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Abstract

Apolipoprotein E (APOE) is implicated not only in chronic degenerative neurological diseases, such as Alzheimer’s disease,
but also in acute brain disorders, including traumatic brain injury. Bexarotene, a selective agonist of the retinoid X recep-
tor, has been reported to enhance markedly the expression of APOE. Previous studies have indicated that bexarotene exerts
neuroprotective effects in animal models of ischemic stroke by modulating the peripheral immune response and autophagy.
However, the role of this drug in neuronal apoptosis and the potential mechanisms involved have yet to be elucidated. The
present study employed transient middle cerebral artery occlusion (t-MCAO) as a model of acute cerebral ischemia/reperfu-
sion injury. The experiments were performed in wild-type C57BL/6 mice and APOE gene knockout (APOE-KO) mice. After
t-MCAO, mice received intraperitoneal injection of bexarotene (5 mg/kg) or an equal volume of the vehicle. The outcome
measurements included neurological deficits, learning ability, spatial memory, infarct volume, histopathology, magnitude of
apoptosis, and the level of expression of proteins of the INK/caspase-3 signaling pathway. The obtained results demonstrated
that bexarotene administration significantly improved neurological function, learning ability, and spatial memory in C57BL/6
mice, but not in APOE-KO mice. Infarct volume, tissue damage, neuronal apoptosis rate, and the expression of proteins
involved in the JNK/caspase-3 signaling pathway were markedly increased after t-MCAO in both C57BL/6 and APOE-KO
mice. Importantly, bexarotene treatment significantly ameliorated all these changes in C57BL/6, but not in APOE-KO mice.
In conclusion, bexarotene markedly alleviates the neurological deficits, improves the histological outcome, and inhibits cell
apoptosis in mice after t-MCAQO. This effect is mediated, at least in part, by up-regulation of APOE. Thus, bexarotene may
be a candidate drug for the treatment of cerebral ischemia patients.
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Introduction

Acute ischemic stroke is one of the most frequent cerebro-
vascular diseases and is characterized by high mortality
and disability worldwide [1]. Prompt restoration of blood
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linked to the progression and outcome of several neuro-
logical disorders. This association relies on the beneficial
impact of APOE on the brain, including anti-inflammatory,
anti-oxidative, anti-hypoxic, and anti-excitotoxic effects
[5-7]. It has been documented that APOE-deficient mice
display increased vulnerability to neuronal damage, and this
effect may be attributed to the ability of APOE to regulate
the expression of C/EBP homologous protein(CHOP) and
proteins implicated in the c-Jun N-terminal kinase (JNK)-
dependent apoptotic pathway [8].

Bexarotene, an agonist of the retinoid X receptor (RXR),
is clinically approved drug for the treatment of refractory
cutaneous T-cell lymphoma. Lately, bexarotene has been
shown to enhance the clearance of soluble B-amyloid,
improving neurological function in Alzheimer’s disease
mouse models, and this effect is APOE-dependent [9]. Sub-
sequent studies documented multiple neuroprotective effects
of bexarotene. This compound provides neuroprotection not
only in chronic degenerative neurological diseases such as
the Parkinson’s disease [10] or amyotrophic lateral sclerosis
[11], but also in acute brain injuries such as subarachnoid
hemorrhage [12] and stroke [13]. Recently, bexarotene was
shown to inhibits inflammatory response and cell apoptosis
after traumatic brain injury in mice, improving the neuro-
logical function; this effect was mediated partially by APOE
[14]. Moreover, we have previously demonstrated that bex-
arotene can decrease the permeability of the blood-brain bar-
rier and reduce secondary brain edema in rats with cerebral
ischemia/reperfusion (I/R) injury [4]. However, whether
bexarotene protects the brain from I/R injury by affecting
the expression of APOE remains unknown.

The present study addresses this question by analyzing
the effects of bexarotene on the outcome of focal I/R injury
in wild-type C57BL/6 and APOE-KO mice. The impact of
bexarotene and the role of APOE was determined by evalu-
ating the modified neurological severity score (mNSS),
learning function, spatial memory, volume of cerebral
infarct, hematoxylin-eosin(HE) staining of the hippocampal
CA, region, cell apoptosis, and the expression of proteins
involved in the JNK/caspase-3 signaling pathway.

Materials and Methods
Animals

Adult male C57BL/6 mice and APOE-KO mice on C57BL/6
genetic back ground, weighing 20-25 g, were obtained
from the Animal Laboratory Center of Chongqging Medi-
cal University (Chongqing, China). Mice were housed in a
temperature-controlled (25 + 1 °C) facility with a 12-h light-
dark cycle and maintained on standard food and water avail-
able adlibitum. All animal experiments were in accordance
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with the guidelines of the National Institutes of Health and
were approved by the Experimental Ethics Committee of
Chongqing Medical University (License Number: SYXK
YU 2010-001).

Preparation of Cerebral Ischemia-Reperfusion
Model and Drug Administration

The cerebral ischemia—reperfusion model was induced by
transient middle cerebral artery occlusion (t-MCAO) lasting
for 60 min, as previously described [15]. Briefly, animals
were anesthetized with 3% isoflurane in a 67%/30% mix-
ture of N,0/O,, and 1.5% of isoflurane was present during
the surgery to maintain the anesthesia. Under an operating
microscope, a small incision was made on the surface of the
neck. The right common carotid artery, the external carotid
artery, and the internal carotid artery were exposed. Subse-
quently, the right common carotid artery and the external
carotid artery were ligated with a 3-0 silk suture. The inter-
nal carotid artery was temporarily occluded with a micro-
vascular clip. A small “V” shaped incision was performed
near the bifurcation of the right common carotid artery. A
silicone-coated nylon filament was inserted into the inter-
nal carotid artery through the incision and advanced 10-12
mm distal to the carotid bifurcation, to reach the point of
origin of the middle cerebral artery. The nylon filament was
taken out after 60 min of occlusion to allow reperfusion.
Sham-operated mice underwent the same surgical proce-
dures except for the occlusion of the middle cerebral artery.
Throughout the surgical procedure, the body temperature
was maintained at 36.5+0.5 °C using a heating lamp until
the mice completely recovered from the anesthesia.

70 male C57BL/6 mice and 60 male APOE-KO mice
were randomly separated into the following experimental
groups: (1) sham surgery, (2) vehicle-operated I/R (vehicle)
group (3) bexarotene-treated I/R (bexarotene) group. The
solution of bexarotene (#ab141025, Abcam, Cambridge,UK)
was prepared as previously described [14, 16]. The bexaro-
tene, 5 mg/kg, or the vehicle were administered by intra-
peritoneal injection immediately after t-MCAO (60 min),
and the injections were repeated daily injection until were
sacrificed.

Behavioral Testing

A series of behavioral tests were performed before t-MCAO
and 1, 3, 7 and 14 days after the procedure two investiga-
tors blinded to the type of treatment. The neurologic deficit
evaluation was performed by the mNSS test as previously
described [17]. The result of the mNSS test is a composite
of general, focal, balance, reflex, and sensory tests with a
minimum of 0 points in normal mice to a maximum of 18
points in severely injured mice [18, 19].
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For the rotarod test, mice were placed on an accelerat-
ing rotarod cylinder, and the rotating speed was increased
from 4 to 40 rpm with in 5 min [20]. The time for which
the mice stayed on the rotarod was recorded. The trial
ended when the mice fell off the rungs or gripped the rod
and spun around for two revolutions without attempting
to walk on the rod. The mice were trained to perform this
protocol three times per day for 3 consecutive days before
t-MCAO, and the final average score on the last day before
the surgery was considered the baseline.

The spatial learning and memory ability of the mice
were determined by the Morris water maze (MWM) as
previously described [21, 22]. The mice were trained
before t-MCAO and tested from 16 to 21 days after the
surgery. During each trial, mice were made to swim freely
in a pool in which a hidden platform was placed 1 cm
under the water surface. The mice had 90 seconds to find
the platform; if they did not reach the platform within the
allotted time, they were guided to it and allowed by the
researchers to stay on it for 5 s. On the sixth day, the plat-
form was removed, the mice were released into the pool
from the site opposite to the previous location of the plat-
form, and the swimming track and the number of times the
site of the platform was crossed were recorded.

Measurement of Infarction Volume

Infarct volume was quantified by 2, 3, 7-triphenyltetrazo-
lium chloride (TTC) staining as described previously [17,
23]. Briefly, 24 h after t-MCAO the brains were quickly
isolated, frozen, and sliced into 2 mm thick consecutive
coronal slices. The slices were immersed into 2% TTC
solution for 15 min at 37 °C and fixed with 4% paraform-
aldehyde at 4 °Covernight. Images of the slices were
captured by a digital scanner, and the infarct volume was
calculated using Image-Pro Plus6software (Media Cyber-
netics, Rockville, MD, USA).

Magnetic Resonance Imaging

Infarct volume at 3 days after t-MCAO was measured
by multi-slice T2-weighted magnetic resonance imaging
(MRI) performed with aBruker 7T (70/20) system (Bruke-
rBiospin, Billerica, MA, USA) [20]. Isoflurane-anesthe-
tized mice were placed inside the magnet equipped with a
quadrature volume coil. Images were acquired using rep-
etition time of 3000 ms, echo timeof 25 ms, image size
of 128*128 pixels, field of view 2.5 cm, slice thickness
of 0.8 mm. Together, 20 slices were obtained, and the
MRI images were analyzed using Bruker Para Vision 6.0
software.

Western Blotting

At 1, 3, and 5 days after t-MCAOQO, the C57BL/6 mice and
APOE-KO mice from the sham-operated group, vehicle
group, and bexarotene group were deeply anesthetized, and
the brains were rapidly dissected. The ischemic brain tis-
sue was washed with phosphate-buffered saline (PBS) and
subsequently transferred to a 1.5 ml centrifuge tube with
RAPI lysis buffer (P00113D; Beyotime, Shanghai, China)
that contained proteinase and phosphatase inhibitor cocktail.
The homogenates were centrifuged at 12,000xg for 5 min at
4 °C and the supernatants were collected as total proteins.
The protein samples were quantified with a bicinchoninic
acid protein assay kit (PO012S, Beyotime, China). An 8 uL
sample of the protein was separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene fluoride (PVDF) membrane
(Millipore, USA). The membranes were blocked for 1 h
with 5% BSA at room temperature and then incubated with
specific primary antibodies: rabbit monoclonal anti-JNK
(#9252, Cell Signaling Technology, 1:1000), rabbit mono-
clonal anti-phospho-JNK (1/2) (#4668, Cell Signaling Tech-
nology, 1:1000), rabbit monoclonal anti-phospho-C-JUN
(#3270, Cell Signaling Technology, 1:1000), rabbit mono-
clonal anti-caspase-3(#14220, Cell Signaling Technology,
1:1000), rabbit monoclonal anti-APOE (#13366, Cell Sign-
aling Technology, 1:1000), rabbit polyclonal anti-cleaved
caspase-3 (#ab49822, Abcam, 1:1000), and p-actin (#20536-
1-AP, Proteintech, 1:3000). Subsequently, the membranes
were washed three times in TBST and incubated with HRP-
conjugated secondary antibodies (#SA00001-2, Proteintech,
1:5000) for 1 h at room temperature. Following three washes
in TBST, immunoreactive bands were detected using the
enhanced chemiluminescence detection system (Bio-Rad,
Hercules, CA, USA).

HE Staining

Three days after t-MCAO, mice from each group(n=3)were
deeply anesthetized and transcardially perfused with hep-
arinized saline followed by 4% neutral-buffered paraformal-
dehyde. Brains were removed and fixed with the same solu-
tion for 24 h. Subsequently, the brain tissue was dehydrated
in gradient concentrations of ethanol and xylene, sliced into
5-um-thick sections and stained with HE. Three to five sec-
tions with typical hippocampus changes in each animal were
photographed under light microscopy.

Immunofluorescence Staining
For immunofluorescence staining, the tissue was prepared

as described above for the HE staining, but the duration of
fixation was shortened to 12 h. Frozen sections of the brain,
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5 um thick, in the coronal plane were prepared and incubated
at 4 °C overnight with the rabbit anti-cleaved caspase-3 pol-
yclonal antibody (#ab49822, Abcam, 1:250) diluted 1:100.
Subsequently, the sections were incubated with a fluores-
cent secondary antibody (DyLight 594, goat anti-rabbit IgG,
Abbkine, California, USA) at 37 °C for 1 h. The sections
were analyzed using a fluorescence microscope(Eclipse
Ti-S; Nikon, Tokyo, Japan). The integrated optical density
(IOD) of cleaved caspase-3 staining was calculated using the
Image-Pro Plus 6 software.

TUNEL Staining

Terminal deoxynucleotidyl transferase-mediated dUTP-
biotinnick-end labeling (TUNEL) staining was employed to
assess cell apoptosis in the cortex. On day 3 post t-MCAO,
mice from each group (n=3) were disposed with the same
procedures as in the “immunofluorescent staining”. The 5
um thick frozen sections were stained using the In Situ Cell
Death Detection Kit (Vazyme Biotech Co, Ltd, Nanjing,
China) according to the manufacturer’s instructions. Nuclei
were stained with DAPI (C1006, Beyotime). The bright red-
labeled cell nuclei were considered TUNEL-positive cells.
Three to four sections in each animal were photographed by
a fluorescence microscope and analyzed using the Image-Pro
Plus 6 software.

Statistical Analysis

The results are expressed as the mean + standard deviation
(SD). Statistical analyses were performed with the SPSS
17.0 software (IBM Corp, Chicago, IL, USA).The data of
the mNSS, rotarod, and MWM tests, with the genotype and
the type of treatment as the independent variables, were ana-
lyzed by a two-way analysis of variance(ANOVA), followed
by the Tukey’s test across the groups. The remaining data
were evaluated by one-way ANOVA followed by the Tukey’s
test. P values < 0.05 were considered to represent statistical
significance.

Results

Bexarotene Improved Neurological Outcomes
Partially by the Expression of APOE

mNSS

In both C57BL/6 and APOE-KO mice, the t-MCAO injury
resulted in a dramatic increase in mNSS scores in com-
parison with the respective sham-operated group(P <0.05;
Fig. 1A). InC57BL/6 mice, treatment with bexarotene sig-
nificantly decreased the mNSS scores at 3, 7, and 14 days
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after t-MCAO (P <0.05; Fig. 1A-a). For APOE-KO mice,
the treatment with bexarotene also decreased the mNSS
scores after t-MCAO, but this changes did not reach sta-
tistical significance(Fig. 1A-b). In addition, the mNSS was
significantly higher in the bexarotene group in APOE-KO
mice on days 3, 7, and 14 after t-MCAO compared with the
bexarotene group in C57BL/6 mice (P <0.05; Fig. 1A-c).

Rotarod Test

In both C57BL/6 and APOE-KO mice, the I/R injury
reduced the time on the rotating rod in comparison with the
respective sham-operated groups (P <0.05; Fig. 1B). For
the C57BL/6 mice, treatment with bexarotene increased the
time spent on the rod at 1, 3, 7, and 14 days after t-MCAO.
The administration of bexarotene to the APOE-KO mice
increased the time only at 7 and 14 days post-t-MCAO, but
these changes were not statistically significant (Fig. 1B-a, b).
Moreover, the duration in the bexarotene group of C57BL/6
was not significantly longer compared with that in the bex-
arotene group of APOE-KO mice(Fig. 1B-c).

Morris Water Maze (MWM) Test

Learning and spatial memory functions were evaluated
using the MWM test. Both C57BL/6 and APOE-KO mice
subjected to t-MCAO exhibited a longer latency than
sham-operated animals (P <0.05; Fig. 2). The treatment of
C57BL/6 mice with bexarotene of significantly reduced the
latency to escape at 16 and 19 days after the injury, as com-
pared to the group treated with the vehicle only (P <0.05;
Fig. 2A-a). The administration of the drug reduced also the
latency at days 16 and 19 post-t-MCAO in APOE-KO mice,
but this decrease was not statistically significant (P> 0.05;
Fig. 2B-a). The hidden platform was removed at day 20 after
t-MCAO, and the swimming track and the number of times
the platform had been crossed were recorded. In C57BL/6
group, mice treated with the vehicle showed fewer times to
cross the platform than did the sham-operated mice, while
the treatment with bexarotene significantly increased the
number of crossings (P <0.05; Fig. 2A-b). In the APOE-
KO group, vehicle-treated mice with t-MCAO injury crossed
the platform fewer times than sham-operated mice. Although
the treatment with bexarotene increased the number of
crossings, this difference was not statistically significant
(P> 0.05; Fig. 2B-b). Moreover, the bexarotene group in
C57BL/6 mice had significantly shorterlatency, more times
to pass over compared with the bexarotene group in APOE-
KO mice (P <0.05; Fig. 2C-a,b). These results demonstrated
that bexarotene administration significantly improved the
learning and spatial memory functions of C57BL/6 mice
after t-MCAOQO, but not of APOE-KO mice.
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Fig. 1 Bexarotene improved neurological outcomes after t-MCAO.
The mNSS of C57BL/6 (A, a) and APOE-KO mice (A, b) and the
duration of the rotarod test of C57BL/6 (B, a) and APOE-KO mice
(B, b) were examined prior to injury, and 1, 3, 7, and 14 days after
t-MCAO. The comparison of mNSS (A, c¢)and duration(B, ¢) between

Bexarotene Increased APOE Expression in Wild-Type
C57/BL6 Mice

To determine whether bexarotene injected intraperitoneally
can reach the site of injury and improve the expression of
APOE in wild-type C57/BL6 mice, the expression of the tar-
get protein in mice treated with bexarotene and vehicle was
analyzed by Western blotting at 1, 3, and 5 days after the I/R
injury. In comparison with the vehicle group, the administra-
tion of bexarotene progressively increased the expression of
APOE from day 1 to day 5 post t-MCAO (P <0.05; Fig. 3).

Effects of Bexarotene on Infarction Volume
TTC Staining

To evaluate the effect of bexarotene on focal ischemia-
induced brain injury, consecutive brain sections were stained
with TTC 1 day after t-MCAO (Fig. 4A). In comparison
with the vehicle group, bexarotene treatment of C57/BL6
mice markedly decreased the volume of the infarct (P <0.05;
Fig. 4A-b). In contrast, in APOE-KO mice, the difference
between bexarotene and vehicle treated was not statistically
significant (P> 0.05; Fig. 4A-c). In addition, the volume of
the infarct was significantly less in the bexarotene group of

the bexarotene groups in C57BL/6 and APOE-KO mice respectively.
(n=8 per group; *P<0.05 sham vs. vehicle, *P <0.05 sham vs. bex-
arotene, 4P <0.05 bexarotene vs. vehicle, ®p <0.05 bexarotene of
C57BL/6 vs. bexarotene of APOE-KO) (Color figure online)

C57BL/6 mice compared to the bexarotene group of APOE-
KO mice (P <0.05; Fig. 4A-d). These results indicate that
the bexarotene treatment significantly reduces I/R-induced
the ischemic area in the brain of wild-type C57/BL6 mice.

MRI Imaging

Multi-slice T2-weighted MRI with a Bruker 7T system
was used to evaluate the volume of I/R-induced lesion at 3
days following t-MCAOQ. Figure 4B illustrates representa-
tive T2 images of the entire t-MCAO lesions in bexarotene
treated and vehicle-treated mice (Fig. 4B). The lesions are
represented by the hyperintense areas. In comparison with
vehicle-treated animals, the lesion volumes in the bexar-
otene-treated C57/BL6 mice were significantly decreased
(P <0.05; Fig. 4B-a,b). Conversely, bexarotene interven-
tion did not affect the lesion volume in APOE-KO mice
(P> 0.05; Fig. 4B-c,d). These results demonstrate that bex-
arotene treatment reduced the volume of vasogenic edema
and lesion caused by t-MCAO in wild-type C57/BL6 mice.
In addition, the volume of vasogenic edema and lesion
was significantly less in the bexarotene group of C57BL/6
mice compared to the bexarotene group of APOE-KO
mice(P <0.05; Fig. 4B-e).
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Fig.3 Expression of APOE after bexarotene administration. Western
blot analysis of APOE protein expression levels in the C57BL/6 mice
at 1, 3, and 5 days after t-MCAO. Histograms show the quantifica-

Effects of Bexarotene on Neuronal Injury

HE-stained sections were analyzed to determine the pres-
ence of necrotic cells in the hippocampal CA1 region of
the brain subjected to I/R. As shown in Fig. 5, hippocampal
CA1 region neurons in the sham-operated C57BL/6 and
APOE-KO mice were arranged in regular rows, displayed
intact cell structure, and had a clear outline of the nucleus.
After t-MCAO, the neurons were necrotic with marked
shrinking, cellular edema, and nuclear condensation. In
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Time(Post t-MCAO)

tion of APOE expression normalized to f-actin. Data are expressed as
mean + SD (n=3 per group; *P <0.05 bexarotene vs. vehicle) (Color
figure online)

the C57/BL6 mice, bexarotene treatment significantly pre-
vented neuronal cell damage and improved the pathology
associated with I/R injury (Fig. 5A, C). However, in the
bexarotene-treated APOE-KO mice, the morphology of
neurons also had been improved to some extent (Fig. 5B,
D), but the improvement was not significant in compari-
son with C57BL/6 mice. Moreover, the grade of neuronal
injury was significantly higher in the bexarotene group
of APOE-KO mice compared to the bexarotene group of
C57BL/6 mice (P <0.05; Fig. 5E)
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Fig.4 Bexarotene reduced the volume of the t-MCAO induced
infarct. A, a Representative maps of TTC-stained brain sections of
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Representative images of T,-weighted MRI show the entire lesion
volume in the brain of vehicle-treated and bexarotene-treated C57/

Effects of Bexarotene on Cell Apoptosis
TUNEL Staining

TUNEL staining was performed to evaluate the I/R-induced
cell death in the cerebral cortex 3 days after t-MCAO. The
red color indicated positive TUNEL staining, as shown in
Fig. 6. In comparison with sham-operated mice, the number
of TUNEL-positive cells significantly increased in vehicle-
and bexarotene-treated C57BL/6 and APOE-KO groups. The
bexarotene treatment significantly decreased the number of
TUNEL-stained cells in C57BL/6 mice (P <0.05; Fig. 6A,
C). A small decrease in TUNEL-stained cells seen in bexar-
otene-treated APOE-KO mice at 3 days after t-MCAO with
did not reach statistical significance (P> 0.05; Fig. 6B, D).
In addition, the number of TUNEL-positive cells was signif-
icantly less in the bexarotene group of C57BL/6 mice com-
pared to the bexarotene group of APOE-KO mice (P <0.05;
Fig. 6E).

Cleaved Caspase-3 Staining

Cleaved caspase-3 plays an essential role in the process of
cell apoptosis. Western blotting revealed that bexarotene
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BL6 and APOE-KO mice at 3 days after t-MCAO. B, b and B, d
show the volume of brain infarct in C57/BL6 and APOE-KO mice
calculated as the fraction of the hemisphere. A, d and B, e are the
comparison of volume of brain infarct between the bexarotene groups
in C57BL/6 and APOE-KO mice. (n=3 per group; *P<0.05 sham
vs. vehicle, *P <0.05 bexarotene vs. vehicle, ®P <(.05 bexarotene of
C57BL/6 vs. bexarotene of APOE-KO) (Color figure online)

treatment markedly decreased the level of cleaved caspase-3
in C57BL/6 mice after I/R injury. On this basis, the pres-
ence of cleaved caspase-3-positive cells was determined by
immune fluorescence on at 3 days following t-MCAOQO. The
positive signal was indicated by red staining of the cells. In
comparison with sham-operated group, the IOD of cleaved
caspase-3 positive staining was significantly increased in
the vehicle-and bexarotene-treated C57BL/6 and APOE-KO
mice (Fig. 7). In C57BL/6 mice, the administration of bex-
arotene significantly decreased the IOD of the positive stain-
ing (p <0.05; Fig. 7A, C). Conversely, in APOE-KO mice
this difference was not statistically significant (P> 0.05;
Fig. 7B, D). In addition, the IOD of cleaved caspase-3 posi-
tive staining was significantly less in the bexarotene group of
C57BL/6 mice compared to the bexarotene group of APOE-
KO mice (P <0.05; Fig. 7E).These results indicate that cell
apoptosis rate was lower in C57BL/6 mice compared to
APOE-KO mice.

Effects of Bexarotene on Protein Expression of JNK/
Caspase-3 Signaling Pathway

To determine the effects of bexarotene on the t-MCAO-
induced changes in JNK/caspase-3 signaling pathway in
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D Histograms showing the 10D of cleaved caspase-3 positive stain-
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proximity of the injury site, the expression of P-Jnk, Jnk,
P-C-jun, caspase-3 and cleaved caspase-3 in the brain of
wild-type C57BL/6 and APOE-KO mice were measured by
Western blotting at 1, 3, and 5 days after t-MCAO. This
analysis demonstrated that in comparison with the sham-
operated group, the expression of P-Jnk, P-C-jun, and
cleaved caspase-3was significantly increased after t-MCAO
in a time-dependent manner in both wild-type C57BL/6
and APOE-KO mice (Fig. 8A, B). Bexarotene administra-
tion significantly prevented these increases in C57BL/6
mice (P <0.05; Fig. 8A-b, c, d), but not in APOE-KO mice
(P>0.05; Fig. 8B-b, c, d), These findings indicate that bex-
arotene exerts an anti-apoptotic effect via the INK/caspase3
signaling pathway, and this effect is partially dependent on
the expression of APOE.

Discussion

Ischemic stroke accounts for nearly 86% of cases of stroke
[1]. Currently, recanalization by thrombolysis or mechani-
cal thrombectomy is the primary therapeutic strategy for
the restoration of blood supply. However, reperfusion of
the ischemic tissue is often accompanied by inflammation,

Vehicle Bexarotene

Day 3 post t-MCAO
(5mg/Kg)

of cleaved caspase-3 positive staining between the bexarotene groups
in C57BL/6 and APOE-KO mice. Data are expressed as mean+SD
(n=3 per group; *P<0.05 sham vs. vehicle; *P <0.05 bexarotene vs.
vehicle; ®p <0.05 bexarotene of C57BL/6 vs. bexarotene of APOE-
KO) (Color figure online)

oxidative stress, calcium overload, apoptosis and necrosis,
and these events aggravate the cerebral microcirculation and
disturb cellular homeostasis, and may lead to the death of
neurons [17, 23]. Therefore, the search for agents effectively
improving the outcome of ischemic stroke is an urgent clini-
cal necessity.

Bexarotene is an FDA-approved drug for the treatment of
cutaneous lymphoma and has also been shown to be protec-
tive in a wide variety of brain diseases [24]. Previous studies
have demonstrated that bexarotene markedly improves the
neurological function of mice after TBI, and this effect is
mediated in part by up-regulation of APOE [14]. In addi-
tion, bexarotene also exhibited a protective effect in stroke
models by modulating the peripheral immune response [13].
In both studies, a relatively low dose (5 mg/kg and 0.5-25
mg/kg, respectively) was used. This dose of the drug is
lower than that used to treat cancer and produced no appar-
ent side effects. The present study utilized bexarotene at 5
mg/kg and demonstrated that this compound significantly
improves the neurological outcomes after I/R injury, includ-
ing the reduction of mNSS, the extension of the time on the
rotating rod, and the improvement of the spatial memory.
Moreover, the obtained results indicate that bexarotene treat-
ment significantly decreases the volume of ischemic lesion
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Fig. 8 Bexarotene inhibited the activation of JNK/Caspase-3 signal-
ing. A, a and B, a Time-dependent expression of P-Jnk, Jnk, P-C-jun,
caspase-3, and cleaved caspase-3 in C57BL/6 and APOE-KO mice at
1, 3, and 5 days after t-MCAO determined by Western blotting. A, B
panels ¢, b and d presenting quantification of P-C-jun expression nor-

volume in mice after t-MCAO. The relevance of these find-
ings is underscored by the fact that either a better neurologi-
cal outcome or a smaller infarct volume are considered to
represent critical indicators for stroke patients[25-27]. Of
note, neuronal apoptosis, synaptic structural damage, and
neuroinflammatory response are the main causes of motor
deficits after stroke [28, 29]. A recent study has shown that
long-term administration of bexarotene restores the age-
dependent loss of synaptic proteins by acting on a neural
LRP1-APOE-meditated pathway but is accompanied by
serious adverse events such as glial cell activation and body
weight loss [30]. Another report provided data indicating
that treatment of APOE4-deficient mice with bexarotene
reverses the APOE4-induced cognitive and neuronal impair-
ment [31]. Moreover, significant behavioral differences were
detected between aged APOE-KO mice and age-matched
wild type mice; except for the rotarod test, the APOE-KO
mice exhibited clear deficits in learning and memory [32].
In agreement with those results, the present research dem-
onstrates that bexarotene significantly improves neurologi-
cal outcomes in wild-type C57BL/6 but not in APOE-KO
mice, except for the rotarod test. The possible mechanism
of this outcome is up-regulation of APOE expression by
bexarotene. Thus, a relatively lower dose and short-term
administration of bexarotene may be a feasible therapeutic
approach for acute brain injury, such as an ischemic stroke.

APOE is a pleiotropic molecule exhibiting three common
polymorphisms in the APOE gene, with the €2, €3, and €4
genes encoding three protein isoforms, APOE2, APOE3,
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and APOE4 respectively [6]. Recent evidence has indicated
that responses to the treatment of neurological diseases may
differ according to the APOE genotype. The APOEe4 gene
is associated with increased risk for AD [6], AD with cer-
ebral amyloid angiopathy, and TBI [6], while in AD patients
APOEge2 appears to decrease this risk [6]. A meta-analysis
reported that the APOEg2 allele frequency is associated
with the risk of Parkinson’s disease, while no susceptibility
associated with the APOE €3 or €4 alleles was found [6]. In
patients with an acute ischemic stroke, a series of studies
assessing large cohorts of different ethnicities revealed the
absence of correlation between the genotype of APOE and
the clinical outcome [6].

Previous studies have demonstrated that APOE and its
mimetic peptide analogs, such as COG1410, exert neuro-
protective role in the central nervous system by anti-inflam-
matory and anti-oxidative activity [6]. Extensive research
has revealed that APOE-deficient mice exhibit more severe
motor and behavioral deficits in comparison with the wild-
type mice [33]. The potential explanation for this difference
may be that the deficiency of APOE aggravates cerebral
edema by increasing the permeability of the blood-brain bar-
rier (BBB), exacerbating histopathological damage [34]. Our
results are in agreement with recent reports suggesting that
bexarotene treatment significantly reduces lesion volume
and improves histopathological recovery after I/R injury in
wild-type C57/BL6 but not in APOE-KO mice.

The c-Jun N-terminal kinase (JNK) is an important mem-
ber of the mitogen-activated protein kinase family. JNK
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regulates various processes such as brain repair, memory
formation, neuronal apoptosis, and neuroinflammation
[35]. The current study documented that bexarotene mark-
edly attenuated the phosphorylation of JNK and, as a result,
down-regulated the expression of P-C-jun protein in wild-
type C57/BL6 mice but not in APOE-KO mice. This finding
indicates that bexarotene is strongly associated with JNK
signaling pathway by the expression of APOE. Several other
studies have also shown that APOE can affect JNK signaling
pathway. Yang and collaborators have reported that down-
regulation of the low-density lipoprotein receptor-related
protein 1 (LRP1), which is a major receptor for APOE leads
to the activation of the JNK signaling pathway[36]. This
process may be mediated by the C-terminal fragment of
LRP1which recruits JNK-interacting proteins and modulates
the activation of JNK [37]. Another study has demonstrated
that the interaction between APOE and lipoprotein receptors
results in decreased activation of JNK, and c-secretase activ-
ity and G proteins participate in this effect [38]. However,
the precise mechanism by which APOE affects JNK remains
to be identified and will be the focus of our future work.

The pathogenesis of cerebral I/R injury involves diverse
mechanisms, but increasing evidence points to the critical
role of apoptosis in its pathogenic progression. Thus, inhi-
bition of apoptosis can ameliorate the damage caused by I/
Rand promote a better functional outcome [39, 40]. In this
regards, it has been shown that APOE and its mimetic pep-
tide analogs can reduce neuronal apoptosis in acute brain
injury models such as subarachnoid hemorrhage and TBI
[14, 37]. The present study tested the possibility that bexaro-
tene can inhibit neuronal apoptosis after cerebral I/R injury.
For this purpose, the level of cleaved caspase-3, acritical
executor of cell apoptosis was measured in the proximity
of the injury site [41]. This analysis indicated that bexaro-
tene treatment significantly reduced the number of TUNEL-
positive cells at 3 days after t-MCAO in wild-type C57/
BL6 mice, but failed to produce a statistically significant
change in APOE-KO mice. On this basis, the possibility was
raised that the reduction of apoptosis by bexarotene may be
dependent on APOE.

In conclusion, the present study shows that bexarotene
alleviates the neurological deficits and improves the histo-
logical outcomes associated with transient focal cerebral
ischemia in mice. The neuroprotective effects may represent
the consequence of inhibition of neuronal apoptosis by sup-
pressing the JNK/caspase-3 signaling pathway. Moreover,
the beneficial impact of bexarotene may be due, at least in
part, to its ability to up-regulate the expression of APOE.
Therefore, bexarotene may be considered as a potential ther-
apeutic agent for the treatment of cerebral ischemia patients.
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