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Preventative, but not post-stroke,
inhibition of CD36 attenuates brain
swelling in hyperlipidemic stroke

Eunhee Kim1,2,3 , Jiwon Yang1, Keun Woo Park1 and
Sunghee Cho1,2

Abstract

The lack of inclusion of comorbidities in animal models of stroke may underlie the limited development of therapy in

stroke. Previous studies in mice deficient of CD36, an immune receptor, indicated its contribution to stroke-induced

inflammation and injury in hyperlipidemic conditions. The current study, therefore, tested whether pharmacological

inhibition of CD36 provides neuroprotection in hyperlipidemic stroke. The hyperlipidemic mice subjected to stroke

showed an exacerbation of infarct size and profound brain swelling. However, post-stroke treatment with CD36 inhibi-

tors did not reduce, and in some cases worsened, acute stroke outcome, suggesting potential benefits of elevated CD36

in the post-stroke brain in a hyperlipidemic condition. On the other hand, chronic treatment of a CD36 inhibitor prior to

stroke significantly reduced stroke-induced brain swelling. There was a trend toward infarct reduction, although it did not

reach statistical significance. The observed benefit of preventative CD36 inhibition is in line with previously reported

smaller infarct volume and swelling in CD36 KO mice. Thus, the current findings suggest that insights gained from the

genetic models should be carefully considered before the implementation of pharmacological interventions, as a potential

therapeutic strategy may depend on preventative treatment or a post-stroke acute treatment paradigm.

Keywords

Brain swelling, CD36 inhibition, hyperlipidemia, ischemic stroke, salvianolic acid B

Received 29 November 2018; Revised 11 April 2019; Accepted 19 April 2019

Introduction

Stroke-induced brain injury leads to severe physical dis-
ability associated with increased mortality. Despite tre-
mendous effort, clinical trials based on acute
neuroprotection strategies have been unsuccessful
(http://www.strokecenter.org/trials/).1 To overcome
this translational roadblock, inclusion of comorbidities
in the experimental animal models of stroke has
emerged to closely mimic the conditions in patients.2–8

However, it would be necessary to use the animal
models with comorbidities to validate the molecular
targets in order to develop an effective stroke therapy.

CD36 is a class B scavenger receptor initially dis-
covered in platelets and expressed in various cell types
including microglia, astrocytes, and microvascular
endothelium in brain and monocytes/macrophages,
cardiac and skeletal muscle, adipocytes, and epithelia
of retina, breast, and kidney in periphery. By binding
with several ligands such as oxidized or modified low

density lipoprotein (LDL), long-chain fatty acid,
thrombospondin-1 and -2, fibrillar b-amyloid, and
apoptotic cells, it plays multiple roles in oxidative
stress, inflammation, innate immunity, and apop-
tosis.9–11 Past studies have demonstrated an association
between CD36 function and stroke pathology.
Accordingly, we previously reported a contributing
role of CD36 in stroke-induced inflammation and
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brain injury by demonstrating attenuated acute stroke
outcome in CD36 KO mice.12 Furthermore, the
absence of CD36 in a hyperlipidemia model profoundly
reduced brain swelling through CD36-mediated foam
cell formation, a key step for atherosclerotic lesion
development.4,13 Given the fact that CD36 functions
in uptake of oxidized lipid ligands and fatty acid trans-
locase,14–16 our findings indicate that CD36 could serve
as a potential target to improve stroke outcome in
hyperlipidemic conditions.

Several pharmacological inhibitors of CD36 have
been identified. We have previously shown that treat-
ment of mice with the SS31 peptide, a new class of
antioxidants, attenuated ischemia-induced glutathione
(GSH) depletion in the cortex and reduced infarct size
in normal metabolic mice. The protective effect of SS31
was abrogated in CD36 KO mice, indicating SS31 acts
through CD36-mediated pathways.17 Hexarelin, an
hexapeptide belonging to the family of growth hor-
mone-releasing peptides (GHRPs), also has been
reported to reduce CD36-mediated uptake of oxLDLs
through binding site competition18 and resulted in a
marked decrease in atherosclerotic lesions.19 Another
established CD36 antagonist is salvianolic acid B
(SAB). SAB is a polyphenolic antioxidant isolated
from a Chinese herb, Danshen and was shown to
enhance neurogenesis in ischemic stroke.20 SAB also
reduces oxLDL uptake and prevents foam cell forma-
tion in vitro21 and reduces CD36 expression in macro-
phages or adipose tissue in hyperlipidemic or obese
mice, establishing SAB as an effective in vivo CD36
antagonist.21,22

The findings from hyperlipidemic CD36 KO mice
suggest that CD36 is a potential therapeutic target.
To test this hypothesis, this study evaluated the effect
of CD36 inhibitors against stroke in this comorbid con-
dition. Here we report that, contrary to our hypothesis,
post-stroke treatments of CD36 inhibitors did not pro-
vide any benefit and even resulted in worse outcomes in
hyperlipidemic stroke. By contrast, a chronic CD36
inhibition prior to stroke significantly reduced stroke-
induced brain swelling in the hyperlipidemic mice.
Careful consideration prior to implementation of
these genetically identified targets is suggested for stra-
tegizing pharmacological intervention.

Methods

Animals

Procedures for the use of animals were approved by the
Institutional Animal Care and Use Committee
(IACUC) of Weill Cornell Medicine in accordance
with the IACUC, National Institutes of Health, and
ARRIVE (Animal Research: Reporting of In Vivo

Experiments) guidelines. C57BL/6 and ApoE knockout
(ApoE KO, C57 background) mice were purchased
from Jackson Laboratory (Bar Harbor, ME) and
bred at the institute’s animal facility that monitored
and maintained temperature, humidity, and a 12-h
light/dark cycle. A maximum of five mice were
housed in a single cage with an individual ventilating
system and irradiated bedding (The Anderson,
Maumee, OH). Sterilized food and water were freely
accessible in each cage.

In vivo study design

Mice were randomized to a specific diet and surgery.
Animals’ identity and treatment were blinded to the
persons who performed surgery, cut brains, and
assessed outcomes. Sample size for stroke outcome
measurements was calculated a priori (n¼ 8/group) by
predicting detectable differences to reach power of 0.80
at a significance level of <0.05, assuming a 45% differ-
ence in mean and a 30% SD at the 95% confidence
level.

Animal models of hyperlipidemia

Six-week-old male C57 and ApoE KO mice were fed a
normal diet (ND) or Western diet (WD, 42% fat with
0.15% (wt/wt) cholesterol, 88137, Harlan Teklad,
Madison, WI) for eight weeks.4,23 Plasma cholesterol
levels were measured using a commercially available
colorimetric assay kit (BioVision., Milpitas, CA) as pre-
viously reported.4,23

Transient middle cerebral artery occlusion

Mice were subjected to 30min proximal middle cerebral
artery occlusion (MCAO) using an intraluminal thread
method according to previously reported methods.3,23

Briefly, mice were anesthetized with a mixture of iso-
flurane/oxygen/nitrogen and a 6–0 Teflon-coated black
monofilament surgical suture (coating length, 5–6mm;
diameter, 0.23 or 0.25mm, 602356PK10, 602556PK10,
Doccol, Redland, CA) was inserted into the exposed
external carotid artery, advanced into the internal car-
otid artery, and wedged into the Circle of Willis to
obstruct the origin of MCA. The filament was
advanced until we observed a sufficient drop of cerebral
blood flow (CBF). Reperfusion was confirmed at the
time of filament withdrawal. The CBF was measured
by Laser-Doppler flowmetry (Periflux System 5010;
Perimed, Järfälla, Sweden) prior to stroke, during
occlusion period, and 10min after reperfusion.
Animals exhibiting greater than 80% reduction of
pre-ischemic baseline CBF (20% of pre-stroke baseline)
during MCAO and greater than 80% of pre-stroke
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baseline at 10min of reperfusion were included
in the study. Accordingly, 11.0% of animals were
excluded in this study due to the insufficient CBF
reduction and/or reperfusion. At three days after
MCAO, animals were euthanized for histology and
molecular analyses.

Post-stroke treatment of SS31, CD36 antibody,
hexarelin, and SAB

Each CD36 targeting agent was dissolved in phosphate-
buffered saline (PBS) and treated to separate cohorts of
hyperlipidemic mice. SS31 (5mg/kg) was treated by
intraperitoneal (i.p.) injection at 0 h, 6 h, 24 h, and
48 h after MCAO. CD36 antibody (1mg/kg, BD
Biosciences, San Jose, CA) was administered intraven-
ously using a retro-orbital injection at 0 h and 24 h-post
ischemia. Hexarelin (GenScript, Piscataway, NJ) was
initially administered at a dose of 100 mg/kg intraven-
ously immediately after reperfusion with subsequent
intraperitoneal injection at 6 h, 24 h, and 48 h-post
stroke. SAB (Chengdu Biopurify Phytochemicals Ltd,
Chengdu, China) was neutralized (adjusted to pH 7.0
with hydrochloric acid) and administered by i.p. at low
(100mg/kg) or high (500mg/kg) dose at 0 h, 6 h, 24 h,
and 48 h-post ischemic mice. Mouse IgA
(ThermoFisher Scientific, Waltham, MA) was treated
for isotype control of CD36 antibody and vehicle (PBS)
was injected at the time of administration of SS31, hex-
arelin and SAB as controls.

Pre-stroke treatment of SAB

The ability of SAB to inhibit oxLDL uptake and its
stability at 37�C up to 1 month were tested for its sta-
bility during chronic administration using Alzet
pumps.22 Six-week-old ApoE KO mice were implanted
with Alzet mini pumps (Alzet Osmotic Pumps,
Cupertino, CA) containing either vehicle or SAB (infu-
sion rate, 100mg/kg/day) under the dorsal skin.
Animals were fed a WD for eight weeks. During the
diet intervention, the Alzet pump was replaced at four
weeks of diet. At seven weeks of diet, the glucose tol-
erance tests were performed and plasma was collected
for cholesterol measurement. The mice were subjected
to 30m-MCAO at the end of eight weeks of diet (see
the timeline in Figure 4(a)).

Glucose tolerance test

Glucose tolerance tests were performed at seven weeks
of WD intervention according to method described.8,22

Baseline blood glucose concentrations were measured
in overnight fasted animals using a glucometer
(Ascensia Contour, Bayer, Whippany, NJ, USA).

D-glucose (2mg/g body weight) was injected intraper-
itoneally and blood glucose levels were measured at 15,
30, 45, and 120min.

Tissue section strategy

According to our previous study,3 sections were col-
lected from the brain regions spanning about 7mm ros-
trocaudal (þ3.1mm to �4.1mm from bregma). The
brain block containing an entire infarct region was seri-
ally cryosectioned at 20 mm thickness at 600mm inter-
vals, thus a total of 13 sections were used for infarct
volume and swelling measurement. Tissues between the
intervals were sectioned and collected for each hemi-
sphere to perform molecular analyses. This unbiased
sectioning strategy facilitated measurement of infarct/
swelling and gene/protein in the same animals, thereby
allowing correlation analyses between histological and
molecular parameters.

Infarct volume and edema measurement

Infarct volume, corrected for brain swelling, was deter-
mined in the serial sections using a phase contrast
method and analyzed by Axiovision software (Zeiss,
Germany) as we previously reported.3,24 Infarct
volume was determined by integrating the volume of
each section obtained by infarct area (mm2) � distance
(0.6mm), which was then adjusted by the ratio of
contralateral and ipsilateral size to normalize swelling
components. To determine % infarct volume, the
adjusted infarct volume was divided by the contralat-
eral size. Percent hemispheric swelling (% HS) was
calculated from the difference in volume between two
hemispheres and then divided by contralateral hemi-
spheric volume.25

IgG immunohistochemistry

Vascular permeability was determined by IgG immuno-
histochemistry.26 Frozen brain sections (þ1.3mm,
þ0.1mm, and �1.1mm from bregma) were fixed with
4% paraformaldehyde for 15min and collected on gela-
tin-coated slides. After incubation in methanol contain-
ing 0.3% H2O2 for 30min to block endogenous
hydroperoxidase, the sections were incubated in 1%
bovine serum albumin and 10% normal goat serum
for 1 h. The sections were labeled with anti-mouse
IgG antibody (1:1000, Vector Lab., Burlingame, CA)
for overnight at 4�C. After washing with PBS, the sec-
tions were incubated with avidin/biotinylated peroxid-
ase (ABC reagent, Vector Lab., Burlingame, CA) for
1 h at room temperature and colorized by incubating in
diaminobenzidine (Sigma, MO). The IgG density was
quantified using Image J software.
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CD36 protein measurement

Total protein concentrations were measured by the
Bradford method. Protein was loaded on a NuPAGE
4-12% Bis-Tris Gel (Life Technology) and transferred
onto polyvinylidene fluoride membrane (Bio-Rad,
Hercules, CA). The membrane was incubated in block-
ing buffer (Li-cor, Lincoln, NE) for 1 h followed by
overnight incubation at 4�C with CD36 (For peritoneal
macrophages, AF2519, 1:1000, R & D Systems,
Minneapolis, MN; For brain, 2479S, 1:1000, Cell sig-
naling, MA) or b-Actin (sc-1615, 1:10,000, Santa Cruz
Biotechnology, Santa Cruz, CA) antibody in blocking
buffer. The membrane was washed with tris-buffered
saline containing 0.05% Tween-20 followed by incubat-
ing with appropriate secondary antibodies conjugated
with Alexa Fluor 680 (A21088, Life Technologies) or
IRDye� 680RD (926-68071, Li-cor) in blocking buffer
for 1 h. Then each protein’s specific band was visualized
using the Odyssey Imaging System (Li-cor). Western
blots were performed in multiple gels. To normalize
inter-blot variability, identical samples were loaded in
each blot as an internal control and the density of the
internal standard sample was used to standardize other
samples in multiple blots.

Data analyses

Infarct volume and percent hemispheric swelling were
reported as mean� 95% confidence intervals. Body
weights, blood glucose levels, CBF changes, and all
other molecular analyses were presented as mean �
standard deviation (SD). Comparison between two
groups was statistically evaluated using Student’s
t-test. Multiple comparisons were made using analysis
of variance (ANOVA). In analyses that involve more
than one factor (i.e. effect of stroke (contralateral vs.
ipsilateral) and effect of drug (Veh vs. SAB)), two-way
ANOVA was used followed by a post hoc Bonferroni’s
correction. Correlation analyses between infarct
volume and % swelling were made using linear regres-
sion, and slope differences among groups were further
analyzed. Differences were considered statistically sig-
nificant at p< 0.05.

Results

Severe hyperlipidemia increases stroke-induced injury
with profound brain swelling

To determine the effect of hyperlipidemia on brain
injury in stroke, hyperlipidemic mice were generated
in C57 or ApoE KO mice were fed either a ND or
high-fat/cholesterol diet (WD) for eight weeks.
Elevated plasma cholesterol levels confirmed that

genetic and diet interventions generated normal (ND),
mild (WD), moderate (ND/AKO), and severe (WD/
AKO) hyperlipidemia (Figure 1(a)). There were signifi-
cant body weight gains in WD fed C57 and ApoE KO
mice (Figure 1(b)). Stroke severity was similar among
the groups with comparable CBF reduction during
MCAO and reperfusion (CBF reduction (%), ND,
85.0� 4.9, WD, 83.7� 2.8; ND/AKO, 88.4� 5.1;
WD/AKO, 86.8� 5.4; CBF reperfusion (%), ND,
139.3� 31.8, WD, 124.3� 23.5; ND/AKO,
121.6� 15.6; WD/AKO, 116.5� 25.8). Compared to
normal mice (ND), severe hyperlipidemic mice (WD/
AKO) demonstrated significant increases in % infarct
volume (p< 0.01, Figure 1(c)) with profound brain
swelling (p< 0.001, Figure 1(d)). Regardless of the
severity of hyperlipidemia, there were significant correl-
ation between % infarct volume and swelling in all
groups (ND, r2¼ 0.5947, p< 0.001; WD, r2¼ 0.8674,
p< 0.001; ND/AKO, r2¼ 0.7231, p< 0.01; WD/AKO,
r2¼ 0.6785, p< 0.001, Figure 1(f)). The two most
hyperlipidemic groups showed significant slope differ-
ences compared to the normal group (ND/AKO vs.
ND, p< 0.01; WD/AKO vs. ND, p< 0.001,
Figure 1(f)). The severe hyperlipidemic mice (WD/
AKO) were used for further studies to investigate the
effect of CD36 inhibition.

Post-stroke CD36 inhibition is not effective to reduce
ischemic injury in hyperlipidemic condition

Previous studies in CD36 KO mice demonstrated that
the absence of CD36 in hyperlipidemic conditions
reduced stroke-induced brain injury and swelling.4,23

To corroborate the finding from the genetic CD36
KO mice, we further tested the effect of pharmaco-
logical inhibition of CD36 in reducing infarct size and
swelling in hyperlipidemic stroke. We treated stroked
mice with three CD36 inhibitors and assessed acute
outcome at three days post-stroke. Compared to vehi-
cle-treated mice, SS31 did not attenuate infarct volume
and brain swelling in the severe hyperlipidemic mice
(ApoE KO mice fed WD). Administration of the
CD36 antibody and hexarelin resulted in either no
effect or increased infarct size and swelling as compared
to vehicle-treated hyperlipidemic mice (Figure 2), sug-
gesting potential benefits of the elevated CD36 in the
post-stroke brain in hyperlipidemic mice.4 Previously,
we reported that SAB effectively reduces CD36-
mediated lipid uptake in macrophages and adipocytes
in non-stroked mice with severe hyperlipidemia.21,22 To
determine the effect of SAB in hyperlipidemic stroke,
the severe hyperlipidemic mice were subjected to focal
ischemia, and treated with low- (100mg/kg) or high-
dose (500mg/kg) of SAB at 0 h, 6 h, 24 h, and 48 h-
post stroke. Peritoneal macrophages isolated from
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these SAB-treated severe hyperlipidemic mice showed a
dose-dependent reduction of CD36 protein levels
(Figure 3(a)). The low- and high-doses of SAB signifi-
cantly decreased brain CD36 expression in ipsilateral
side (Figure 3(b)). SAB also reduced the CD36 expres-
sion in the contralateral hemisphere with a statistical
significance in high dose (p< 0.05, Figure 3(b)). The
low-dose of SAB did not alter the injury size and swel-
ling, but high-dose of SAB significantly increased the
ischemic injury with an enhanced brain swelling
(Figure 3(c) and (d)). The unexpected, but consistent
results with hexarelin treatment suggest that elevated
CD36 in hyperlipidemia may have a potential benefit
against stroke and that post-stroke inhibition of CD36

should not be used for the reduction of stroke injury in
hyperlipidemic condition.

Preventative inhibition of CD36 is effective to reduce
stroke-induced brain swelling in hyperlipidemic stroke

Previously reported reduction of stroke-induced brain
injury and swelling in hyperlipidemic stroke were per-
formed in animals with CD36 deficiency.4 Since genetic
deletion of CD36 reflects the chronic absence of CD36
before and after stroke, we treated hyperlipidemic mice
with SAB chronically (Figure 4(a)). Chronic infusion of
SAB (100mg/kg daily) during the induction of hyper-
lipidemia did not alter body weight gain compared to

Figure 1. Hyperlipidemia exacerbates stroke-induced injury with profound brain edema. Different degrees of hyperlipidemia were

generated in C57BL/6 or ApoE KO (AKO) mice by feeding a normal (ND) or Western diet (WD). (a,b), Fasting blood cholesterol

levels at seven weeks of diet (a) and body weight at the end of diet intervention (b). Data are expressed as mean� SD, n¼ 7–16/group,

***p< 0.001 vs. ND, one-way ANOVA, (c, d), % infarct volume (c) and swelling (d) were determined at three days post-stroke brain.

Data are expressed at the 95% confidence interval, n¼ 7–16/group, **,***p< 0.01, 0.001 vs. ND, one-way ANOVA (e), Images of

serially sectioned brains (f), Correlation analyses between % infarct volume and swelling. n¼ 8–16/group, ##,###p< 0.01, 0.001 in

correlation slope vs. ND. ND, normal diet fed C57BL/6; WD, Western diet fed C57BL/6; ND/AKO, normal diet fed AKO, WD/AKO,

Western diet fed AKO, represent mild, moderate, and severe hyperlipidemic conditions.
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vehicle-infused mice (Figure 4(b)). The SAB pre-treat-
ment also did not change plasma cholesterol levels and
glucose clearance rates in the hyperlipidemic mice
(Figure 4(c) and (d)), indicating that treatment of

SAB in young six-week-old mice did not induce overall
physiological parameters. The chronic SAB treatment
prior to and after stroke reduced CD36 protein levels in
peritoneal macrophages (Figure 5(a)). In the brain, the

Figure 3. Post-stroke SAB treatment worsened acute stroke injury in hyperlipidemic condition. Low (100 mg/kg, SAB-100) – or high

(500 mg/kg, SAB-500) – dose of SAB was administered in WD/AKO mice at 0, 6, 24, and 48 h-post stroke and CD36 expression levels

in peritoneal macrophages and ischemic injury in stroked brain were determined. (a,b), CD36 protein expression levels in peritoneal

macrophages (a) and brain (b) by Western blot. Data are expressed as mean� SD, n¼ 5–11/group, (c,d), % Infarct volume (c) and %

swelling (d) were measured in the ischemic brain at three days post-stroke. Data are expressed at the 95% confidence interval, n¼ 8–

15/group, *,**p< 0.05, 0.01 vs. vehicle (Veh) one-way ANOVA.

Figure 2. Post-stroke treatment of SS31, CD36Ab, or Hexarelin worsened acute stroke injury in hyperlipidemic condition. Each

CD36 targeting agents were administered in WD/AKO mice up to 48 h-post stroke and ischemic outcomes were measured in the

stroked brain. (a,b), % infarct volume (a) and % swelling (b) were measured in the ischemic brain of WD/AKO mice at three days post-

stroke. Data are expressed at the 95% confidence interval, n¼ 6–12/group, **p< 0.01 vs. Vehicle, one-way ANOVA.
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stroke-induced CD36 protein levels were decreased in
SAB treatment group (Figure 5(b)). The chronic treat-
ment of SAB caused a moderate reduction in infarct
size, but did not reach a statistical significance
(Figure 5(c)). On the other hand, the treatment signifi-
cantly reduced the brain swelling (Figure 5(d)) and
reduced IgG leakage in the ischemic brain (Figure 5(e)).

Discussion

In the absence of effective translation in stroke studies,
multi-modal approaches have been suggested to target
the heterogeneous nature of stroke pathology. We pre-
viously validated CD36, a multifunctional receptor that
functions in oxidative stress, inflammation, innate
immunity, and apoptosis, as a potential multi-modal
target in stroke.12 Due to its affinity for lipid-based
ligands, including long-chain fatty acids and oxidized
or modified lipids (OxLDL and mLDL), we further

established the role of CD36 in stroke outcome in
hyperlipidemic stroke.4,23 Thus, the present study
tested our working hypothesis that CD36 is a viable
pharmacological target to reduce brain injury and swel-
ling in hyperlipidemic stroke.

Consistent with previous reports,4,23 the combined
genetic ApoE KO mice and WD intervention caused
an elevation of plasma cholesterol levels. The elevated
plasma cholesterol levels were positively correlated with
stroke severity, especially brain swelling, in the two
most severely hyperlipidemic mice (Figure 1(d) and
(f)). By using several previously identified pharmaco-
logical agents that antagonize or block uptake of
lipid-based ligands,2,17,18 we tested the efficacy of
CD36 inhibitors with expected benefits in hyperlipid-
emic stroke. One intriguing observation from this
study is that the mice treated with CD36 antagonists
after stroke consistently showed either no protection or
a worse outcome. Despite previously reported effects of

Figure 4. SAB pre-treatment did not alter body weight gain, plasma cholesterol, and blood glucose levels in hyperlipidemic mice.

Low dose (100 mg/kg/day) of SAB was infused by implanted Alzet pump in the ApoE KO (AKO) mice during diet intervention and

several physiological parameters were determined in the mice before or after stroke. (a) Timeline for the SAB pre-treatment. (b) Body

weight gain during diet intervention with SAB treatment. (c) Plasma cholesterol levels from the mice at the end of seven weeks of diet

before (pre) and after (3 d-post) stroke. (d) GTT and the area under the curve (AUC) at seven weeks of diet intervention. Data are

expressed as mean� SD, n¼ 16–17/group for BW and GTT, n¼ 7–10/group for plasma cholesterol. Veh, WD/AKO mice implanted

with vehicle Alzet pump; SAB, WD/AKO mice implanted with SAB Alzet pump.
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cell permeable peptide SS31 on the reduction of infarct
size in normal C57BL/6 mice,17 the treatment was not
effective in hyperlipidemic mice, demonstrating differ-
ential outcomes depending on normal metabolic status
vs. comorbid conditions. Furthermore, administration
of hexarelin and high dose of SAB even exacerbated
stroke outcome. This unexpected result indicates a
potential benefit of stroke-induced CD36 expression
in hyperlipidemic conditions. Although the underlying
mechanism for the potential benefit is not clear at pre-
sent, it may relate to CD36’s controversial role. In an
earlier study, CD36 was recognized as an inflammatory
receptor during an acute phase of stroke.4,12 However,
CD36 interaction with phosphatidylserine moieties of
dying cells27 elicits engulfment of apoptotic cell bodies
and resolves inflammation.28,29 The apparent context-
dependent role of CD36 may also derive from CD36
expression in different types of cells (microvascular

endothelial cells, monocytes, and microglia). While
the current study did not address phagocytosis in
hyperlipidemic stroke, we and others previously
reported the beneficial effect of CD36 mediated-phago-
cytosis in ischemic stroke and also in intracerebral hem-
orrhage.30–33 Therefore, the presence of different drug
efficacy in normal vs. comorbid stroke suggests the
importance of target validation across different meta-
bolically compromised conditions.

Besides metabolic status, the absence of neuropro-
tection by acute post-stroke treatment of CD36 inhibi-
tors in hyperlipidemic conditions was unexpected, since
our genetic studies using CD36 KO mice were also con-
ducted in a hyperlipidemic condition.4 The discrepancy
prompts an investigation on the SAB effect of pro-
longed inhibition of CD36 before stroke. SAB is a
well characterized in vivo CD36 antagonist21 and was
established for its stability during chronic Alzet pump

Figure 5. SAB pre-treatment reduced stroke-induced swelling in hyperlipidemic condition. Low dose (100 mg/kg/day) of SAB was

infused by implanted Alzet pump in the ApoE KO mice during diet intervention, and CD36 expression levels in peritoneal macro-

phages and ischemic injury in stroked brain were determined. (a,b), CD36 protein expression levels in peritoneal macrophages (a) and

brain (b) by Western blot. Data are expressed as mean� SD, n¼ 7–10/group, Student t-test. (c,d), % Infarct volume (c) and % swelling

(d) were measured in the ischemic brain at three days post-stroke. Data are expressed at the 95% confidence interval, n¼ 8–11/group,

*p< 0.05 vs. veh, student t-test. (e) IgG immunostaining using brain sections. The IgG intensity of each section, þ1.9 mm (1), þ0.7 mm

(2), and �0.5 mm (3) (left line graph) and average intensity of the three sections (right bar graph). Data are expressed as mean� SD,

n¼ 8/group, *,**p< 0.05, 0.01 vs. veh, student t-test. Veh, ApoE KO mice implanted with Alzet pump infusing vehicle; SAB, ApoE KO

mice implanted with Alzet pump infusing SAB.
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infusion and in vivo efficacy in reducing oxidized lipid
uptake.22 In this preventative SAB treatment paradigm,
we observed significant reduction of the hyperlipide-
mia-exacerbated brain swelling and IgG leakage.
While the presence of non-specific staining from
severely injured tissues that may affect the staining
intensity is not entirely excluded, IgG staining is gener-
ally accepted method to indicate the extravascular leak-
age. Stroke-induced brain edema is another
pathological event that can influence stroke outcome
and has been considered a life-threatening complication
during infarct development.34,35 Consistently, we
observed disproportional enlargement of swelling over
infarct volume in comorbid conditions.4,8 Thus, select-
ive attenuation in brain swelling in the hyperlipidemic
stroke by preventative SAB treatment suggests genetic
inhibition closely reflects preventative, but not acute
post-stroke, treatment, and consideration of the pre-
ventative approach to effectively target CD36.

While the study demonstrated the benefit of CD36
inhibition in stroke severity by a preventative, but not
post-stroke, treatment, the protective mechanism that
underlies the preventative CD36 inhibition is unclear.
However, the efficacy of SAB in improving metabolic
functions has been reported in mice fed a high-fat diet
by the reduction of visceral fat accumulation and
improves insulin resistance.22 Thus, the chronic inhib-
ition of CD36 is likely normalizing metabolic dysfunc-
tions in a severe hyperlipidemic condition, resulting in
reduced stroke-induced brain swelling. CD36 is multi-
functional receptor and the functions are derived from
CD36 interaction with available ligands at different
stages of stroke and different cell types in the brain.
The current study did not distinguish the different cell
types that would be affected by SAB inhibition. Thus,
further studies are granted to determine the impact of
CD36 inhibition using conditional CD36 knock-out
mice in cell-specific manner. Additional caveat is that
there are no statistically significant differences in acute
behavior outcome in vehicle vs. SAB-treated animals
(data not shown), possibly due to the complications
arise from surgical wound for MCAO preparation,
severe body weight loss during the critical post-stroke
period, and low sensitivity of neurological scoring. Our
previously established stroke recovery model with
rigorous longitudinal behavior testing during acute,
subacute and recovery phases up to six-month post-
stroke also demonstrated that infarct size is not well
correlated with acute behavior impairment.24,36 It sug-
gests the importance to address the effect of preventa-
tive CD36 inhibition in comorbid conditions on motor
and cognitive functional recovery in comprehensive
stroke stages.

In summary, hyperlipidemia exacerbated stroke-
induced infarct volume with disproportionally enlarged

swelling. Contrary to our prediction, post-stroke treat-
ment of CD36 inhibitors in hyperlipidemic mice did not
provide protection, and in some cases worsened stroke
outcome. In contrast, chronic pretreatment signifi-
cantly reduced hyperlipidemia-exacerbated brain swel-
ling following stroke. The absence of benefits by post-
stroke CD36 inhibition suggests a beneficial role of
CD36 in hyperlipidemic conditions. Furthermore,
reduced swelling by preventative, but not post-stroke,
treatment suggests that genetically identified CD36 tar-
gets closely mimic the condition of preventative chronic
inhibition. Therefore, the preclinical findings provide
critical insights that targeting CD36 depends on periph-
eral metabolic status (normal vs. hyperlipidemia) and
stroke stages (post-stroke treatment vs. preventative
chronic inhibition). Furthermore, they demonstrate
that acute post-stroke CD36 inhibition does not neces-
sarily reflect biological consequences of genetic inhib-
ition. Careful consideration of possible target inhibition
based on genetic studies is suggested for effective
pharmacological intervention strategies to treat stroke.
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