








HDL Decreased BBB Breakdown and
Brain Edema
We measured Evans blue extravasation in the infarct area
at 24 hours after stroke onset. Morphometric quantification

revealed that HDL (10 mg/kg) reduced BBB permeability
by 64% compared with control (P�0.0066; Figure 2).
Brain edema was significantly decreased in the HDL-
treated group (10 mg/kg) relative to the saline-treated
group (18.1% versus 5.7%, respectively; P�0.01).

Labeled HDL Penetrated the Infarct Area
To test whether HDL administration may reach the infarct
area and thus directly impact the endothelium, we injected
fluorescently labeled HDL immediately after stroke onset.
Twenty-four hours later, the rats were injected intrave-
nously with the vascular marker fluorescein isothiocyanat-
e– dextran which was allowed to circulate for 10 seconds
before euthanasia. As shown in Figure 3, HDL could
penetrate the infarct area and be taken up by endothelial
cells and by astrocytes, but no colocalization with neurons
was observed.

HDL Reduced PMN Recruitment and Associated
MMP Gelatinase Activity in the Infarct Area
Myeloperoxidase immunostaining followed by morphometric
quantification (number of myeloperoxidase-positive cells)
revealed that injection of 10 mg/kg HDL decreased PMN
recruitment by 70% relative to saline-treated controls
(P�0.027; Figure 4).

In situ zymography showed an increase in the overall
gelatinase activity in the ipsilateral infarct area compared
with the homologous contralateral control area. After HDL
administration, this increase in gelatinase activity appeared
less important than in the saline-treated group (Figure 5A).
At 24 hours after stroke onset, sodium dodecyl sulfate–

Figure 2. A, HDL administration immediately after stroke induc-
tion decreased ischemia-induced BBB breakdown as observed
by fluorescence microscopy (Evans blue appears in red). Scale
bar�2 mm. B, Quantification of Evans blue-positive pixels per
ischemic hemisphere. n�6 per group, *P�0.0066.

Figure 3. HDL penetrated the infarct area and
was taken up by endothelial cells and astro-
cytes but not by neurons. A, Fluorescein iso-
thiocyanate–dextran (70 kDa) injected 10 sec-
onds before euthanasia (blue: nuclear staining
by 4�, 6�-diamidino-2-phenylindole). B, Same
field showing carbocyanine-labeled HDL
(DiIC18-HDL, red) 24 hours after injection. C,
Merged images. D, Rat endothelial cell anti-
gen (RECA) staining. E, H, K, DiIC18-HDL
(red) 24 hours after injection. G, Immunostain-
ing for glial fibrillary acidic protein (GFAP). J,
Immunostaining for neurofilaments (NF200). F,
I, L, Merged pictures. Results are representa-
tive of 3 independent experiments. Scale
bar�50 �m.
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polyacrylamide gel electrophoresis gelatin zymography
showed an increased activity of MMP-9 in the ischemic
area versus the contralateral noninfarcted area. MMP-9
activity was reduced in the infarct area in the HDL-treated
group compared with the control group (Figure 5B–D).
Similar results were obtained for the neutrophil-associated
homodimeric form of MMP-9 (Figure 5B–D).

HDL Decreased Intercellular Adhesion
Molecule-1-Positive Vessels in the Infarct Area
We postulated that decreased PMN recruitment in the HDL-
treated group may be due to a reduced expression of inter-
cellular adhesion molecule-1 (ICAM-1). Immunostaining for
ICAM-1 revealed a decrease in ICAM-1-positive vessels in
the HDL-treated group compared with controls (Figure 6).

Discussion
There is mounting epidemiological evidence suggesting that
HDL may be protective against cerebrovascular ischemia.2

The present study shows a beneficial effect of purified human
HDL given intravenously within 5 hours after the onset of
cerebral ischemia in a rat model of embolic stroke. This
embolic model of focal cerebral ischemia is the closest model
to human pathophysiology because it is admitted that 80% of
strokes in humans involve an embolic mechanism.14

To our knowledge, only 1 study has reported a neuro-
protective effect of HDL, but this effect was preventive
because HDL was injected 2 hours before the onset of

stroke.15 By contrast, in our study, we injected HDL up to
5 hours after the onset of cerebral ischemia and found a
therapeutic neuro- and vasculoprotective effect. Given that
the half-life of HDL is 7 to 12 hours in rats, we consider
1 single HDL administration to be sufficient in our stroke
model.12 This timeframe for HDL administration could be
applicable to humans; however, multiple injections could
maximize the effect of HDL, especially in cases of delayed
reperfusion. Also, the dose used in this previous study15

was 120 mg apoA1/kg, a high dose reported to produce
hepatic damage in humans.16 In our study, HDL exhibited
a marked effect at 10 mg/kg, which would be compatible
with human therapy. This effect was unlikely to be due to
a higher recanalization rate. Indeed, mechanical flushing
was ruled out because (1) HDL was injected intravenously;
and (2) neither LDL nor saline injected in the same way
had protective effects. Moreover, we assessed the persis-
tence of the clot at the termination of the internal carotid
artery and at the origin of the middle cerebral artery 24
hours after stroke onset and found no significant difference
in recanalization rate among HDL-, LDL-, and saline-
treated groups.

The therapeutic benefits observed with HDL were likely
to be due to the protection of the BBB. As shown by
immunostaining in our experimental conditions, HDL is
taken up by endothelial cells and glial cells but not by
neurons. Our data agree with previous studies, which
report a beneficial role of HDL on astrocyte and cerebral
endothelial cell function.17,18 HDL exerts beneficial effects
on endothelial cells in response to different types of
aggression, such as tumor necrosis factor �-induced apo-
ptosis in vitro.19 HDL may also prevent ischemia-induced
BBB disruption and associated neutrophil extravasation
into the cerebral parenchyma through limitation of the
overexpression of adhesion molecules by endothelial
cells.20 Indeed, we found that HDL decreased ischemia-
related BBB permeability and subsequent neutrophil infil-
tration. We report that HDL reduced endothelial ICAM-1
expression in the infarct area compared with nontreated
rats. This adhesion molecule is involved in neutrophil
recruitment and its expression was also reported to be
elevated in the infarct area of the human brain using
autopsy material.21 Our results are in accordance with the
study of Cockerill et al.9 In a model of hemorrhagic shock,
they found that HDL decreased neutrophil recruitment and
the number of ICAM-1-positive vessels within injured
tissues.9 Leukocyte elastase could also participate in neu-
trophil extravasation by promoting ICAM-1 expression.22

Under ischemic conditions, neutrophil elastase may also
degrade the basal lamina23 and promote neuronal death.24

We recently reported a new antielastase property of HDL
attributed to its associated �-1 antitrypsin.25 This could
participate in the beneficial effects of HDL in our rat
model of ischemic stroke, but we cannot exclude other
protective mechanisms such as the antioxidant, antithrom-
botic, or anti-inflammatory properties that have been
attributed to HDL.

We followed STAIR recommendations to avoid bias
associated with experimental studies.10 One limitation of

Figure 4. HDL injected immediately after stroke decreased neu-
trophil recruitment in the stroke area as shown by myeloperoxi-
dase (MPO) immunostaining (green). A, Immunostaining for
MPO on brain sections 24 hours after stroke. Scale
bar�200 �m. B, Quantification of MPO immunostaining signal
(n�6 per group, *P�0.027).
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our study was that we used purified human HDL without
separating the different fractions. Therefore, this HDL
preparation contained all the proteins that are associated
with HDL,25 which may themselves contribute to the
beneficial effects. Five different pools of HDL were used
with similar results, suggesting that small variations in
composition, (ie, content of vitamin E, polyunsaturated
fatty acids, etc) between the different batches did not
significantly impact the protective effect of HDL. Another
limitation of our study is that we did not investigate longer
outcome for infarction size and neurological deficit after

HDL injection. Nevertheless, our study was designed to
evaluate HDL-based therapy in stroke in acute conditions
when BBB breakdown and PMN infiltration are both high.
In conclusion, we found a beneficial effect of HDL
infusion in an in vivo model of embolic stroke up to 5
hours after the onset of ischemia. Further studies are
needed to confirm that HDL-based therapy is applicable to
acute stroke in humans.
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Figure I. Dose effect of HDL administration (2 or 10 mg/kg)
immediately after stroke onset. A, Stroke-induced mortality at
24 hours after ischemia. B, Infarction volume at 24 hours after
ischemia. n�17 per groups. †P�0.01, * P�0.05.

Figure II. Modified neurological severity score.
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