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Ischemic injury to brain is associated with both dis-
ruption of the blood-brain barrier and increased ox-
idative stress. Given the neurotoxicity associated with
exposure to oxidized low-density lipoprotein (oxLDL)
in vitro , we tested the hypothesis that oxLDL may be
present in parenchymal cells of cerebrum after in-
farction and that oxLDL may influence the patho-
physiology of cerebral infarction. Our results showed
that the subacute phase of cerebral infarction in pa-
tients was characterized by the appearance of oxLDL
epitopes in astrocytes, but not neurons or microglia,
in the perinecrotic zone. We further demonstrated
that minimally oxLDL was most effectively internal-
ized by primary cultures of rat astrocytes, and that
exposure to minimal oxLDL stimulated astrocyte in-
terleukin-6 secretion but did not alter nitric oxide
production. These results demonstrate for the first
time that oxLDL is present in brain parenchyma of
patients with ischemic infarction and suggest a poten-
tial mechanism by which oxLDL may activate innate
immunity and thereby indirectly influence neuronal
survival. (Am J Pathol 2004, 164:1173–1181)

Lipoproteins are complex structures that orchestrate lipid
trafficking through direct interaction with cell membranes
and through receptor-mediated processes with apoli-
poproteins. Low-density lipoprotein (LDL) and its major
apolipoprotein, apoB, are prone to oxidation in circulation
and the resultant oxidized (ox)LDL is thought to be a key
element in atherogenesis.1 Increasing evidence shows
that oxLDL is internalized by or activates cell-surface
receptors on endothelial cells, vascular smooth muscle
cells, and monocytes/macrophages, and thereby alters
several cellular functions that can culminate in cell
death.2 Indeed, oxLDL is cytotoxic to many cell types in
culture primarily through these receptor-dependent pro-

cesses. Importantly, the pathophysiology of oxLDL is
much more complicated than simply inducing death in
cultured cells; oxLDL also affects leukocyte adhesion,
motility of various cell types, growth factor production,
and activation of innate immunity.3

In our original description of central nervous system
(CNS) lipoproteins from patients with Alzheimer’s disease
(AD), we detected disease-related changes in lipids that
are consistent with increased oxidation of CNS lipopro-
teins compared to age-matched controls.4 We subse-
quently demonstrated that minimally oxidized human ce-
rebrospinal fluid lipoproteins are toxic to cultured
neurons, establishing that oxidation of lipoproteins nor-
mally residing in the CNS is capable of inducing neuron
cell death in culture.5,6 Similarly, others have demon-
strated neuronal cytotoxicity from oxLDL. Specifically,
oxLDL mediates time- and dose-dependent cytotoxicity
to primary cultures of embryonic rodent cerebral and
hippocampal neurons but not astrocytes or microglia.7,8

Unlike experiments with minimally oxidized cerebrospinal
fluid lipoproteins, these experiments with oxLDL did not
include characterizing the extent of LDL oxidation, a vari-
able known to significantly impact biological activity.

The CNS produces astrocyte-derived lipoproteins that
circulate in extracellular fluid of brain and cerebrospinal
fluid and are distinctly separated from their plasma coun-
terparts by the blood-brain barrier (BBB).9 Indeed, al-
though astrocytes can produce lipoproteins with varying
densities including some that have densities similar to
LDL, multiple laboratories have repeatedly shown that
neither apoB mRNA nor protein is present in the devel-
oped CNS of several species, including humans, dem-
onstrating the incapacity of CNS cells to produce apoB-
containing lipoproteins, such as LDL.4,10,11 These data
question the relevance of oxLDL as an effector of neuro-
degeneration in AD. In contrast, ischemic injury to brain
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clearly is associated with disruption of the BBB,12 raising
the possibility of exposing the CNS to plasma lipopro-
teins. In combination with disruption of the BBB, numer-
ous studies have associated cerebral infarction with in-
creased oxidative stress derived from glia, neurons, and
endothelium.13 Given that CNS infarction is associated
with BBB disruption and increased oxidative stress, we
tested the hypothesis that oxLDL, a known neurotoxin in
cell culture, would be incorporated into cells in the vicinity
of ischemic damage and that this interaction may alter
the pathophysiology of infarct progression.

Materials and Methods

Patient Material

Cases were selected by timing of cerebral cortical infarct
relative to death as acute (less than 1 day), subacute
(between 1 day and 2 weeks), and remote (greater than
1 month); otherwise cases were chosen randomly from
autopsy files. Characteristics of the patients are given in
Table 1. All tissue was fixed in formalin for 10 to 14 days,
dissected, and blocks embedded in paraffin. Histopatho-
logical grading of infarcts was performed using estab-
lished criteria with hematoxylin and eosin-stained tissue
sections.14 Also analyzed were sections of hippocampus
and temporal cortex from five patients with AD as classi-
fied by National Institute on Aging–Reagan Institute cri-
teria.15

Immunohistochemistry

Immunohistochemistry for oxLDL epitopes was per-
formed with two different widely used antibodies. The first
was rabbit polyclonal anti-hypochlorite oxLDL antibody
(AB3232) from Chemicon (Temecula, CA) that is highly
specific for immunohistochemical analysis of oxLDL
epitopes. The second antibody was a mouse monoclonal
anti-Cu2�-oxLDL antibody (OB/04) with demonstrated
high specificity for oxLDL that also has been used for
immunohistochemical analysis of atherosclerotic le-
sions.16 Both antibodies gave identical results in our
studies. Other primary antibodies included anti-glial fibril-

lary acidic protein, anti-CD68, and anti-4-hydroxy-2-non-
enal (HNE) protein adduct antibodies used exactly as
previously described, as was the protocol for single- and
double-antigen detection.17,18

DiI Labeling

Human LDL was purchased from Calbiochem (La Jolla,
CA) and 1,1�-dioctadecyl-3,3,3�,3� tetramethylindocarbo-
cyanine perchlorate (DiI) was purchased from Molecular
Probes (Eugene, OR). To label LDL with DiI, 1 mg of LDL
and 100 �l of 3-mg DiI/ml dimethyl sulfoxide were
brought up to 1 ml in phosphate-buffered saline (PBS),
incubated at 37°C for 16 hours, passed through a
0.22-�m filter, and desalted using a PD-10 column (Am-
ersham, Piscataway, NJ).

Oxidation

AAPH (2,2�-azobis(2-amidinopropane) dihydrochloride)
(Sigma, St. Louis, MO) was incubated at 37°C with DiI-
labeled LDL (DiI-LDL) under the following three condi-
tions: 1 mmol/L AAPH for 5 hours (DiI-oxLDL-L), 1 mmol/L
AAPH for 16 hours (DiI-oxLDL-M), or 10 mmol/L AAPH for
16 hours (DiI-oxLDL-H). After oxidation, each DiI-oxLDL
preparation was subjected to extensive dialysis against
five changes of PBS for 24 hours at 4°C followed by
centrifugation using Centricon YM-100 (Millipore, Bed-
ford, MA) and filter sterilization. To ensure that AAPH
oxidation did not affect DiI fluorescence, fluorescence
was compared between DiI-LDL and the three different
DiI-oxLDL preparations. Fluorescence intensity was
quantified using the procedure of Teupser and col-
leagues19 with minor modifications. Samples were dis-
solved in lysis buffer containing 0.1% sodium dodecyl
sulfate and 0.1% NaOH for 1 hour. Fluorescence was
measured in 2-�l duplicates of lysate using a fluores-
cence plate reader (Spectra Max 250; Molecular De-
vices, Sunnyvale, CA) with excitation and emission wave-
lengths at 520 and 580 nm, respectively. Data were
corrected for autofluorescence of the lysis buffer and
normalized for protein concentration. DiI fluorescence
was not significantly different among all groups, indicat-
ing that AAPH oxidation did not affect the intensity of DiI
fluorescence.

�-Tocopherol Analysis

�-Tocopherol levels were quantified by reverse-phase,
high-performance liquid chromatography. Five �l of in-
ternal standard, 1 mmol/L �-tocopherol acetate, was
added to 300 �l of DiI-LDL or DiI-oxLDL sample. Three
hundred �l of methanol was then added and the mixture
vortexed for 30 seconds. Nine hundred �l of high-perfor-
mance liquid chromatography grade hexane was added,
and the mixture was vortexed vigorously for 2 minutes
and centrifuged briefly to separate phases. The organic
phase was transferred to another tube and evaporated
under a stream of nitrogen in a 37°C water bath. The
residue was suspended in 150 �l of ethanol, and 40 �l of

Table 1. Patient Information Grouped by Type of Infarct

Type of
infarct

Age
(years) Gender Underlying disease

Acute 48 M Gastrointestinal hemorrhage
72 M Myocardial infarction
87 F Myocardial infarction

Subacute 1.5 F Disseminated intravascular
coagulation

25 F Systemic lupus erythematosis
44 F Pancytopenia
59 M Acute leukemia
65 M Metastatic carcinoma
66 F Hypertension/pneumonia

Remote 42 F Systemic lupus erythematosis
61 M Lymphoma
63 M Cirrhosis
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this was injected onto the chromatographic column. The
high-performance liquid chromatography system con-
sisted of a Shimadzu (Columbia, MD) LC-10ADvp pump,
a C18 reverse-phase column, and a Shimadzu RF-10Axl
fluorescence detector. Samples were eluted with 100%
methanol (mobile phase) at a flow rate of 1 ml/min. The
fluorescence detector was set to monitor wavelengths of
emission at 292 nm and excitation at 335 nm. �-Tocoph-
erol levels were determined by comparing the area of
each sample to that of the internal standard.

Quantification of F2-Isoprostanes and Isofurans

F2-isoprostanes (F2-IsoPs) and isofurans (IsoFs) were
quantified by stable isotope dilution gas chromatogra-
phy/negative ion chemical ionization/mass spectrometry
(GC/NICI/MS) as previously described.20,21 Samples
were homogenized using a Brinkmann polytron motor-
ized tissue grinder, and lipids were extracted using the
Folch method (chloroform:methanol 2:1 v/v) supple-
mented with 0.005% (w/v) butylated hydroxytoluene to
prevent auto-oxidation. After evaporation to dryness un-
der nitrogen, lipids were hydrolyzed with 15% (w/v) po-
tassium hydroxide to release esterified F2-IsoPs and
IsoFs, and the internal standard [2H4]15-F2t-IsoP added
to the samples. These products were then extracted us-
ing C18 and silica Sep-Paks, derivatized to pentafluoro-
benzyl esters, further purified by thin-layer chromatogra-
phy, and derivatized to trimethylsilyl esters. These
derivatives were analyzed by selected ion monitoring
GC/NICI/MS of m/z 569 for F2-IsoPs, m/z 585 for IsoFs,
and m/z 573 for the internal standard [2H4]15-F2t-IsoP.

Apolipoprotein B (ApoB) Western Blot Analysis

DiI-LDL and DiI-oxLDLs were diluted with 2� Laemmli
buffer and boiled for 10 minutes. The samples were sub-
jected to 5% Tris-HCl sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, transfer, and Western blotting
for analysis of protein degradation. Rabbit polyclonal
antibody against apoB (Biodesign, Saco, ME) was used
at a dilution of 1:1000. Horseradish peroxidase-conju-
gated goat anti-rabbit antibody (Amersham) was used as
secondary antibody. Immunoreactivity was visualized
with enhanced chemiluminescence (Amersham).

Rat Astrocyte Primary Cultures

Rat primary astrocytes were derived from cerebral corti-
ces of neonatal (postnatal day 3) Sprague-Dawley rats
(Charles River, Wilmington, MA). The procedure is
adopted from Ye and Sontheimer22 with slight modifica-
tions. Tissues were dissected in ice-cold Dulbecco’s
modified Eagle’s medium (Life Technologies, Inc., Carls-
bad, CA). Enzyme solution containing Dulbecco’s modi-
fied Eagle’s medium, 0.5 mmol/L ethylenediaminetet-
raacetic acid (Sigma), 0.2 mg/ml of L-cysteine (Sigma),
30 U/ml papain (Worthington, Lakewood, NJ), and 200
�g/ml of Dnase I (Worthington) was used. Cells were
seeded on 0.001% poly-L-ornithine (Sigma)-coated T-175

plates (Sarstedt, Newton, NC) with Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum (Hy-
clone, Logan, UT) and penicillin/streptomycin (Sigma).
After 14 to 18 days in culture, astrocytes were trypsinized
and plated onto chambered cover glasses (Lab-Tek, Na-
perville, IL) and incubated for 48 hours before treatments.

Exposure to DiI-LDL or DiI-oxLDL

DiI-LDL or DiI-oxLDL was applied to all astrocyte cultures
at 20 �g of protein/ml of culture medium without fetal
bovine serum for 24 hours. Four separate experiments for
each treatment were performed. After treatment, culture
medium was collected and stored at �20°C for interleu-
kin (IL)-6 and nitric oxide assays, while cells were
washed with PBS and fixed with 4% paraformaldehyde in
PBS for cell count, DiI uptake quantification, and immu-
nocytochemistry. To evaluate cell death, cell number in
all groups was determined by counting nuclei counter-
stained with 4�,6-diamidino-2-phenylindole-containing
mounting medium (Molecular Probes). Triplicate images
from each experimental group were randomly taken us-
ing Nikon TE200 fluorescent inverted microscope (Merid-
ian Instrument, Kent, WA). Images were printed and nu-
clei counted manually. Cell count was not significantly
different among all groups.

Quantification of DiI-LDL Uptake

Three images of paraformaldehye-fixed culture were ran-
domly taken with a confocal microscope and two photon
imaging system. Images were collected at a wavelength
of 580 � 10 nm using a krypton laser, and the imaging
system was programmed at identical settings using a
�25 objective. Images were edited and subjected to
analysis using MetaMorph imaging software (Universal
Imaging Corporation, Downingtown, PA). Standard com-
petition experiments using DiI-LDL plus a 10-fold higher
concentration of unlabeled LDL were performed to con-
firm that DiI uptake was not because of free DiI, and
indeed excess LDL inhibited DiI uptake �95%. These
experiments were limited to a 2-hour incubation because
longer incubation of astrocytes with this high concentra-
tion of LDL (200 �g protein/ml) was cytotoxic.

Co-Localization of oxLDL Epitope, DiI-LDL, and
Cholesterol

Paraformaldehyde-fixed astrocyte cultures were washed
with PBS and incubated with anti-oxLDL antibody
AB3232 (described above) at a dilution of 1:100 followed
by secondary antibody conjugated to Alexa Fluor 633
(Molecular Probes). The antibody solution also contained
filipin (Sigma) at 100 �g/ml for staining free cholesterol.
Images were taken using confocal microscopy as de-
scribed above by collecting fluorescent emissions at
580 � 10, 500 � 10, and 649 � 10 nm from DiI, filipin,
and Alexa Fluor 633, respectively.
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IL-6 Assay

Secreted IL-6 levels were determined using a rat IL-6
enzyme-linked immunosorbent assay kit (Biosource Int.,
Camarillo, CA). Quantification was performed using a
microplate reader according to the manufacturer’s in-
structions. As a positive control for IL-6 secretion, lipo-
polysaccharide (LPS, Sigma) was added to astrocytes at
100 ng/ml for 24 hours and medium collected as de-
scribed above. Competition experiments with excess un-
labeled LDL could not be performed because high con-
centrations of LDL are cytotoxic to astrocytes after
prolonged (in this case 24 hours) incubation, as ex-
plained above for quantification of DiI uptake.

Nitric Oxide Assay

Medium concentrations of nitrate and nitrite were deter-
mined using a nitric oxide assay kit (Oxis Int., Portland,
OR). Briefly, nitrate is first converted to nitrite, and then
total nitrite is measured as an indicator of nitric oxide
production.

Statistical Analysis

Data were analyzed using GraphPad Prism (San Diego,
CA) software. Analysis of variance was used to test sig-
nificance between groups. Bonferroni multiple compari-
sons were used for post hoc tests. � was set at 0.05.

Results

To test the hypothesis that oxLDL is incorporated into
cells in the vicinity of ischemic damage we undertook
immunohistochemical analyses of oxLDL epitopes in au-
topsy samples of cerebral infarcts from 12 patients (Table
1). Age of infarct was classified as acute (up to 1 day
old), subacute (more than 1 day and less than 2 weeks
old), or remote (longer than 1 month old) using clinical
history and standard histopathological criteria.14 Acute
infarcts showed minimal structural alterations other than
tissue edema and occasional hypereosinophilic neurons.
Subacute infarcts all showed a necrotic core of partially
liquefied tissue with dense macrophage infiltrate sur-
rounded by a perinecrotic zone of partial neuron necrosis
and markedly reactive glia. Remote infarcts showed a
partially to fully cavitated lesion surrounded by a rim of
tissue primarily depleted of neurons and containing
chronic reactive astrocytes. In all cases, histopathologi-
cal timing of the infarct corresponded to clinical history of
stroke. Tissue sections from cerebrum uninvolved by in-
farct were histologically normal.

Immunohistochemical evaluation of cerebral infarct tis-
sue sections for oxLDL epitopes using anti-oxLDL anti-
body AB3232 showed distinct differences among cell
types and infarct age. Tissue sections of cerebrum not
involved by infarct did not show immunoreactivity. Acute
ischemic damage also typically did not yield immunore-
activity, although a few scattered immunoreactive astro-
cytes were identified. In subacute ischemia, intensely

oxLDL-immunoreactive cells with the morphological fea-
tures of reactive astrocytes formed a rim surrounding the
necrotic core (Figure 1A). Higher power magnification of
oxLDL-immunoreactive cells in the perinecrotic zone de-
tails their reactive astrocyte morphology (Figure 1B). An-
other high-power image showing oxLDL-immunoreactive
cells in the perinecrotic zone were also immunoreactive
for glial fibrillary acidic protein (Figure 1C). We did not
observe cells with the morphological features of microglia
that were immunoreactive for oxLDL, nor did oxLDL im-
munoreactivity co-localize with CD68 immunoreactivity
(not shown). Although there was substantial neuron loss
in the perinecrotic zone of subacute infarcts, those neu-
rons remaining were not immunoreactive for oxLDL
epitopes (Figure 1A). The oxLDL immunoreactivity was
restricted to the perinecrotic zone and did not extend out
to histologically normal-appearing cerebrum in the same
tissue section. Within this zone, the walls of small arte-
rioles, often with hyalinization, also showed immunoreac-
tivity for oxLDL epitopes (Figure 1D). There were no
apparent differences with respect to differing ages of
patients or underlying disease. No oxLDL immunoreac-
tivity was observed in any section of remote infarct. Im-
munohistochemical results using anti-oxLDL antibody
OB/04 were identical. Thus, immunoreactivity for oxLDL
epitopes was localized to reactive astrocytes and arte-
riole walls in the perinecrotic zone of subacute infarcts.

Because the zone where we observed increased ox-
LDL immunoreactivity in astrocytes has likely been ex-
posed to high level of oxidative stress, it was possible
that the immunoreactivity we observed was the result of
cross-reaction of oxLDL antibody with other oxidized pro-
tein epitopes. To verify that the oxLDL antibodies were
not recognizing oxidized protein epitopes in general, we
tested our antibodies on tissue known to be abundant in
products of oxidative damage. Previously we and others
have used a variety of antibodies to oxidized protein
epitopes and protein carbonyls in AD brain and have
localized immunoreactivity primarily to pyramidal neuron
soma and neuropil in diseased regions of cerebrum.23 In
our case, we have used antibodies that specifically rec-
ognize HNE-protein adducts.4,18 This time we compared
anti-HNE and anti-oxLDL immunoreactivity in tissue sec-
tions from diseased regions of brain from five patients
with AD; these tissue sections were taken from the medial
temporal lobe including hippocampus and entorhinal
cortex, the last showing the most extensive astrogliosis in
AD brain. As expected, there was extensive HNE immu-
noreactivity present (Figure 2A); however, there was no
immunoreactivity with either oxLDL antibody AB3232
(Figure 2B) or OB/04 (not shown) in sections from any AD
patient. Conversely, we performed immunohistochemis-
try using anti-HNE protein adduct antibody on tissue
sections from the subacute infarcts studied above. In
agreement with what others have described for HNE
immunoreactivity after ischemia to cerebrum,24 we ob-
served immunoreactivity localized to cytoplasm of the
remaining neurons and neuropil in the perinecrotic zone,
but not astrocytes (not shown). Taken together, these
results confirmed that the oxLDL antibodies used here
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recognized specific epitopes and not oxidized protein in
general.

Because our immunohistochemical results indicated
that oxLDL epitopes were incorporated into astrocytes in
the perinecrotic zone of subacute infarcts, we next un-
dertook a series of experiments with oxLDL and primary
cultures of astrocytes to confirm in vitro that oxLDL was
internalized by astrocytes and to determine whether this
had pathophysiological significance. The first step in
these experiments was to prepare and characterize LDL
oxidized to different extents. We used a standard method

of AAPH-mediated oxidation to yield controlled, low-level
free radical flux.25 LDL was first labeled with the lipophilic
fluorescent dye DiI (DiI-LDL) and then oxidized under
three different conditions: 1 mmol/L AAPH for 5 hours
(DiI-oxLDL-L), 1 mmol/L for 16 hours (DiI-oxLDL-M), and
10 mmol/L AAPH for 16 hours (DiI-oxLDL-H) to achieve
different levels of oxidation. DiI fluorescence as detected
by fluorometry was not altered by oxidation (not shown).
To characterize the extent of oxidative damage to the
three preparations, we quantified �-tocopherol as a mea-
sure of antioxidant capacity, F2-IsoPs and IsoFs as mark-

Figure 1. Immunohistochemical detection of oxLDL epitopes in subacute cerebral infarcts using anti-oxLDL antibody AB3232 and hematoxylin counter stain. A:
Necrotic core (bottom) is surrounded by oxLDL immunoreactive cells (brown chromogen). B: Higher magnification of A showing oxLDL immunoreactivity in
soma and processes of reactive astrocytes. C: Reactive astrocytes in the perinecrotic zone show both oxLDL epitopes (brown chromogen) and glial fibrillary acidic
protein (red chromogen). D: OxLDL (brown chromogen) immunoreactivity with thickened arteriole wall. Original magnifications: �100 (A); �600 (B); �200 (D).

Figure 2. Immunohistochemical detection of
anti-HNE protein adducts (A) and oxLDL
epitopes (B) in hippocampal sections from a
patient with AD. AB3232 was used for oxLDL.
Immunoreactivity was visualized with diamino-
benzidine as chromogen substrate (brown) on
sections counterstained with hematoxylin. Orig-
inal magnifications, �600.
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ers of lipid peroxidation, and altered apoB immunoreac-
tivity as a marker of protein damage (Table 2 and Figure
3). F2-IsoPs are well-known quantitative biomarkers of
lipid peroxidation derived from arachidonic acid. IsoFs
are recently described products of the same pathway
whose formation is favored over IsoPs under conditions
of increased oxygen tension, such as cell culture exper-
iments and ex vivo oxidation, as occurred in the experi-
ments described here.21 LDL oxidation displayed the
expected sequence of well-described changes.26 DiI-
oxLDL was oxidized under three different conditions that
yielded increasingly damaged LDL, as evidenced by
consumption of �-tocopherol, increase in F2-IsoPs and
IsoFs, and degradation of apoB immunoreactivity. It is
noteworthy that F2-IsoPs were lower in DiI-oxLDL-H com-
pared to DiI-oxLDL-M; decreasing F2-IsoPs in extensively
oxidized LDL has been observed previously27 and likely
results from further oxidation of IsoPs under these ex-
treme conditions.

We incubated cell cultures of primary astrocytes with
one of these oxidized DiI-LDL preparations or DiI-LDL for
24 hours. Cell counts were performed to evaluate cell
death during treatments. Results showed that there was
no significant difference in cell number among groups, in
accord with results of others showing lack of astrocyte
cytotoxicity when exposed to oxLDL.7,8 We then mea-
sured DiI-oxLDL uptake by astrocytes using confocal
microscopy to determine the amount of DiI incorporated

into cells (Figure 4) and compared it to DiI-LDL uptake
(control). DiI uptake in cells exposed to DiI oxLDL-L was
reduced to 5.7 � 0.7% of control, while DiI-oxLDL-M
uptake was reduced to 0.9 � 0.1% of control, and uptake
of DiI-oxLDL-H was undetectable.

To confirm that the DiI uptake we observed with DiI-
oxLDL-L represented oxLDL uptake and not a residual
nonoxidized component of the DiI-oxLDL-L preparation,
we performed immunocytochemical analysis on astro-
cytes exposed to DiI-oxLDL-L or DiI-LDL using one of the
antibodies (AB3232) from the human tissue studies de-
scribed above. Analysis by confocal microscopy showed
that the oxLDL epitope was detected within astrocytes
exposed to DiI-oxLDL-L (Figure 5A), and that this epitope
co-localized with DiI label and the majority of filipin stain
for cholesterol, consistent with the uptake of cholesterol-
rich DiI-oxLDL-L by astrocytes. In contrast, the small
amount of immunoreactivity to the oxLDL epitope we
observed in astrocytes exposed to DiI-LDL was not
greater than background levels (Figure 5B).

One effect of oxLDL thought to be important to athero-
genesis is its ability to modify the secretion of specific
cytokines such as IL-6 by monocytes and macro-
phages.28 In addition, astrocytes are the major source of
IL-6 in brain and astrocyte-secreted IL-6 has been pro-
posed to influence neuronal survival during ischemic in-
farction.29 Therefore we next determined whether expo-
sure to DiI-oxLDL stimulated astrocyte IL-6 secretion into
cell culture medium (Figure 6). Untreated astrocytes did
not secrete any detectable IL-6, whereas exposure to
LPS as a positive control markedly increased IL-6 secre-
tion (P � 0.001). Exposure to DiI-oxLDL-L stimulated
astrocyte IL-6 secretion to the same extent as LPS,
whereas exposure to DiI-oxLDL-M or DiI-oxLDL-H led to
little or no detectable IL-6 secretion, respectively. Inter-
preting the progressively smaller increase in IL-6 secre-
tion with increasing oxidation of DiI-LDL in light of the
DiI-uptake data (Figure 4) strongly suggests that expo-

Table 2. Biochemical Changes in Dil-oxLDL with Low (-L),
Medium (-M), or High (-H) Oxidation

Particle
�-Tocopherol
(% control)

F2-IsoPs (ng/
mg protein)

IsoFs (ng/mg
protein)

DiI-LDL 100 � 3.8 11 � 3 16 � 6
DiI-oxLDL-L 62.8 � 0.9* 49 � 3* 80 � 8*
DiI-oxLDL-M 73.7 � 0.7* 66 � 6* 109 � 17*
DiI-ox-LDL-H 23.8 � 1.8* 27 � 4* 102 � 16*

Analysis of variance for all three measures was statistically
significant (P �0.05).

*, P�0.05 compared to DiI-LDL using Bonferroni-corrected repeated
pair comparisons.

Figure 3. Representative Western blot of apoB from unlabeled LDL, DiI-LDL,
and DiI-oxLDL with low (-L), medium (-M), or high (-H) oxidation. Unla-
beled LDL and DiI-LDL had similar apoB immunoreactivity. DiI-oxLDL-L had
reduced apoB antigenicity and increased low-molecular weight species con-
sistent with protein degradation, whereas apoB immunoreactivity was greatly
diminished in DiI-oxLDL-M and completely absent in DiI-oxLDL-H.

Figure 4. DiI-oxLDL uptake by astrocytes after 24-hour exposure was mea-
sured by comparing the intensity of intracellular DiI fluorescence to that of
astrocytes exposed to DiI-LDL using confocal microscopy as described in
Materials and Methods. Data are expressed as percent control of DiI-LDL and
are mean � SEM for three separate experiments. Analysis of variance for all
four groups was statistically significant (P�0.0001). *, P�0.001 for Bonfer-
roni-corrected repeated pair comparisons with DiI-LDL.
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sure to oxLDL itself was not sufficient to cause IL-6 pro-
duction, but rather that some oxLDL cellular uptake was
required to stimulate IL-6 secretion. Interestingly, DiI-LDL
stimulated IL-6 secretion over untreated controls to levels
approximately one-third that of DiI-oxLDL-L.

Because of the central role of increased activity of
nitric oxide synthases in the pathogenesis of cerebral
ischemia, we also determined astrocyte nitrate and nitrite
(assayed together) concentrations as an indicator of ni-
tric oxide production in the same medium as that used for
the IL-6 assay. Nitrate/nitrite levels in untreated controls
were 2.51 � 0.10 �mol/L. Levels after LPS, DiI-LDL, or
DiI-oxLDL-L exposure were 3.03 � 0.14, 2.85 � 0.14, or
2.57 � 0.14 �mol/L, respectively (n � 4 in all experi-
ments). Only LPS-treated cultures were significantly dif-
ferent from controls (P � 0.05).

Discussion

We tested the hypothesis that oxLDL is generated during
cerebral infarction and thus may contribute to its patho-
genesis. Our results from two widely used and well-char-
acterized antibodies that specifically recognize oxLDL
epitopes showed immunoreactivity localized to soma and
processes of reactive astrocytes and arteriole walls in the
perinecrotic zone of subacute infarcts. Importantly, no
immunoreactivity was observed with neurons or micro-
glia. Subsequent experiments showed that primary cul-
tures of astrocytes internalized oxLDL-L and this was
associated with increased secretion of IL-6, but no
change in nitric oxide production.

Immunoreactivity for oxLDL epitopes was minimal in
acute infarcts, abundant in the perinecrotic zone of sub-
acute infarcts, and not detectable in remote infarcts. The
mechanistic basis for this sequence is not clear but one
possibility is that it may be related to the confluence of
two processes: disruption of the BBB and increased free
radical generation. BBB disruption after infarction is a
complex process but its progression can be approxi-
mated by vasogenic edema, which is caused by in-
creased permeability of the BBB. The time course of
vasogenic edema after cerebral infarction is well de-
scribed in patients and experimental animals and is sim-
ilar to what we observed with oxLDL immunoreactivity:
minimal effect in the first hours after infarction that then
progressively increases throughout the next several days
and returns to normal throughout a few weeks.30 Al-
though the time course of free radical generation is not as
well characterized in patients with cerebral infarction, it
has been investigated in detail in rodent models of cere-
bral ischemia in which there is a delay of several hours
after infarction followed by significantly increased free
radical generation that then peaks �2 days after infarc-
tion.31 Another possibility is that, at least for those pa-
tients with underlying diseases that suggest increased
levels of circulating oxLDL, ischemic injury may have

Figure 5. Co-localization of oxLDL epitope, DiI label, and cholesterol in astrocytes exposed to DiI-oxLDL-L (A) or DiI-LDL (B) for 24 hours. Antibody AB3232
(blue) and filipin (green) were used to localize oxLDL epitope and cholesterol, respectively. DiI in these images is red. Purple/pink depicts co-localization of DiI
and oxLDL. White depicts co-localization of all three molecules. A: OxLDL immunoreactivity co-localized with DiI and the majority of filipin staining in astrocytes
exposed to DiI-oxLDL-L. B: DiI predominantly co-localized with filipin in cells exposed to DiI-LDL. There was also a small amount of immunoreactivity for oxLDL;
however, this was not greater than background levels.

Figure 6. IL-6 concentrations were determined in culture media after a
24-hour incubation of astrocytes with LPS, DiI-LDL, or DiI-oxLDL with low
(-L), medium (-M), or high (-H) oxidation. Untreated astrocytes had no
detectable IL-6. Data are presented as mean � SEM for n � 3 separate
experiments. Analysis of variance was statistically significant for the six
groups (P � 0.0001). *, P � 0.001 for Bonferroni-corrected repeated pair
comparisons.
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permitted entry of circulating oxLDL into cerebral arte-
rioles and CNS rather than oxLDL being formed locally.
The lack of oxLDL epitopes in remote infarcts may be
because of reversal of both BBB disruption and in-
creased free radical generation, coupled with proteolytic
degradation of oxLDL epitopes previously incorporated
into astrocytes.

Although others have shown that oxLDL can be toxic to
neurons in culture,7,8 we did not observe any oxLDL
immunoreactivity in neurons. However, drawing conclu-
sions about the role of oxLDL in neuron death from our
study of postmortem tissue is limited because large num-
bers of neurons die within minutes of cerebral infarction.
Although their remains are detectable histologically for
days, evidence of neuronal oxLDL immunoreactivity may
not remain. Nevertheless, there were some surviving neu-
rons, albeit greatly reduced in number, in the perinecrotic
zone; although none of these were immunoreactive for
oxLDL epitopes, they were immunoreactive for HNE, in-
dicating that oxidative damage to neuronal proteins oc-
curred. If these neurons were characteristic of those that
died, then our results call into question the relevance of in
vitro studies demonstrating direct neurotoxicity from ox-
LDL. If these surviving neurons were different from those
that died, perhaps in their inability to take up oxLDL, then
our results cannot be extended to evaluate the relevance
of previous cell culture experiments. Thus, although our
results from postmortem studies cannot discern whether
or not oxLDL directly contributed to neuron death, they
do indicate that the surviving neurons, despite evidence
of oxidative damage from HNE, did not contain oxLDL
epitopes.

In contrast to a potential direct effect of oxLDL on
neuronal survival, our results indicated that oxLDL was
internalized by astrocytes, both in human brain and in rat
primary cultures. Therefore, we assayed IL-6 and nitric
oxide levels in culture medium as indicators of astrocyte
activation because IL-6 is the major cytokine produced
by astrocytes and activation of nitric oxide synthases is
thought to be central to the pathogenesis of cerebral
ischemia.29 Our results showed that of the two, only IL-6
secretion was modified by oxLDL. The role of IL-6 in
activation of innate immunity in brain has been described
in a number of pathological conditions, including isch-
emic stroke. Increased cerebrospinal fluid IL-6 levels are
significantly correlated with infarct size and functional
recovery in patients.32–34 Unfortunately, evaluation of
changes in IL-6 in postmortem tissue from patients with
stroke is confounded by the acute transient nature of IL-6
elevation; rodent models have shown that IL-6 mRNA in
ischemic cerebral cortex is first significantly increased at
3 hours, peaks at 12 hours, and returns to baseline at
�24 hours after infarction.35 Despite these associations
between IL-6 production and cerebral ischemia, mice
lacking the gene for IL-6 do not have significantly differ-
ent infarct size or neurological function 24 hours after
focal cerebral ischemia.36 One possible explanation for
this apparent paradox is that increased IL-6 production
may contribute to pathogenic events that occur later.
Alternatively, IL-6 may be a marker of activated innate

immunity in patients but may not directly contribute to
infarct pathogenesis.

Although our cell culture results clearly cannot resolve
the precise role of IL-6 in infarct progression in vivo, they
are important in the interpretation of our oxLDL uptake
results. First, they indicate that the effect of ox-LDL on
IL-6 secretion derives from oxLDL uptake; indeed, there
was a striking correlation between the extent of uptake of
oxLDL and the magnitude of IL-6 secretion among the
three different preparations of oxLDL. In contrast, al-
though LDL-exposed astrocytes took up almost 20 times
more DiI than those exposed to oxLDL-L, they secreted
only �30% as much IL-6 as those exposed to oxLDL-L,
similar to what others have observed in mesangial
cells.37 This �60-fold difference in stimulated IL-6 secre-
tion per amount of LDL internalized suggests that LDL
itself does not stimulate IL-6 production; rather a compo-
nent of the LDL that has undergone low-level oxidation
during collection, DiI labeling, and incubation with cells in
culture may be responsible for this effect. This possibility
is in agreement with the findings of others who have
shown that very low levels of oxLDL exist in blood and
that further low-level oxidation occurs during its prepara-
tion ex vivo.3 Taken together, it seems likely that the IL-6
secretion we observed in response to LDL may be
caused by very low levels of oxLDL. Presumably this very
low-level oxidation was below the limit of detection for our
immunocytochemical technique, eg, Figure 5B.

In summary, our results showed that cerebral infarction
in patients was characterized by the transient appear-
ance of oxLDL epitopes in astrocytes in the perinecrotic
zone during the subacute phase. We propose that this
results from the confluence of disruption of the BBB and
the pro-oxidative environment during cerebral infarction.
We next demonstrated that oxLDL can indeed be inter-
nalized by astrocytes in culture, albeit to a lesser degree
than LDL. In our system, minimal oxLDL was taken up
most efficiently, resulting in increased IL-6 secretion by
astrocytes without stimulating nitric oxide production.
These results demonstrated for the first time that oxidized
plasma lipoproteins were present in brain parenchyma of
patients with cerebral infarction and suggest an indirect
mechanism whereby oxLDL may activate innate immunity
and thereby influence neuronal survival.
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