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ABSTRACT: Very low density lipoproteins (VLDL) are triglyceride-rich precursors of low-density lipoproteins
(LDL) and a risk factor for atherosclerosis. The effects of oxidation on VLDL metabolism may be pro- or
antiatherogenic. To understand the underlying biophysical basis, we determined the effects of copper (that
preferentially oxidizes lipids) and hypochlorite (that preferentially oxidizes proteins) on the heat-induced
VLDL remodeling. This remodeling involves VLDL fusion, rupture, and fission of apoE-containing high-
density lipoprotein- (HDL-) like particles; HDL with similar size, density, and protein composition are
formed upon VLDL remodeling by lipoprotein lipase, a key enzyme in triglyceride metabolism. Circular
dichroism, turbidity, and electron microscopy show that mild oxidation promotes VLDL fusion and rupture,
while advanced oxidation hampers these reactions. VLDL destabilization upon moderate oxidation results, in
part, from the exchangeable apolipoprotein modifications, including proteolysis and limited cross-linking.
VLDL stabilization against fusion and rupture upon advanced oxidation probably results from massive
protein cross-linking on the particle surface. Electron microscopy and gel electrophoresis reveal that
oxidation promotes fission of apoE-containing HDL-size particles; hydrolysis of apolar core lipids probably
contributes to this effect. Copper and hypochlorite have similar effects on VLDL remodeling, suggesting that
these effects may be produced by other oxidants. In summary, moderate oxidation that encompasses in vivo
conditions destabilizes VLDL and promotes fission of HDL-size particles. Consequently, mild oxidation may

be synergistic with lipoprotein lipase reaction and, hence, may help to accelerate VLDL metabolism.

Very low density lipoproteins (VLDL)! transport triacylgly-
cerides (TG) and cholesterol, mainly in the form of cholesterol
esters (CE), from the liver to the peripheral tissues. Elevated
plasma levels of TG are a hallmark of metabolic syndrome (/—4)
that is associated with increased risk of cardiovascular disease,
stroke, and type 2 diabetes (5, 6). VLDL is also a metabolic
precursor of low-density lipoprotein (LDL, or “bad cholesterol”)
and an independent risk factor for atherosclerosis (7—10). VLDL
clearance and maturation to LDL involve extensive remodeling
by plasma factors (Figure 1) (2, /). Plasma levels of VLDL are
determined by the balance among the rates of VLDL synthesis,
remodeling, and clearance, which are targets of lipid-lowering
therapies such as statins, fibrates, and omega-3 fatty acids (12— 14).

VLDL are synthesized by the liver as heterogeneous particles
(d = 30—100 nm) containing a core of apolar lipids (mainly TG
and CE) and an amphipathic surface comprised of polar lipids
(mainly phosphatidylcholines, PCs) and proteins (termed apoli-
poproteins). Apolipoproteins cover a large fraction of the particle
surface, from about 20% in VLDL up to 80% in HDL (/5), and
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are essential for lipoprotein stabilization and remodeling via the
interactions with plasma enzymes, cofactors, lipid transporters,
and cell receptors. The VLDL proteins include one copy of the
nonexchangeable (water-insoluble) apoB (9) and multiple copies
of the exchangeable proteins, apoE and apoCs (Figure 1). The
rate-limiting step in VLDL remodeling is hydrolysis of core TG
by lipoprotein lipase (LpL) (/6—20). LpL reaction generates
excess surface material that dissociates from VLDL in the form of
small dense high-density lipoproteins (HDL) that contain only
exchangeable proteins, apoE and apoCs (21, 22) (Figure 1). Such
apoE-containing particles comprise about 10% of plasma HDL
and play important roles in lipid metabolism (22). The VLDL
remnants generated by LpL are cleared by the cell receptors or
further remodeled to form LDL (2, 11).

Modifications such as oxidation and glycation, which have
been demonstrated to occur in vivo during the lifetime of apoB-
containing lipoproteins (hours to days) (ref 23 and references
therein), affect VLDL remodeling and clearance via multiple
pathways that are not fully understood. The effects of VLDL
oxidation on atherogenesis are also not entirely clear (24). Multi-
ple lines of evidence suggest that, similar to LDL, oxidation of
VLDL triggers a cascade of proatherogenic and proinflamma-
tory responses, including lipoprotein retention in the arterial
wall, enhanced VLDL uptake by arterial macrophages, macro-
phage CE accumulation, foam cell formation, and deposition of
atherosclerotic plaques (25—31). In vivo lipoprotein oxidation is
thought to occur mainly via the action of prooxidant enzymes in
the arterial wall. In vitro lipoprotein oxidation by various agents
induces a wide array of modifications in lipids (e.g., peroxidation
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FIGuRE 1: Remodeling of very low density lipoproteins (VLDL) into
intermediate-, low-, and high-density lipoproteins (IDL, LDL,and HDL)
in plasma. VLDL, which are secreted by the liver, are remodeled by
lipoprotein lipase (LpL) that is tethered to the capillary endothelium
via heparin sulfate proteoglycans. LpL hydrolyzes core TG and
produces monoacylglycerol and free fatty acids that redistribute
from the particle core to its surface. This generates excess surface
material that fissions in the form of HDL that contain only ex-
changeable proteins such as apoE. VLDL remnants (i.e., IDL) are
cleared from circulation by receptors such as LDL receptor-related
protein (LRP) or scavenger receptors (not shown). Alternatively,
IDL are remodeled by hepatic lipase (HL) that hydrolyzes core TG
and by cholesterol ester transfer protein (CETP) that exchanges TG
for CE. The resulting LDL, which have apoB as their sole protein,
are taken up by the LDL receptor (LDLR) or, in their modified
forms, by the scavenger receptors in peripheral tissues.

of unsaturated fatty acids in phospholipids, cholesterol, and TG,
followed by formation of aldehydes and ketones that modify Lys
groups, etc.) and proteins (modifications of aromatic and Lys
groups, proteolysis, cross-linking, etc.). The pro- or antiathero-
genic effects of these modifications and their relevance to in vivo
conditions have been intensely investigated, yet the exact form(s)
in which oxidized lipoproteins exist in vivo and their pathological
significance are not well-defined (24, 32, 33). The consensus is
that the most physiologically relevant species is the “minimally
oxidized” lipoprotein that carries lipid peroxides and their
products but has minimal protein modifications.

Furthermore, there is an emerging consensus that lipoprotein
oxidation is not always proatherogenic (24). It was first prompted
by the failure of antioxidants to alleviate the risk of cardiovas-
cular disease in clinical trials (refs 3, 24, 32, and 33 and references
therein). Further support comes from the prooxidant effects of
TG-lowering therapies such as fibrates or omega-3 fatty acid;
moreover, healthy cardioprotective activities such as aerobic
exercise and moderate consumption of alcohol are also proox-
idant (refs /4, 24, and 34 and references therein). This suggests
that oxidation is not always detrimental for lipoprotein metabo-
lism and cardioprotection.

Our goal is to provide the biophysical basis for understanding
the effects of oxidation on VLDL remodeling. To this end, we use
thermal denaturation as a model for the analysis of the effects of
oxidation on such remodeling. Earlier we showed that, similar to
HDL and LDL, thermal disruption of native VLDL is a slow
kinetically controlled transition that involves lipoprotein fusion
and rupture (35—37). In contrast to other lipoproteins, VLDL
heating also leads to fission of HDL-size particles. Biochemical
analysis of these small dense particles (10—12 nm, 1.11—1.19
g/mL) showed that they contain CE and TG in their core and PCs
and exchangeable proteins, apoE and probably apoCs, in their
surface (37). These particles closely resemble a subclass of plasma
HDL generated during VLDL remodeling by LpL (Figure 1)
(20, 21, 37). Fission of these HDL-like particles upon VLDL
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heating is accompanied by fusion of the remnant lipoproteins
followed by lipoprotein rupture and release of apolar core lipids
that coalesce into large droplets (37) whose size and morphology
are similar to the lipid droplets found in atherosclerotic plaques
(38). Thus, thermal denaturation mimics key aspects of VLDL
remodeling in vivo and provides a useful model to study this
remodeling. We use this model to test the effects of oxidation on
VLDL remodeling.

Compared to extensive analyses of LDL and HDL oxidation,
relatively few studies have addressed VLDL oxidation in vitro.
These studies have been mainly focused on advanced oxidation
(26—28, 39), particularly by Cu®", a radical oxidant that pre-
ferentially oxidizes lipids (26, 27, 39—41). No studies of the effects
of oxidation on VLDL remodeling have been reported. Because
of the experimental difficulties in biophysical characterization of
the large heterogeneous lipid-loaded particles, stability studies
have been limited to nonmodified VLDL (37).

Here we report the first analysis of the effects of oxidation on
structural stability and remodeling of VLDL. In addition to
copper, we use hypochlorite, an oxidant that preferentially reacts
with proteins (42) and is a product of myeloperoxidase, one of the
enzymes that oxidize lipoproteins in the arterial wall and at the
sites of inflammation (28, 42). We analyze structural stability of
VLDL that were modified by Cu®" or OCI™ to various degrees.
The results reveal that oxidation has distinct effects on VLDL
remodeling, which show similar trends for different oxidants and
depend critically on the oxidation degree: Interestingly, mild
oxidation that probably approximates minimal lipoprotein oxi-
dation in vivo (33) destabilizes VLDL and promotes fission of the
excess surface material in the form of apoE-containing HDL-size
particles. This suggests that mild oxidation may be synergistic
with the LpL reaction.

MATERIALS AND METHODS

VLDL Isolation and Sample Preparation. Plasma VLDL
from nine healthy volunteer donors were used. Plasma was donated
at a local blood bank in full compliance with the regulations of
the Institutional Review Board. Single-donor VLDL were isolated
from EDTA-treated plasma by density gradient ultracentrifuga-
tion in the density range 0.94—1.006 g/mL (43). Total VLDL
migrated as a single band on agarose gel (Figure 2, lane 0).
Human VLDL are comprised of two main subclasses, VLDL,
(d = 60—100 nm) and VLDL, (d = 35—60 nm), containing one
molecule of apoB per particle and various amounts of apoE and
apoCs which are greater in larger particles. To improve sample
homogeneity, VLDL, was separated from the total VLDL by an
additional round of ultracentrifugation at 40000 rpm for 30 min
at4°C(37) and was used to record the data from the OCl-treated
particles shown in this paper. Spectroscopic data of VLDL, and
of total plasma VLDL (that was used to record the copper
oxidation data shown in this paper, as well as some hypochlorite
data) were similar. Donor- and diet-specific variations in lipo-
protein composition resulted in small batch-to-batch variations
in VLDL stability; hence, the exact oxidation stages at which the
maximal VLDL destabilization and fission of small particles were
observed, as well as the particle size distribution and the amounts
of the small particles, varied from batch to batch. However, the
general trends observed upon VLDL oxidation were similar for
all batches explored; hence, lipoprotein heterogeneity did not
affect the key conclusions of this study.

VLDL stock solution of 0.4—2.5 mg/mL protein concentra-
tion was dialyzed against 10 mM sodium phosphate, 0.25 mM
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FIGURE 2: VLDL oxidation to various stages by Cu®' or OCI™.
(A, B) VLDL in EDTA-free standard buffer (5 mM sodium phosphate,
0.02% NaN3, pH 7.6) were incubated at 37 °C with 5 uM CuSO, for
up to 48 h. (A) The time course of VLDL oxidation by copper was
monitored by absorbance at 234 nm for conjugated diene formation.
The absorbance is presented for the first 5 h of incubation; no addi-
tional changes were observed after further incubation. (B) Agarose
gel electrophoresis monitors changes in electronegativity resulting
from oxidative Lys modifications and formation of free fatty acids
(FFA). Numbersin (A) and (B) correspond to incubation times of 1 h
(1),2h(2),4h (3),12h (4), 24 h (5), and 48 h (6); 0 stands for intact
VLDL. (C) VLDL in standard buffer (5 mM sodium phosphate,
0.02% NaN3, 0.25 mM EDTA, pH 7.6) was oxidized to various
stages by incubating for 12 h at 37 °C in NaOCl solutions of 0.045 (1),
0.2(2),0.5(3),0.8(4), 1.0 (5), and 5.0 mM (6) concentration. VLDL
protein concentrations are 0.03 (black) or 0.1 mg/mL (gray) in (A)
and 0.5 mg/mL in (B) and (C).

EDTA, and 0.02% NaNj3, pH 7.6, which was a standard buffer
used throughout this work. For copper oxidation, EDTA was
removed by dialysis against EDTA-free standard buffer (10 mM
sodium phosphate, 0.02% NaNj, pH 7.6). The VLDL stock
solution was stored in the dark at 4 °C and was used over 4 weeks
during which no protein degradation was detected by SDS—
PAGE and no changes in the protein secondary structure or lipo-
protein stability were observed by CD spectroscopy and turbidity.

VLDL Oxidation and Biochemical Characterization.
For copper oxidation, VLDL solution of 0.2—0.5 mg/mL protein
concentration in EDTA-free standard buffer was equilibrated at
37 °C, followed by the addition of CuSQy to the final concentra-
tion of 5 uM. To obtain VLDL oxidized to various stages, the
reaction was stopped after 1—48 h (marked 1—6 in Figure 2A,B)
by addition of 1 mM EDTA, followed by sample cooling on ice.
VLDL incubation with CuSOy for over 5 days produced turbid
samples that were not used for further studies. To obtain VLDL
oxidized by OCI™ to various stages, we modified the well-established
protocols that were used in oxidation studies of HDL and LDL
(refs 44 and 45 and references therein). VLDL solution of 0.5 mg/
mL protein concentration in standard buffer was incubated at 37 °C
for 5 h with NaOCI solutions of 0.02—10 mM concentrations
(marked 1—6 in Figure 2C), followed by extensive dialysis against
the standard buffer. Concentration of freshly prepared NaOCl was
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determined spectrophotometrically using a molar absorption coef-
ficient of 350 cm ™' at 292 nm. The concentrations of OCI~, which
varied from batch to batch depending on the VLDL stability
(higher for more stable VLDL that required higher amounts of
oxidant to attain similar changes in stability), ranged from 0.02 to
0.09,0.1t00.2,0.3t00.6,0.7t00.9, 1.0t0 2.0, and 5.0 to 10.0 mM to
produce VLDL at oxidation stages 1 to 6, respectively. Similarly, the
incubation times with Cu®" varied from batch to batch and were
higher for more stable particles.

A Varian Cary 300 UV/visible absorption spectrometer
equipped with a thermoelectric temperature control was used
to monitor the time course of copper-induced lipid peroxidation
by measuring UV absorbance at 234 nm for conjugated diene
formation (40). The spectrometer was also used to record near-
UV/vis absorption spectra (350—600 nm) at 25 °C of VLDL
oxidized to various stages by Cu*™ or OCI~ to monitor con-
sumption of carotenoids (ref 44 and references therein).

Agarose-based Titan gel lipoprotein electrophoresis was used
to monitor changes in VLDL charge upon oxidation. Such
changes occur due to oxidative modifications of Lys and forma-
tion of free fatty acids upon PC lipolysis, leading to increased net
negative charge on VLDL (ref 47 and references therein). Thin-
layer chromatography was used to monitor changes in lipid
composition upon VLDL oxidation.

To monitor apolipoprotein fragmentation and cross-linking
that is induced by oxidation, sodium dodecyl sulfate (SDS)—
polyacrylamide gel electrophoresis (PAGE) was performed using
a 4%, 12%, or 20% homogeneous system for apoB (550 kDa),
apoE (32 kDa), or apoC-I11 (8.8 kDa), respectively. The gels were
run at 120 V for 20, 60, or 120 min, respectively, followed by
staining with Imperial protein stain. Alternatively, the gels were
transferred to polyvinylidene fluoride membranes at 100 V for
1 h, and the membranes were probed with primary monoclonal
antibody to apoB (1D1 from Lipoprotein and Atherosclerosis
Research Group, University of Ottawa Heart Institute) or with
polyclonal antibodies to apoE (Chemicon) or apoC-III (Chemicon
Internationals). Secondary antibodies for polyclonal goat were
from Biodesign, and rabbit antibodies were custom made by Sigma.
The blots were probed with horseradish peroxidase-conjugated
secondary antibodies (Sigma) and visualized using an enhanced
chemiluminescent system (Perkin-Elmer).

To assess changes in the particle size upon oxidation to various
stages, nondenaturing gradient gel electrophoresis was carried
out by using a 4—20% gradient run on a large-format BRL
system for 4 h. The gels were stained with Imperial protein stain.
Particle diameters were assessed from comparison with the
protein markers (Amersham Biosciences). For immunoblotting,
the samples were subjected to nondenaturing gradient gel elec-
trophoresis, transferred to polyvinylidene fluoride membrane for
24 h, and probed with primary antibodies to apoE or apoB.
VLDL at various stages of oxidation were visualized at 25 °C by
negative staining EM using a CM 12 transmission electron micro-
scope (Philips Electron Optics) as described (35).

Circular Dichroism (CD) Spectroscopy and Turbidity.
To assess lipoprotein structure and stability, CD and turbidity
data were recorded using AVIV-400 or AVIV-62DS spectro-
meters with thermoelectric temperature control (35, 37). VLDL
solutions of 0.1 mg/mL protein concentrations were placed in 1
mm path length cells to record far-UV CD spectra (190—250 nm)
to monitor protein secondary structure. Far-UV CD data were
normalized to protein concentration and expressed as molar
residue ellipticity, [@]. VLDL solutions of 0.5 mg/mL protein
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were placed in 2 mm path length cells to record near-UV/vis CD
(250—500 nm). Although near-UV CD is usually used to report
on aromatic packing in the tertiary protein structure, it does not
provide a sensitive tool for monitoring changes in aromatic
packing in apoB on the lipoprotein surface. Moreover, in
ruptured LDL and VLDL, near-UV /vis CD spectra are strongly
dominated by induced CD of lipids. A large negative CD peak
centered at 320 nm in these spectra reported on lipid repacking
upon particle rupture and release of apolar core lipids that
coalesce into large droplets (37, 45). Thus, we used near-UV CD
to monitor VLDL rupture and coalescence into lipid droplets.
To monitor VLDL rupture as a function of temperature, CD
melting data, ©3,(7), were recorded at 320 nm during sample
heating and consecutive cooling from 25 to 98 °C at a constant
rate of 11 °C/h. Heat-induced increase in the particle size due to
VLDL fusion followed by rupture and coalescence into large lipid
droplets was monitored by measuring dynode voltage V, which is
proportional to turbidity in CD experiments (47). Turbidity and
CD melting data, V350(7) and ©3y9(T), were measured simulta-
neously at 320 nm. The apparent transition temperatures 7,
were determined from the peak positions in the first derivative of
the melting data, dV3,0(7)/dT (for fusion and rupture) and
d®s(7)/dT (for rupture). In the kinetic temperature jump
(T-jump) experiments, the sample temperature was rapidly increased
at 1 = 0 from 25 °C to a higher constant value (75—98 °C), and
the time course of VLDL fusion and rupture was monitored at
220 nm by turbidity, V3,(7), as described (37).

RESULTS

Effects of Oxidation on the Secondary Structure of
VLDL Proteins. VLDL were oxidized by copper or hypochlor-
ite to various stages (marked 1—6 in Figure 2). To characterize
the protein secondary structure, far-UV CD spectra were re-
corded from VLDL that were modified by OCI™ (Figure 3A) or
Cu*" (Supporting Information Figure S1). Intact VLDL showed
a mixture of a-helix and f-sheet that varied with the particle size.
The spectra of VLDL, (smaller particles whose major protein,
apoB, has high f-sheet content) showed predominantly S-sheet
conformation, while those of total VLDL (a mixture of VLDL,
and larger VLDL, particles that have greater amounts of highly
helical proteins, apoE and apoCs) indicated higher a-helical
content (black lines in Figure 3A and Supporting Information
Figure S1). VLDL oxidation by OCI~ or Cu®" led to a gradual
loss of this secondary structure (Figure 3A and Supporting
Information Figure S1). Similarly, partial loss of secondary
structure in apoB was observed upon LDL oxidation (43, 48).
VLDL, showed substantial 5-sheet unfolding in apoB, as illu-
strated by the difference spectrum between the intact particles
and those oxidized to stage 6. This difference spectrum showed a
negative CD peak centered near 218 nm, which is characteristic of
the fB-sheet (Figure 3A, insert). A similar difference spectrum of
total VLDL that contain larger fraction of a-helical proteins
showed two negative CD peaks centered at 208 and 222 nm,
indicating partial helical unfolding in these proteins (Supporting
Information Figure S1A). In addition to protein secondary
structure, far-UV CD of VLDL and LDL can be significantly
affected by the induced CD from lipids, specifically, a large
negative peak centered near 320 nm that dominates the CD
spectra of ruptured lipoproteins (36, 37). The absence of such a
peak in the spectra of oxidized VLDL at ambient temperatures
(Figure 3B and Supporting Information Figure S1B), together
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FiGure 3: Circular dichroism spectra of intact and oxidized VLDL.
VLDL, were oxidized by OCI™ to stages 1—6 as described in Figure 2
legend and in Materials and Methods; 0 stands for intact VLDL. The
samples were diluted to 0.1 mg/mL protein to record far-UV CD (A)
or used at 0.5 mg/mL protein to record far- and near-UV CD (B).
Insert: Difference spectrum between the far-UV CD of VLDL, that
were intact or oxidized to stage 6, [@(]—[Og]; negative peak centered
at 218 nm, which is characteristic of the f-sheet, indicates f3-sheet
unfolding upon oxidation. Near-UV CD above 300 nm remained
invariant (B), suggesting that VLDL did not rupture upon oxida-
tion (37).

with the corresponding EM data (Figure 6 and Supporting
Information Figure S3), showed that the lipoproteins used in
these experiments did not rupture upon oxidation at 37 °C.
Consequently, far-UV CD changes observed upon VLDL oxida-
tion resulted entirely from the changes in the protein secondary
structure. In summary, oxidation by OCI~ or Cu®" leads to
progressive unfolding of some of the secondary structure in
VLDL proteins, including S-sheets in apoB and a-helices in apoE
and apoCs.

Effects on VLDL Stability and Morphologic Transi-
tions. To test whether partial unfolding of the secondary
structure upon oxidation destabilizes the lipoprotein assembly,
VLDL were oxidized to various stages by OCl~ or Cu**, and
their thermal stability was assessed by heating at a rate of 11 °C/h
from 25 to 98 °C. CD and turbidity melting data, ®3,q(7) and
V30(T), were recorded simultaneously at 320 nm to monitor
repacking of apolar core lipids upon lipoprotein rupture (by CD)
and increase in the particle size upon lipoprotein fusion and
rupture (by turbidity) (36, 37, 47). Figure 4 shows turbidity and
CD melting data recorded of OCl-treated VLDL, and Support-
ing Information Figure S2 shows similar data of Cu-treated
VLDL. Initially, progressive oxidation led to large low-tempera-
ture shifts in the melting curves (by —18 °C at stage 4, Figure 4A,
C), indicating VLDL destabilization. Interestingly, this trend was
reversed at later stages, as evident from the high-temperature
shifts in the CD and turbidity melting data, indicating increased
stability (stages 4—6, Figure 4B,D). These shifts were accompa-
nied by a large reduction in the transition amplitude, suggesting
that the particles formed upon heating of extensively oxidized
VLDL were smaller than those formed upon similar heating of
intact or moderately oxidized VLDL. Melting data of Cu-treated
VLDL showed similar trends (Supporting Information Figure
S2A,B). Consequently, these trends were not specific to a parti-
cular oxidation mechanism and resulted from the products that
are common to radical and nonradical oxidants.

Figure 4E shows the apparent transition temperature Tp,
(determined from the first derivatives of the melting data in
Figure 4A—D) as a function of oxidation degree. This plot illus-
trates that (i) particle fusion precedes rupture and (ii) the temper-
ature of fusion and rupture first decreases and then increases
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FIGURE 4: Effects of oxidation on the apparent thermal stability of VLDL. VLDL, that were intact (0) or oxidized by OCI™ to stages 1—6 were
diluted to 0.1 mg/mL protein in standard buffer and heated at a rate of 11 °C/h. Increase in the particle size due to VLDL fusion followed by
rupture and coalescence into lipid droplets was monitored by turbidity at 320 nm (A, B), which is proportional to the dynode voltage V3,9
measured in CD experiments (47). Repacking of apolar core lipids upon VLDL rupture and coalescence into lipid droplets was monitored by CD
at 320 nm, O3,0(7) (C, D), that was measured simultaneously with V3,0(7) (A, B). Arrows indicate changes in the heating data upon progressive
oxidation. (E) The apparent transition temperatures, which were determined from the peak positions in the first derivatives of the melting data,
dV320(T)/d T (for fusion and rupture) and d®s,o(7)/d T (for rupture), are plotted as a function of oxidation stage. Error bars reflect accuracy in 7,
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FIGURE 5: Effects of oxidation on thermal denaturation kinetics of
VLDL. VLDL, that were intact (0) or oxidized by OCI™ to stages
1—6 were diluted to 0.1 mg/mL protein in a standard buffer and
subjected to temperature jumps from 25 to 80 °C. Time course of
changes in the particle size due to VLDL fusion followed by rupture
and coalescence into lipid droplets was monitored by turbidity at 220
nm, V(7). Arrows indicate changes in the transition kinetics upon
VLDL oxidation.

upon oxidation, with minimal T, (corresponding to lowest VLDL
stability) observed near stage 4 of OCI™ oxidation (Figure 4E).
Although the exact oxidation stage at which minimal VLDL
stability was observed varied from batch to batch, the overall
trend was similar for all VLDL batches explored.

The effects of oxidation on the particle stability were further
tested in the kinetic experiments. VLDL were oxidized by OCI™
or Cu®" to various stages, the sample temperature was rapidly
raised to a higher constant value, and the time course of VLDL
fusion and rupture was monitored by turbidity, Vao(?) (37).
Figure 5 shows selected data recorded in a T-jump to 80 °C of
OCl-treated VLDL, and Supporting Information Figure S2C
shows similar data of Cu-treated VLDL. These and other kinetic
data clearly show that moderate oxidation, which probably
encompasses in vivo conditions, accelerates heat-induced fusion
and rupture and, hence, destabilizes VLDL (Figure SA and Sup-
porting Information Figure S2C). In contrast, more extensive
oxidation (to stage 4 and beyond) decelerates VLDL disruption
and greatly reduces its amplitude, so the transition vanishes upon
advanced oxidation (stage 6, Figure 5B). These results are
consistent with the melting data in Figure 4. Taken together, our
kinetic and melting data of OCI™ or Cu-treated VLDL clearly
show that moderate oxidation destabilizes VLDL and accele-
rates its fusion and rupture, while extensive oxidation hampers

these transitions (Figures 4 and 5 and Supporting Information
Figure S2).

Negative stain EM was used to visualize VLDL at various
stages of oxidation and/or thermal denaturation. Figure 6A—C
and Supporting Information Figure S3D show selected electron
micrographs of Cu-treated VLDL at various stages of oxidation,
and Supporting Information Figure S3A—C shows similar
micrographs of OCl-treated VLDL. These and other EM data
demonstrate that moderate oxidation to stages 1 and 2 has no
detectable effects on VLDL morphology. Interestingly, more
extensive oxidation to stages 3—6 leads to progressive VLDL
remodeling into heterogeneous larger and smaller particles
(Figure 6B,C), along with occasional appearance of large non-
spherical particles (Supporting Information Figure S3D). Large
particles (> 100 nm) are likely products of VLDL fusion, while
small particles (~10 nm) are probably produced by fission of the
excess surface material from VLDL. Similar large and small parti-
cles were observed upon OCl-induced oxidation (Supporting
Information Figure S3A,C). To assess the size and protein
composition of these small particles, VLDL were oxidized to
various stages and analyzed by nondenaturing gradient gel
electrophoresis followed by immunoblotting for apoE or apoB
(Figure 6D—F). The results revealed that extensive oxidation
leads to formation of small particles containing apoE but not
apoB (lane 6 in Figure 6D—F). The diameter of these particles
estimated from the comparison with molecular size standards
ranges from about 8—13 nm (boxed area in Figure 6E), which is
in agreement with the EM data (Figure 6C). This diameter is
typical of human plasma HDL (d = §—13 nm).

Earlier we showed that HDL-like particles containing a core of
apolar lipids (CE and TG) and a surface of polar lipids (PCs) and
exchangeable proteins (apoE and probably apoCs), but not
apoB, are formed upon heating of nonoxidized VLDL beyond
80 °C (37). These small particles closely resemble apoE-containing
plasma HDL that are generated from VLDL upon TG hydrolysis
by LpL (20—22, 37). The results in Figure 6 and Supporting
Information Figure S3 show that apoE-containing HDL-size
particles can also fission from VLDL upon oxidation. Accurate
biochemical analysis of these small particles, which required
isolation of a homogeneous density fraction, was hampered by
their limited amounts and heterogeneity, which showed batch-to-
batch variations and also varied depending on the oxidation stage.
However, EM data of all batches explored invariably showed
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FiGure 6: Effects of VLDL oxidation on the particle morphology at ambient temperatures. Total plasma VLDL that were intact (0) or oxidized
by Cu* to stages 4 or 6 were visualized by negative stain electron microscopy at 22 °C (A, B, C) and were subjected to nondenaturing gradient gel
electrophoresis (NGGE) using 4—20% gradient (D) followed by immunoblotting for apoE (E) or apoB (F). The gels were stained with Imperial
protein stain. Numbers indicate oxidation stages. Bar size in panel B is 40 nm.

Intact VLDL

Heated

FiGuRre 7: Effects of oxidation on the heat-induced changes in the
particle morphology. VLDL that were oxidized by Cu>* to stage 1 or
6 (indicated) were heated to 99 °C, cooled to 25 °C, and visualized by
negative staining EM. Bar size is 40 nm.

small spheroid particles, rather than stacks of “disks” character-
istic of nascent HDL that are devoid of lipid core and stack on
edge in negative stain (49). Thus, negative stain EM suggests that
the small particles formed upon VLDL oxidation contain apolar
core lipids and, hence, resemble mature HDL. Taken together,
our results indicate that apoE-containing spheroid HDL-size
particles can fission from VLDL not only upon TG hydrolysis or
heating but also upon extensive oxidation.

Next, VLDL were visualized by EM at various stages of
oxidation before and after heating to 98 °C. The EM data showed
that, similar to nonoxidized VLDL (37), mildly oxidized VLDL
undergo heat-induced morphologic transitions that involve lipo-
protein fusion, rupture, and fission of HDL-like particles that are
similar to those observed upon extensive oxidation (Figure 7B,C).
In contrast to intact or mildly oxidized VLDL that undergo
heat-induced rupture and coalescence into large lipid droplets
making the sample turbid (Figure 7B) (37), extensively oxidized
VLDL did not form large droplets (Figure 7C,D), and the sample
remained transparent even after overnight incubation at 98 °C.
This observation was consistent with the large reduction in the
amplitude of the thermal transition monitored by turbidity and
near-UV CD in extensively oxidized VLDL (stages 5 and 6 in
Figures 4 and 5) and clearly showed that extensive oxidation
hampers VLDL rupture. Taken together, our results revealed
that (i) moderate oxidation accelerates VLDL fusion and rup-
ture, while more extensive oxidation hampers these transitions
(Figures 4 and 5 and Supporting Information Figure S2) and
(i1) progressive oxidation promotes fission of small apoE-con-
taining particles (Figure 6 and Supporting Information Figure
S3) that are similar but probably not identical to HDL-like

particles generated upon VLDL heating (Figure 7B) or TG
hydrolysis by LpL (20—22, 37).

Biochemical Changes upon VLDL Oxidation. What is the
biochemical basis for the observed changes in structural stability
and morphologic transformations of oxidized VLDL? To test for
oxidative modifications in VLDL proteins, such as proteolysis
and cross-linking, VLDL were oxidized to stages 0—6 and
analyzed by SDS—PAGE followed by immunoblotting for apoE
or apoC-III (Figure 8). The results showed that, consistent with
many other studies summarized in ref 33, progressive oxidation
led to proteolysis of the full-size apoB (550 kDa) into fragments
(dotted box in Figure 8A) that were cross-linked into large
aggregates upon advanced oxidation (solid box in Figure 8A).
The size of these aggregates (~1000 kDa) suggested cross-linking
of apoB with the exchangeable proteins on the surface of one
VLDL particle. Furthermore, oxidation-induced proteolysis fol-
lowed by cross-linking of apoE was observed in our (Figure §B)
and in the earlier studies (50). At stage 1, a fraction of intact apoE
(32 kDa) was cleaved into two fragments, the N-terminal 22 kDa
and the C-terminal 10 kDa domain (indicated by * and **); this
was followed by protein cross-linking into 50—60 kDa aggregates
(stages 3 and 4, solid box in Figure 8B). At later stages (5 and 6),
these aggregates were not observed on the 12% gel, suggesting
that cross-linking to apoB converted them into much larger
aggregates that appeared upon advanced oxidation (stages 4—6,
solid box in Figure 8A). At any oxidation stage, a substantial
fraction of apoE migrated as a monomer that was not cross-
linked to other proteins on the VLDL surface and, hence, could
fission in the form of apoE-containing HDL. Furthermore, cross-
linking of apoC-III into 50—60 kDa aggregates observed at
oxidation stages 2—4, which was followed by the disappearance
of these aggregates at later stages, closely resembled the cross-
linking pattern of apoE (Figure 8B,C). Taken together, these
results suggest that a fraction of apoE and apoCs was cross-
linked into 50—60 kDa aggregates at oxidation stages 2—4,
followed by additional cross-linking to apoB and formation of
much larger aggregates on the particle surface at later stages of
oxidation (4—6, Figure 8A). This massive protein cross-linking
probably hampers VLDL rupture upon extensive oxidation
(stages 5 and 6 in Figures 4B,D and 5B and Supporting Infor-
mation Figures S2 and S4).

What oxidative modifications in VLDL lipids can influence
lipoprotein fission, fusion, and rupture? We used absorption
spectroscopy and thin-layer chromatography to characterize
VLDL at various stages of oxidation. The levels of carotenoids,
which are antioxidants in the lipoprotein core, were monitored by
the characteristic triple peak in the absorption spectrum at
420—520 nm (Figure 9, top) (ref 44 and references therein).
Progressive VLDL oxidation by Cu®" gradually reduced the
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FiGure 8: Oxidative changes in VLDL proteins assessed by SDS—PAGE. VLDL that were intact (0) or oxidized by OCI™ to stages 1—6 (shown
on the lane numbers) were analyzed. (A) 4% SDS—PAGE stained with Imperial protein stain; arrow indicates full-size apoB (B, 550 kDa);
dashed box illustrates apoB fragments. (B) 12% SDS—PAGE followed by immunoblotting for apoE; arrows indicate intact apoE (32 kDa) and its
N-terminal 22 kDa (*) and C-terminal 10 kDa (**) fragments. (C) 20% SDS—PAGE followed by immunoblotting for apoC-111; arrow indicates
apoC-III (8.8 kDa). Solid white boxes in all panels indicate cross-linked proteins.
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FIGURE 9: Oxidative changes in VLDL lipids monitored by absorp-
tion spectroscopy and thin-layer chromatography. VLDL were intact
(0) or oxidized by Cu*" (A) or OCI™ (B) to stages 1—6 (indicated).
Top panels: Visible absorption spectra show changes in the levels of
carotenoids in VLDL core upon oxidation. Bottom panels: TLC
shows changes in the levels of VLDL lipids, including TG, FFA, MG,
PE, and lyso-PC, upon oxidation.

amplitude of this peak, while OCI™ produced more abrupt
changes at stages 4 and 5, indicating consumption of carotenoids.
This antioxidant consumption was accompanied by oxidative
modifications to VLDL lipids. The most significant changes
detected by TLC upon progressive oxidation included (i) the
disappearance of phosphatidylethanolamine (PE), possibly due
to oxidation of the amino moiety followed by cross-linking,
(i) formation of lysophosphatidylcholine (lysoPC) and free fatty
acids (FFA) that are products of PC hydrolysis, (iii) increase in
monoacylglycerides (MG) upon oxidative hydrolysis of TG, and
(iv) increase in FFA that are products of PC, CE, and TG
hydrolysis (Figure 9, bottom). All these changes in lipid compo-
sition are consistent with the earlier studies of lipoprotein
oxidation (33). In Cu-treated VLDL these changes were gradual,
while in OCl-treated VLDL they were more abrupt and occurred
at later stages (Figure 9). This is consistent with direct action
of Cu* on the lipoprotein lipids, as opposed to the protein-
mediated action of OCI™. In summary, oxidative modifications
in VLDL lipids observed upon antioxidant consumption include
disappearance of PE and generation of lysoPC, FFA, and MG
upon hydrolysis of PC and TG. This is expected to importantly
affect VLDL remodeling and fusion, since even small amounts of

lipids with spontaneous negative curvature, such as PE or
unsaturated FFA, can accelerate fusion, while those with spon-
taneous positive curvature such as lysoPC promote fission of
small highly curved particles (49, 46). Furthermore, hydrolysis of
apolar lipids such as TG and their conversion into more polar
lipids, such as MG and FFA, will promote lipid movement from
the apolar core to polar surface, producing excess surface
material that is expected to promote fission.

DISCUSSION

Oxidation Modulates Lipoprotein Remodeling in Vitro.
This work reveals that oxidation alters the rate and the extent of
VLDL remodeling in a manner that depends on the degree of
oxidation but not on its specific mechanism. Thus, OCI™ that pre-
ferentially oxidizes proteins and Cu®" that preferentially oxidizes
lipids produce similar effects on VLDL structure, stability, and
morphologic transformations (Figures 3—7 and Supporting Infor-
mation Figures S1—S4). Therefore, these effects result from
lipoprotein modifications that are common to different oxidants
(such as lipid peroxidation, protein hydrolysis, cross-linking, etc.
(33), Figure 9) and reflect general properties of VLDL. Further-
more, the results of this and earlier studies (44, 45, 51) show that
the effects of oxidation on the structural stability and remodeling
of human HDL, LDL, and VLDL are distinctly different. In
contrast to LDL remodeling and fusion that is inhibited upon
progressive oxidation in vitro (45), but similar to fusion and rupture
of HDL (44), fusion and rupture of VLDL are accelerated at early
stages of oxidation but inhibited at more advanced stages (Figures 4
and 5 and Supporting Information Figure S2). Furthermore,
fission of HDL-size particles, which is unique to VLDL (37), is
promoted upon progressive oxidation (Figures 6—8 and Sup-
porting Information Figure S3).

Biochemical Basis. Reduced structural stability and acceler-
ated remodeling of VLDL upon mild oxidation by either agent
may result, in part, from oxidative modifications to the exchange-
able apolipoproteins. Modifications of Met and aromatic residues
observed in these proteins at early stages of lipoprotein oxidation
increase the polarity of these residues and thereby reduce the
hydrophobicity of the apolar lipid-binding faces of the amphi-
pathic a-helices in which these groups are located (refs 44, 51,
and 52 and references therein). As a result, protein affinity for
lipid is reduced, which facilitates protein dissociation from the
lipoprotein surface and fusion of the protein-depleted particles
(51,52). Furthermore, partial fragmentation of apoE into N- and
C-terminal domains observed by SDS—PAGE upon mild oxida-
tion in our (Figure 8B) and in the earlier studies (50) probably
promotes protein dissociation and lipoprotein fusion, since small
exchangeable proteins form less stable complexes with lipids than
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their larger counterparts (53). In addition, generation of FFA
upon oxidative lipolysis of PC, TG, and other lipids (Figure 9) is
expected to promote lipoprotein fusion and/or rupture (54).

Interestingly, extensive oxidation inhibits VLDL fusion and
rupture but promotes fission of small apoE-containing HDL-size
particles. In nonoxidized VLDL, fission of such particles is
observed only upon heating to about 80 °C (37), yet in extensively
oxidized VLDL small particles are formed at 37 °C (Figures 6 and
7 and Supporting Information Figure S3). The enhanced fission
is probably due to the combined effects of oxidative modifica-
tions to VLDL proteins and lipids. First, protein cross-linking at
the particle surface upon extensive oxidation, which was ob-
served by SDS—PAGE (Figure 8), is expected to inhibit VLDL
remodeling and fusion. Nonetheless, fission of HDL-like parti-
cles containing only exchangeable apolipoproteins, apoE and
apoCs (Figure 8), is facilitated by the fact that, even upon
extensive oxidation, a significant fraction of these proteins is
not cross-linked to the nonexchangeable apoB (Figure 8B, stages
5 and 6) and, hence, is free to dissociate from the parent
lipoprotein. One contributing factor to such fission is oxidative
hydrolysis of apolar core lipids, CE and TG, which produces
FFA, sterols, and MG (Figure 9). These relatively polar products
are expected to move from the particle core to surface, producing
excess surface material. A similar mechanism probably provides
the driving force for fission of apoE-containing HDL upon TG
hydrolysis by LpL. Furthermore, fission of small highly curved
particles upon VLDL oxidation is probably aided by formation
of IysoPC and depletion of PE (Figure 9). Due to its spontaneous
positive curvature, lysoPC prevents fusion and promotes fission
of lipid bilayers (55). Moreover, lysoPC in complex with PC can
spontaneously form small highly curved protein-free particles
(56). Hence, generation of lysoPC upon oxidation is expected to
stabilize small HDL-size particles. In contrast, PE has spontaneous
negative curvature that reduces free energy of the fusion transition
state and thereby promotes bilayer fusion (55, 57). Therefore,
progressive depletion of PE together with generation of lysoPC
upon extensive oxidation is expected to promote fission of small
particles.

In summary, fission of apoE-containing HDL-size particles
from VLDL upon progressive oxidation is facilitated by several
factors, such as (i) a fraction of monomeric apoE that is not cross-
linked to apoB, (ii) hydrolysis of apolar core lipids followed by
redistribution of lipolytic products such as FFA and MG from
core to surface, generating excess surface material, and (iii)
hydrolysis of PE and formation of lysoPC and FFA upon PC
hydrolysis. Furthermore, cross-linking of apoB and exchange-
able proteins on VLDL surface (Figure 8A) probably inhibits
VLDL fusion and rupture upon advanced oxidation.

Potential Implications for Lipoprotein Metabolism.
Moderate oxidation by OCI™ probably encompasses oxidative
conditions in the arterial wall (refs 24, 33, 41, 42, and 44 and
references therein); hence its destabilizing effect on VLDL has
potentially important metabolic implications. In many macro-
molecular systems, global destabilization tends to increase local
structural fluctuations that are often necessary for function. For
example, localized disorder in the membrane surface correlates
with the activity of phospholipase A, whose lipolytic action
requires protein insertion from the aqueous phase in the bi-
layer (58, 59). Furthermore, inverse correlation between the
function of HDL particles and their stability suggests that
moderate destabilization enhances HDL function, probably by
increasing local structural disorder in the lipoprotein surface, and
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thereby facilitating the insertion of plasma factors, such as lipases
and lipid transfer proteins, during metabolic lipoprotein remo-
deling (60). Similarly, the insertion of LpL in VLDL surface is
necessary for the hydrolysis of core TG, an obligatory rate-
limiting step in VLDL catabolism (Figure 1). Since mild oxida-
tion destabilizes VLDL (Figure 3A,B and Supporting Informa-
tion Figure S2), it is expected to accelerate LpL insertion and the
ensuing lipolysis. We propose that this may accelerate VLDL
metabolism and help to reduce the levels of circulating VLDL. At
the same time, reduction in VLDL stability is expected to
facilitate VLDL fusion, rupture and lipid droplet formation in
the arterial wall, which is proatherogenic (7, §).

A unique property of VLDL, which reflects the presence of
both exchangeable and nonexchangeable proteins in its surface, is
fission of small HDL-size particles. Such fission is observed in
response to various perturbations that shift the balance between
the VLDL core and surface. Thus, TG hydrolysis by LpL
produces excess surface material that fissions in the form of
apoE-containing HDL. Similarly, oxidative hydrolysis of core
lipids probably contributes to fission of HDL-size particles upon
VLDL oxidation. Fission of small apoE-containing particles
from VLDL upon LpL reaction, heating (37), and/or oxidation
(Figures 6 and 7 and Supporting Information Figure S3) implies
that such particles form kinetically stable assemblies that are
recurring motifs during VLDL remodeling.

Taken together, our results prompt us to hypothesize that mild
oxidation that does not impair the ability of apoC-II to activate
LpL may accelerate the major rate-limiting step in VLDL
remodeling, which involves LpL insertion into VLDL and the
ensuing TG hydrolysis, followed by fission of apoE-containing
HDL. Mild oxidation, which also involves TG hydrolysis and
fission of apoE-containing HDL-size particles, is expected to be
synergistic with this step and, hence, accelerate VLDL remodeling.
Hence, VLDL stability must be delicately balanced to allow rapid
metabolic remodeling by LpL, which is antiatherogenic, yet mini-
mize VLDL fusion in the arterial wall, which is proatherogenic.
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