenous lipids, these measurements reflect steady-
state levels and may be affected by oxidative decomposi-
tion. Although not endogenous components, parinaroyl
probes provide a simple and direct means of monitoring
peroxidative stress within LDL (6, 23, 30-33). Moreover,
because this assay does not involve product measurement,
it is not affected by decomposition reactions.

Particle localization of the parinaroyl probes was as-
signed on the basis of resonance energy transfer to a sur-
face acceptor molecule. The efficiency of energy transfer
between two fluorescent probes that display overlapping
emission (donor) and absorption (acceptor) spectra is
highly dependent on the physical distance between the
probes. We used HAF as the surface acceptor, and com-
pared its interaction with PnA and PnME as an index of
the relative distance of these two probes from the particle
surface. Results showed that PnA is more effective than
PnME in communicating with HAF, consistent with a
time-averaged localization closer to the particle surface.
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These results are similar to those of Sklar et al. (22) in
which they calculated that PnA was located in the surface
monolayer and PnME was located approximately 20 A
from the HAF fluorophore in a zone they referred to as
the “outer core” PnME fluorescence quenching was
slightly greater in dense than buoyant LDL possibly
reflecting increased effective probe concentrations due to
the decreased surface area and volumes of the monolayer
and core. In addition, a greater proportion of PnME may
have partitioned into the surface monolayer of smaller
LDL particles. It should be noted that even though they
have a preferred region of localization, both probes are
expected to be capable of movement throughout the parti-
cle. Indeed, we have observed that PnME can exchange
between lipoproteins (D. L. Tribble, E. L. Gong, J. . M.
van den Berg, F. van Venrooij, and A. V. Nichols, unpub-
lished observations), suggesting that PnME is present in
the surface monolayer from which it can desorb for ex-
change. Substantial presence of probes outside of their
preferred site of localization would tend to make the ob-
served differences in surface and core oxidative behavior
an underestimation of the actual differences.

Oxidation was initiated either with Cu?* or hemin, a
lipophilic Fe3*-containing complex. While Cu?* and Fe3*
are chemically distinct, it was our premise that the
primary difference between these two oxidants is in their
site of interaction with the LDL particle. Qur use of these
oxidants, as opposed to the hydrophilic and lipophilic azo
radical initiators 2,2'-azobis(2-amidinopropane) di-
hydrochloride (AAPH) and 2,2-azobis(2,4-dimethyl-
valeronitrile) (AMVN), was based on two major factors.
First and foremost, while azo initiators are advantageous
in that radical production can be carefully controlled,
concentrations used to achieve a sufficient rate of LDL ox-
idation have been quite high (ie., 1.0-2.0 mM) (26-28).
In the case of the lipophilic initiator (AMVN), this could
amount to the incorporation of as many as 103 to 104
molecules on average into each LDL particle, depending
on LDL concentration. This is particularly striking given
that the total number of lipid molecules per LDL particle
is estimated to be within this range (24). Such oxidant
loading is likely to profoundly affect molecular interac-
tions within the LDL particle, and thereby to artefactu-
ally influence the properties that we are attempting to un-
derstand. Hemin, in contrast, was added to final
concentrations ranging from < 1 to 5 molecules per LDL
particle. It is unlikely that substantial particle disruption
occurred under these circumstances. Secondly, much of
our understanding of LDL oxidation to date has been ob-
tained using metals, including studies indicating differ-
ences in the oxidative behavior of LDL density subfrac-
tions, thus allowing comparisons of the present results
with previous findings (2-6).

Peroxidative stress induced by Cu? is “sensed” by
PnA prior to PnME in dense LDL particles, suggesting
that injury starts at the surface and progresses inward. In
contrast, in buoyant LDL, differences in Cu?*-induced
oxidation of surface and core probes were not perceptible,
and both were more resistant than in dense LDL. When
oxidation was initiated by hemin, with simultaneous addi-
tion of cumQOH to facilitate degradation of the heme
ring, core probe oxidation appeared to precede surface
probe oxidation, particularly within the buoyant LDL
particle, although such differences in probe behavior were
not significant. The core probe was equally susceptible to
hemin-induced oxidation in buoyant and dense LDL, but
differences in surface probe behavior between subfrac-
tions still were apparent under these conditions.

The enhanced response of the surface probe as com-
pared with the core probe in Cu?*-exposed LDL appears
to contradict previous reports indicating that cholesteryl
ester hydroperoxides accumulate at rates similar to or
greater than phospholipid hydroperoxides, even in the
presence of external oxidants (26-28). It appears possible
that this discrepancy is explained in large part by our use
of LDL subfractions since the enhanced response in our
studies was specific to small, dense LDL particles. LDL
from most individuals is comprised primarily of the
subspecies LDL-1 and LDL-II (34). In unfractionated
LDL preparations, these subspecies may determine the
overall response (3) and may thus mask the behavior of
LDL-III, which is the predominant particle in our dense
LDL fraction (6, 20). Another factor possibly contribut-
ing to differences between the current and previous results
lies in the fact that the parinaroyl probe assay is not
affected by decomposition reactions. We suggest that the
relative extent of cholesteryl ester versus phospholipid
hydroperoxide accumulation may be influenced by the
relative susceptibility of these products to oxidative
decomposition. Surface-localized phospholipid hydroperoxides
are predicted to be more vulnerable to decomposition
than cholesteryl ester hydroperoxides.

LDL was more susceptible to oxidation by hemin/
cumOOH than Cu?, as indicated by similar CD lag
times at concentrations that were 5- to 40-fold lower (0.125
to 1.0 uM vs. 5 gM), although the extent of changes was
reduced in the former. We believe that the greater suscep-
tibility of LDL to hemin is due primarily to the internal
site of initiation. Internalized agents such as hemin may
impose a greater oxidant stress due to the smaller volume
of distribution and thus higher effective concentration
and/or may be more effective as a result of being in closer
proximity to oxidizable substrates. The response to these
agents may be further enhanced by a reduced intrinsic
resistance of the lipoprotein to oxidative stress generated
from within the particle. The antioxidants ubiquinol-10
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and a-tocopherol, for example, could be less effective in
protecting core than surface lipids due to a predominant
localization within the surface monolayer. A reduced role
for surface monolayer constituents in determining the ox-
idative response to hemin/cumOOH could account for
the lack of differences in oxidative susceptibility between
buoyant and dense LDL under these conditions.

Differences in the chemical properties of Cu?" and he-
min also likely contributed to the observed differences in
their effectiveness in promoting LDL oxidation, particu-
larly with regard to the lower total response in hemin-
exposed LDL. Lynch and Frei (35) recently reported that
Fe3*-citrate does not induce LDL oxidation in the absence
of superoxide anion (O;"), which they proposed was re-
quired for the reduction of Fe?* to Fe?*. Although hemin-
induced LDL oxidation is not dependent on an external
reductant (present results, refs. 17, 18), accumulation of
iron in a nonoxidizing form may have contributed to the
lower extent of oxidation.

In conclusion, we observed that the oxidative response
of PnA, used as an index of surface susceptibility, differed
in buoyant and dense LDL in the presence of both Cu?*
and hemin. A greater susceptibility of surface monolayer
constituents in dense LDL may contribute to the en-
hanced susceptibility of these particles to oxidation by ex-
ternal agents. The physiological relevance and therapeu-
tic implications of these findings depend on the oxidizing
conditions encountered in vivo. If external oxidants are
the predominant mediators of LDL oxidation in vivo,
then surface properties may be particularly important de-
terminants of LDL oxidation, and the surface may thus
represent the most appropriate site for intervening in the
oxidation process, particularly in individuals with lipo-

protein profiles enriched in smaller, more dense LDL particles.
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